CONTROL OF @ -PARTICLE CONFINEMENT IN THE HELICAL
DEVICE FOR FUSION WITH “MAGNETIC AXIS SWEEPING”

A. Shishkin™?, O. Motojima’, A. Sagara’, Yu. Moskvitina’, O. Eremin’, Jun-ichi Miyazawa’,
S. Masuzaki®, H. Yamada’,0. Mitarai’, T. Morisaki’, N. Ohyabu®
'National Science Center “Kharkov Institute of Physics and Technology”, Kharkov, Ukraine;
’Kharkov V.N. Karazin National University, Kharkov, Ukraine;
’National Institute for Fusion Science, Toki 509-5292, JAPAN;
‘Kyushyu Tokai University, 9-1-1 Toroku, Kumamoto 862-8652, JAPAN
E-mail: Yu.Moskvitina@gmail.com

We examine here the possibility to control the @ -particle confinement where @ -particles appear as the products

of the D+ 23He fusion in the experiment on Large Helical Device /LHD/. We study here the specific for the torsatron

/ heliotron device method, namely the control of the torsatron / heliotron magnetic configuration and confinement
properties with the use of the poloidal field (PF) coils. The proposed here method can be used in DEMO—grade heli-

cal reactor Force Free Helical Reactor /FFHR/.
PACS: 52.55; 52.65

1. INTRODUCTION

For the successful operation of the steady state fu-
sion reactor it is necessary to provide the confinement
of hot 0 -particles and the transfer of their energy to the
background plasma ions (new portions of fuel ions) and
then the removal of the cooled 0 -particles (helium
ash). The observation on tokamaks JET and TFTR has
shown that the transport of 0 -particles in experiments
with D+ T mixture is close to neoclassical one and
there is the transfer of the energy from the fusion prod-
ucts to electrons of plasma [1-3]. However, there re-
mains the problem of cold 0 -particles accumulation in
fusion reactor which leads to the strong bremsstrahlung.
This problem can be solved in the helical devices be-
cause of the in-homogeneity of the helical magnetic
field in the outer half of the plasma cross-section. The
same feature what can be helpful for the removal of cold
0 -particles at the same time can be dangerous for the
confinement of hot 0 -particles. It is possible to orga-
nize the so called drift resonances for ¢ -particles with
the energy in some interval of values and remove the 0
-particles selectively [4]. There is one approach more,
namely the shifting of the magnetic axis which can be
the sequence of at least two mechanisms: the increase of
beta causes the shift of the magnetic axis, the change of
magnetic surface shape and the magnetic field modula-
tion. The last characteristic is important for the confine-
ment of the helically trapped and passing particles. It is
possible to control the currents in the PF coils and to
improve the plasma equilibrium state and change the
confinement of particles. This control is named as the
magnetic axis sweeping [5, 6].

There exists the possibility to observe the fusion
products in experiments with D+ 23He in helical fusion

plasma and to study @ -particles confinement, particu-
larly, the specific for helical device possibility to re-
move cold @ -particles with the use of PF coils current
variation. Namely Large Helical Device (Fig.1), where
the helical field can be changed (varied) in time with the
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use of poloidal field (PF) coils, is the most appropriate
installation for the observation of the 0 -particles.
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Fig. 1. Schematic view of the helical field (HF) coils,
poloidal field (PF) coils

In our previous paper [4] we have proposed to im-
prove the FFHR-type DEMO relevant reactor design
with the additional winding of poloidal field coils type.
These coils should supply independently on the main in-
ner vertical (IV) and outer vertical (OV) PF coils. The
currents in the additional coils may be 100 times smaller
than in the main PF coils. These additional coils create
the perturbation magnetic fields which produce the drift
resonances of the ions which should be removed. Drift
resonances can be very effective method to remove the
passing particles. The helically trapped particles can
drift out due to the motion in the helical field. The
method can be especially effective if we combine two
mechanisms: magnetic axis sweeping (magnetic axis 0s-
cillation under the variation of currents in poloidal field
coils) and drift resonances at the plasma edge.
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2. REMOVAL OF THE COLD
0 -PARTICLES

2.1. MAGNETIC SURFACES AND MAGNETIC
FIELD MODULATION

As we know that when 0 -particles appear then$ |
where f = SH(neTe tn T+ n, T, )/Bg , incre@, the
b B
41(ay)
and OV) also contributes in the magnetic field BS"* " .

Under the effect of this total field Bé] + BDO "1V the

magnetic configuration is shifted outward. In such way
we change the configuration from drift optimized one to

magnetic ﬁelng = The poloidal coils (IV

another one — with so called B/B; modulation-unfa-
vorable for the confinement of helically trapped parti-
cles, i.e. with stronger drift of helically trapped parti-
cles. Magnetic surfaces are shifted, their radius is re-
duced. Small magnetic islands appear at the periphery
of confinement volume (Fig.2).
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Fig.2. Change of the magnetic surfaces under the

B? + BDO e effect: vacuum magnetic surfaces (a)

and magnetic surfaces under Bg + BDO e (b)
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The modulation of the magnetic field along the field
line affects strongly on the trapped and passing particle
motion.

In these two configurations the modulation of the
magnetic field along the field lines change in the corre-
sponding way (Fig.3).
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Fig.3. Change of the magnetic field modulation B/ B,
along the field line from the vacuum case (a) to the case
under the Bé} + B:OW v effect (b)

2.2. TRAPPED AND PASSING PARTICLE TRA-
JECTORIES

The favorable / unfavorable character of the modula-
tion of the magnetic field demonstrates itself on the

trapped particle trajectories (Fig.4).
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Fig.4. Trapped cold 0 -particle (W = 367 keV,
V1V = 0.3) trajectories in configurations: vacuum (a)

and under Bé’ + BDOV”V effect (b)



Similar effect of the increase drift deviation also
takes place for the passing particles (Fig.5). Here each
trajectory is shown as complete one. The projections of
the particle trajectories on the vertical cross-section of
torus in the initial (vacuum) configuration and under

BE + BO"* !V effect are shown on Fig.6.
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Fig.5. Passing cold 0 -particles (W = 367 keV, V||V

=0.9) trajectories in the configurations: vacuum (a) and
under Bé} + BDOV+ 7 effect (b)

The footprints of the passing cold 0 -particles form
the regular drift surfaces The projections of the drift sur-
faces, which are shown on Fig.6,a in one vertical cross-
section of the torus on the background of the vacuum
magnetic surfaces, differ from the magnetic surface but
not so strongly as in the case of the magnetic surfaces

perturbed with the total magnetic field Bf + BY"*"

(Fig.6,b). In the last case we see the “destructive” ten-
dency in the behavior of the footprints of the drift trajec-
tory. There is also the penetration of the particle across
the magnetic islands especially near X-points. We
should note that there are X-points of the magnetic sur-
faces and X-points of the drift surfaces. The difference
between them is very important: if the electrons can

move closer to the magnetic field lines the energetic
ions will deviate strongly from the magnetic surfaces. In
the real plasma this difference is controlled with the es-
tablishing of the ambipolar electric field. The escape of
the particles (ions, especially and 0 -particles particu-
larly) affects noticeably on the structure of the radial
electric field £, at the plasma edge.
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Fig.6. Projection (on one vertical cross-section of the
torus) of trajectories of cold 0 -particles with the pa-
rameters from Fig.5

The drift surface X-points which we see in one verti-
cal cross section (with vertically oriented magnetic sur-
faces as the background (Fig.6,b) also present in all oth-
er vertical cross-sections of the torus and, particularly,
with horizontally oriented magnetic surfaces. It means
that the place of the escape of the particles (location of
the particle escapes) now becomes known. This knowl-
edge is useful the diverting plasma purposes.

2.3. ANALYSIS OF X-POINTS IN MAGNETIC
AND DRIFT SURFACES

The tool used here for the study is the analysis of drift
separatrix which helps us to find the space in the 77 ,¢
where the particles leave the confinement volume. The
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structure of the drift separatrix on the background of the
magnetic separatrix shows us the deviation of the drift
X-points from magnetic X-points (Fig.7).
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Fig.7. Parts of magnetic and drift surfaces,
the magnetic separatrix and drift separatrixes for the 0
particles with the energy W = 3670 keV

and pitch-velocity V)| !V =t 0.9

The families of the magnetic and drift surfaces are
obtained from the first integral of the guiding center
equations (drift trajectories) which are presented below
for the case of the exact helical symmetry [7]

2
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Here summation is being carried out 7, where
n=10j andJj=1,2,3... The drift surfaces are obtained

and b, = , b, = 2ab K, (na a) .

v
under the parameters: W, = 3670 keV; % =0,9; the cur-

rent in the helical field (HF) coils {yr =5.6 MA.
Analytical connections between the change of PF

coil currents, i.e. Ay (£)/1yr and Ay (1)/Iyr with

the amplitudes bmk,nk and “wave” numbers my,n; of

harmonics of the magnetic field perturbations are de-
scribed in [4]. There also the analytical expressions
which connect the confinement times of plasma parti-

cles T ,, 0 -particles T, and energy confinement time
T ; with the transport coefficients for the trapped parti-
cles Dy 01/v (v is the collision frequency) and

2 . .
Dy siochastic U b Tor the resonance passing particles.
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Here we would like to point the time characteristic
for the magnetic axis sweeping.

3. WHAT IS THE MAGNETIC AXIS SWEEP-
ING

The difference between the techniques proposed in
[4] and proposed in this paper is in the following. Earli-
er there is proposed to excite the drift resonances for the
passing cold @ -particles at the plasma edge (where the
drift rotational transform cold ¢ -particles "= m/n)
and use the overlapping of the adjacent drift resonances
for the stochastic transport of the particles (which
should be removed) to provide the escape of these parti-
cles. This transport is selective relatively the energy of
the particles. To realize this effect we had proposed [4]
to add the poloidal field (PF) coils with the special at-
tached coils with the currents 100 smaller than in the
main PF coils.

Magnetic axis sweeping is the same as magnetic
axis shift oscillations in time. These oscillations (with
the characteristic time period near 100...150 seconds)
are realized with the controllable variation of the current
values in the poloidal field coils. During these oscilla-
tions the magnetic surfaces are shifted in the direction
“inward - outward - inward”, change their cross-section
shape and correspondingly their confinement properties.
In the outward shifted magnetic configuration the con-
finement of the particles is worse than in the inward
shifted magnetic configuration. However, this feature
(properties of the confinement) is selective relatively the
particle energy. That is why it possible to confine the
hot @ -particles, to remove the cold @ -particles and do
not deteriorate the confinement of the background ions.

We have discussed here only the part of scenario
which can be studied on Large Helical Device in experi-

ments with D+ ;He . The further development of this

concept of the removal of cold ¢ -particles and /or the
helium ash will be presented in further papers.

CONCLUSIONS

1. Extraction of the “cold” @ -particles (E‘He with

the energy 10 times smaller than the birth energy, i.e.
W =367 keV) which can be obtained in the possible

experiments with the mixture D+ 23He on Large Helical

Device is considered in this paper. The techniques dis-
cussed here is different from studied earlier [4]. In the
previous case the magnetic field perturbations were
used. In this paper the removal of cold @ -particles with
the magnetic axis sweeping is proposed. This mecha-
nism uses the specific for the helical device advantages,
namely the transform of the magnetic configuration.

2. This study can be used for DEMO relevant reactor
of the helical type Force Free Helical Reactor /FFHR/
[8]. FFHR should operate with D+ T and the reduction
of the cold @ -particles fraction is also very important.
The design of FFHR, which now includes two kinds of
the coils: helical field (HF) coils and two pairs of the
poloidal field (PF) coils, can be added with the small
current perturbation coils [4]. It would be helpful for the
suppression of the MHD activity in the fusion plasma



and effective for the controlling the cold @ -particles
fluxes at the plasma edge.
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PET'YJIUPOBAHME YJEPKAHUS 0 -YACTHIl B TEPMOSIJIEPHOM JJOBYIIKE C BAHTOBbIMU
MATHUTHBIMH MOJISIMU C MIPUMEHEHUEM «OCHUJLIALIMA MATHUTHOM OCH»

A. lluwkun, O. Motojima, A. Sagara, 10. Mockéumuna, A. Epemun, Jun-ichi Miyazawa, S. Masuzaki,
H. Yamada, O. Mitarai, T. Morisaki, N. Ohyabu
PaccMaTpuBaeTcss BO3MOXKHOCTh PEryJlHUpOBaHus yaepxaHus ¢ -4acTul, KOTOpbIe MOTYT IOSBHTBHCS Kak MpO-
IyKTHI cCMHTe3a D+ 23He, B okcriepuMenTax Ha Large Helical Device /LHD/. N3y4aercs cnenududeckuid s Top-
caTpoOHa / TeJIMOTPOHA TIOXO0/l, @ UMCHHO, PETyJIUPOBaHUE KOHGUTYPAIMH U YICPKUBAIOIIMX CBOWCTB C UCIIOIB30-
BaHHEM MArHUTHBIX MOJIEH OT OOMOTOK MOJIOUAATIBHOIO MAarHUTHOTO 10JIst. [Ipe/iosKeHHbIN METO/] MOXKET OBbITh UC-

TOJI30BaH JJIsl TEPMOsJIepHOTO peakTopa rpagaruun DEMO-peakTtopa ¢ BUHTOBEIMH MarHUTHBIMH TojisiMu Force
Free Helical Reactor /FFHR/.

PET'YJIIOBAHHS YTPUMAHHA 0 -YACTUHOK Y TEPMOSIJIEPHIN ITACTIII 3 TBUHTOBUMHA
MATHITHUMH MOJSAMHU 3 BAKOPUCTAHHSAM «OCIHUAJIALI MATHUTHOI BICCI»

O. Hluwkin, O. Motojima, A. Sagara, F0. Mockeéimina, O. Epvomin, Jun-ichi Miyazawa, S. Masuzaki, H. Ya-
mada, O. Mitarai, T. Morisaki, N. Ohyabu

Po3risimaeTbcss MOKIMBICTH PETYIIOBaHHS yTpUMaHHS ( -4acTHHOK, SIKi MOXYTb 3’SIBUTHCS Y pe3yJbTaTi

cuHte’y D+ 23He, B ekcriepumenTax Ha Large Helical Device /[LHD/. BuBuaetbes crienudiunuii amst TopcaTpoHy /

re;lioTPOHY MiAXiJg , a caMe, PeryiioBaHHs KoHQIrypamii Ta YTPUMYIOUMX BIIACTUBOCTEH 3 BHKOPHCTaHHSM
MArHiTHOTO TOJI0 BiJi OOMOTOK MOJIOINATBHOTO MATHITHOTO TMOJIIO. 3alpOlOHOBAHMNA METOJ MOXHA
BHKOPHCTOBYBATH Y TepMOsiiepHOMY peaktopi rpamanii DEMO-peakTop 3 TBHHTOBHMH MarHiTHHMH TOJisiMu Force
Free

BOITPOCHI ATOMHOM HAYKU M TEXHUKH. 2008. Ne 4. 113
Cepus: I1na3mMeHHas 31€KTPOHUKA M HOBBIE METOIbI yeKopeHus (6), ¢.109-113.



	1. Introduction
	2. Removal of the cold 
-particles 
	2.1. Magnetic surfaces and magnetic field modulation
	2.2. Trapped and passing particle trajectories
	2.3. Analysis of X-points in magnetic and drift surfaces

	3. What is the magnetic axis sweeping 
	Acknowledgments
	References

