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In numerical calculations for the model of combined magnetic system a possibility of existence of closed
magnetic surfaces is shown. The model comprises the magnetic system of 1=2 torsatron without additional toroidal
magnetic field coils (heliotron) with a single current-carrying turn as an element of the mirror-type magnetic system.
The turn encircles the heliotron closed magnetic surface region and produces a magnetic field of opposite direction

to the heliotron magnetic field.
PACS: 52.55.Hc

INTRODUCTION

As a fusion neutron source for the sub-critical fast
hybrid reactor the magnetic plasma trap has been
proposed on the basis of the combination of magnetic
systems including a stellarator-type magnetic system and a
conventional mirror-type system [1]. In numerical
calculations for the combined magnetic system (CMS)
model the study of a magnetic field has been carried out
[2]. The model comprises a stellarator-type magnetic
system of the I=2 torsatron with additional toroidal
magnetic field coils with a single current-carrying turn as
an element of the mirror magnetic system. The turn
encircled the torsatron closed magnetic surface region
and produced a magnetic field of unidirectional or
opposite direction relative to the torsatron magnetic
field. In the CMS model, taking into account the width
of helical coils and that of additional toroidal magnetic
field coils, the mirror-type magnetic system was realized
by switching off one of the additional toroidal magnetic
field coils [3].

In this paper the magnetic field of the CMS where
the stellarator-type magnetic system is an |=2 torsatron
without additional toroidal magnetic field coils, i.e. the
model of a heliotron-type magnetic system is investigated.
As is known [4], a similar magnetic system is in operation

in the LHD heliotron magnetic plasma trap of steady-
state action.

1. CALCULATION MODEL OF A
HELIOTRON MAGNETIC SYSTEM

The calculation model of a heliotron magnetic system
is schematically represented in Fig. 1. The main
geometrical characteristics of the initial calculation
model of the heliotron magnetic system are as follows:

— toroidicity a=a/Ry=0.25, a is the minor radius of the
torus, Rq is the major radius of the torus;

— =2 is the polarity;

—m=6 is the number of helical coil pitches along the
length of the torus, i.e., helical coil pitch parameter is
p=ma =1.5;

—each of the helical coils of the calculation model
comprises one filament-like conductor;

— the helical coils are wound on the torus according to
the cylindrical helix law, 6;=m¢, 6 and ¢ denotes the
poloidal angle and the toroidal angle consequently.

Fig. 1 also presents the projection of the last closed
magnetic surface (LCMS), onto the equatorial torus
plane. It is seen that the LCMS minor radius has a
comparable value with the torus minor radius.

Fig. 1. Top view of the heliotron helical coils and the LCMS (a) and the CMS with the current-carrying turn
(p=180°) and the LCMS (b). The toroidal azimuths of poloidal cross-sections are indicated (see Fig. 2, 4)
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Fig. 2 shows the poloidal cross-sections of the
magnetic surface configurations calculated for heliotron
initial calculation model. The outer circle represents the
torus cross-sections with traces of helical coils (large
black points). The cross-sections are spaced apart by the
toroidal angle ¢ (see Fig. 1) within the limits of the
magnetic field half-period, ¢=0°, 7.5°, 15°. The cross-
section @=180° at the assumed position of the turn is
also presented. From the figure one can see that the size
of the region of magnetic surface existence does not
depend on the cross-section toroidal azimuth. In all the
cross-sections the average radius of the last closed
magnetic  surface is the same, r,/Ry=0,18
(r/a=0,72). The magnetic surface configuration shapes
in the cross-sections ¢=0° and ¢=180° are identical.

It is also seen from Fig.2, that in all the cross sections
the magnetic axis traces are disposed in the equatorial
torus plane, its major radius Rg,/Ro=0,978<1, i.e. the
initial configuration of magnetic surfaces is in the mode
with a planar magnetic axis and is shifted inward the torus.
The mode can be realized with a uniform transverse
compensating magnetic field B,/By=0.25, where By is
the amplitude of the toroidal component of the magnetic
field generated by helical coils on the circular axis of the
torus. From Fig. 2 one can see, that magnetic surfaces
are elongated along the vertical z-axis of the torus in the
central part of the magnetic surface configuration. The
magnetic surface ellipticity parameter is not lesser than
2 in the vicinity of the magnetic axis. So, on the analogy
with present-day tokamaks, which have a noncircular D-
shaped poloidal cross-section, in the central part of the
plasma core of the heliotron under consideration one can
expect the double increase in the limiting p-value.

The magnetic surface parameters as a function of
their average radius r/R, are shown in Fig. 5 by dotted
lines. From the figure it follows that the rotational

7.5°
Fig. 3. Poloidal cross-sections of magnetic surfaces in the CMS

¢=0°
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Fig. 2. Magnetic surface cross-sections in the initial heliotron
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transform angle (v is in 27 units) increases with radius
increasing 1=0.1—0.91, there is a magnetic hill
U=0—0.23, and the mirror ratio
Y=Bimax/Bmin=1.003—2.66. The parameter values for the
last closed magnetic surface together with its average
radius (in brackets) are indicated by lettering to the
curves.

2. CALCULATION MODEL OF THE CMS

In the CMS under consideration the current-
carrying turn takes place in the torus poloidal cross-
section at the toroidal azimuth ¢=180° (see Fig.1,b).
The turn radius a/Ry=0.35, the turn center is on the
circular axis of the torus The ratio of the turn current to
the helical coil current is 1/1,=-0.36. Thus in the turn
center the current produces a magnetic field By in the
opposite direction relative to the torsatron guiding
magnetic field By=-0.27B,. Fig. 1,b presents the LCMS
projection onto the equatorial torus plane. It is seen that
superposition of the turn magnetic field diminishes the
LCMS radius by a factor of ~2.

Fig. 3 represents the calculated poloidal cross
sections of magnetic surfaces in the CMS. The average
value of the last closed magnetic surface radius
gradually increases from r,./Ry=0.09 in the cross-section
@=0° to 1 /Re=0.11 in the cross-section =180°.The
island structure arises at the edge of the magnetic
surface configuration. The magnetic axis looses the
circle shape in the CMS. It is evidenced by the observed
dependence of the magnetic axis trace position at the
toroidal @-azimuth of the poloidal cross-section. So,
Rax/Ro=0.983 in the ¢=0° cross-section and R.,/R,=1.003
in =180° cross-section.

15° 180°
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Fig. 4. Parameters of magnetic surfaces as a function of their average radius in the heliotron (dotted lines) and
CMS (solid lines)

The radial dependences of the CMS magnetic surface
parameters are shown in Fig. 4 by solid lines. It is seen
from the figure that the value of the rotational transform
angle changes (1 is in 2m units) within the limits
laxis—>Uems=0.12—0.31. The mirror ratio on the last
closed magnetic surface is slightly decreased and that on
the magnetic surfaces near by the magnetic axis is
significantly increased as compared with the initial
configuration y=1,4—2.28. The high magnetic hill in the
initial configuration is almost vanished, U=0.002.

3. MIRROR-TYPE REGION

The main aim of CMS is to create a mirror region
with a decreased value of magnetic field strength in the
heliotron field lines. The mirror region is formed in the
vicinity of the turn. Below we shall estimate the
longitudinal and transverse sizes of the mirror region
and the “effective” value of the mirror ratio.

3.1. THE LONGITUDINAL SIZE OF THE
MIRROR REGION

To estimate the longitudinal size of the mirror region
the behaviour of the CMS magnetic axis characteristics
has been investigated (see Fig.5). For comparison the
magnetic axis characteristics of the initial heliotron are
also presented in Fig. 5 by dotted lines.

The top part of Fig. 5 represents the magnetic field
strength along the full length of the CMS magnetic axis.
One can see from the figure that the mirror region of the
magnetic field appears in the vicinity of the turn. Its
longitudinal size can be limited by a short interval
marked on the abscissa axis around the toroidal angle
Ap=150...210°. Within these interval the value of the
mirror ratio [yx] on the CMS magnetic axis is
[vax]=0.95v,,=1.33. According to the designations in the
figure [ya]=[Bax)/[Bax]mins and Yax=Baxmax/[Bax]min- The
interval comprises two heliotron magnetic field periods,
i.e., the mirror region half-length is L/R¢=0.5. In the
initial heliotron v,=1.003 on the full magnetic axis
length.

The middle part of Fig. 5 shows that the major radius
of the CMS magnetic axis exceeds the magnetic axis
major radius in the initial heliotron. The major radius of
the CMS magnetic axis reaches the maximum value
(Rax/Ro=1.003) inside the interval at the turn toroidal
azimuth.
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Fig. 5. Characteristics of the magnetic axis along its full
length in the initial heliotron (dotted lines) and in the
CMS (solid lines): Ba(a.u.) — the magnetic field
strength, R, /R, — the projection of the magnetic axis
major radius onto the equatorial torus plane, Z,/Ro-
magnetic axis deviation from equatorial torus plane
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The lower part of Fig. 5 shows the CMS magnetic
axis declination from the torus equatorial plane, Z/R,.
The declination value gradually increases as oncoming
to the turn azimuth, takes on the extreme values
Z4/Ro=%0.003 inside the interval, and gets across zero at
the turn azimuth. The initial heliotron magnetic axis
declination is estimated by the accuracy of the
calculation carrying out, |Z,/Ro[~0.001.

3.2. TRANSVERSE SIZE OF THE MIRROR
REGION

It is evident, that the mirror region comprises not
only the sections of field lines forming regular magnetic
surfaces, but the sections of field lines of destroyed
magnetic surfaces at the periphery. Therefore the radial
or cross size of the mirror region exceeds the LCMS
cross size in all the poloidal cross sections of the torus.
In the calculations the transverse mirror region size was
determined under condition that the field line does not
escape the torus surface in the interval Ap=150...210°.
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Fig. 6. Mirror region cross sections

Fig. 6 shows calculated cross sections of the mirror
region (tinted). In the cross-sections with ¢=150°, 210°
at the interval ends the average radius of the mirror
region boundary is reg/Ro=0.13, inside the interval —
rin/Ro=0.17. Hence, according to the magnetic flow
conservation law an “effective” value of the mirror ratio
Yer Within the mirror region boundary is equal to
yeﬁ:(rm)zl(rend)ZZI.?. The “effective” value of the mirror
ratio within the LCMS boundary has the intermediate
value, yieer=1.5.

CONCLUSIONS

In this study, the numerical calculations of the
magnetic field produced by the model of a combined
magnetic system were carried out. The model comprises
a heliotron-type magnetic system with a single current-
carrying turn as an element of the mirror-type magnetic
system.The calculations show that the magnetic field
produced by the current-carrying turn, being opposite to
the heliotron magnetic field diminishes the region of
existence of closed magnetic surfaces in the heliotron. In
the place of the current-carrying turn a curvilinear
mirror region appears. The region comprises the
sections of magnetic surface field lines, as well as,
the sections of field lines in the edge layer of
destroyed magnetic surfaces. The curvilinear mirror
region half-length exceeds its transverse maximum size
(2ri/Ry) by a factor of 1.5 (nonparaxial mirror trap), the
average “effective” mirror ratio value is ye4=1.5.

Numerical calculations have been obtained using the
idealized model regarded as heliotron and mirror-type
magnetic systems. The next stage of investigations will
evidently meet the necessity to determine the influence
of finite size of CMS current-carrying coils.
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MATHUTHOE ITOJIE KOMBUHAIIUU MATHUTHBIX CUCTEM I'EJIMOTPOHA U ITPOBKOTPOHA
B.I'. Komenko

YucmeHHBIMU paC‘{éTaMI/I IOKa3aHa BO3MOXXHOCTb CYHICCTBOBAHHA 3aMKHYTBIX MAIrHUTHBIX HOBCpXHOCTeﬁ B
MOACIIN KOM6HHHpOBaHHOﬁ MarHuTHON cHCTeMEI. B cocraB MOZCIN BXOJAT Mar"HuTHas CHCTEMaA 2'33XOZ[HOFO
TOpcaTpoHa 0e3 KaTyHmIeK JOMOJHHUTEIIbHOTO TOPOUJAJIbHOTO MAarouTHOT'O I10JIsA (FCJ'II/IOTPOH) U MariuTHas CUCTEMa
Hp06KOTpOHa B BUAC OJHMHOYHOI'O BHTKA C TOKOM. Butox oxBareiBaeT 00J1aCTh CyHICCTBOBAHHA 3aMKHYTBIX
MarHuTHBIX HOBCpXHOCTCﬁ TSJIMOTPOHA U MO OTHOUICHUIO K MAarHUTHOMY IIOJIO T'€JIHMOTPOHA CO3AaC€T MArHUTHOC
I1OJIC BCTPEUYHOI'O0 HAIpaBJICHUSA.

MATHITHE ITOJIE KOMBIHAIIII MATHITHUX CUCTEM T'EJTIOTPOHA TA ITIPOBKOTPOHA

B.I'. Komenko

UncenbHUMH pPO3paxyHKaMH IOKa3aHa MOXIIMBICTh iCHYBaHHS 3aMKHYTHX MarHiTHHX HOBEPXOHb y MOJeENi
KOMOiIHOBaHOi MarHiTHOI cucremu. J{o ckiagy Mozeni HaJleKHTh MarHiTHa cUcTeMa 2-3aX0/HOTO TopcaTpoHa Oe3
KOTYIIOK JIOZaTKOBOTO TOPOifaIbHOIO MarHiTHOTO Houisl (TeNiOTpOH) Ta MarHiTHa cUcTeMa MPOOKOTPOHA y BUTIISIL
OJTHOTO KiJbLs 31 cTpyMoM. Kijblie 0XOoIumoe 001acTb iCHyBaHHS MAarHiTHHX HOBEPXOHb T'eJIIOTPOHA i1 CTBOPIOE TIO
BIZIHOILIIEHHIO JI0 MAarHiTHOTO T10JIs TeNIIOTPOHA MarHiTHE M0JI€ 3yCTPIYHOTO HANPSMKY.
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