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Existence of closed magnetic surfaces with enhanced mirror ratio value and mirror region longitudinal size in a
model of the combined magnetic system is shown by numerical calculations. The calculation model contains the 1=2
polarity torsatron U-2M magnetic system with the additional toroidal magnetic field coils and the mirror-type
magnetic system. The mirror-type magnetic system is realized by switching off two adjacent additional toroidal

magnetic field coils.
PACS: 52.55.Hc

INTRODUCTION

As a fusion neutron source for the sub-critical hybrid
nuclear reactor [1] in the paper [2] has been proposed the
magnetic system combination, including a stellarator-type
and a mirror-type magnetic systems. In the paper [3] as a
stellarator-type magnetic system the magnetic system of
the torsatron U-2M [4] was considered. The system
along with the helical coils comprises the additional
toroidal magnetic field coils. The combined with
stellarator-type magnetic system the mirror-type
magnetic system was realized by switching off one of
the additional toroidal magnetic field coils.

In this paper the magnetic field of the combined
magnetic system is studied where the combined with
stellarator-type magnetic system the mirror-type
magnetic system is realized by switching off two
adjacent additional toroidal magnetic field coils. The
purpose of the study is to estimate the possibility to form
the closed magnetic surface configuration with enhanced
mirror ratio value and mirror region longitudinal size in
the torsatron U-2M device.

1. CALCULATION MODEL

The main geometrical characteristics of the
calculation model are similar to the design
characteristics of the U-2M torsatron magnetic system
[3-5]. The model comprises 16 the additional toroidal
magnetic field coils. The mirror-type magnetic system is
realized by switching off two adjacent additional
toroidal magnetic field coils 1 and 16 (Fig. 1).

The following technical characteristics of the real
helical coils and the additional toroidal magnetic field
coils were counted in the calculation:

- toroidicity a/R,=0.2618, a is the minor radius of the
torus (average radius of helical coils), R, is the major
radius of the torus;

- [=2 is the polarity;

- m=2 is the number of helical coil pitches along the
length of the torus;

- there are 20 conductor turns in each helical coil;

- each helical coil is separated by diagnostic gap into
two equal parts, each part comprises 10 conductor turns;
- the central line of the diagnostic gap is the helical base
line marked on the torus according to the equi-inclined
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winding law &(¢)=2 arctg (1.3074 tge), where ¢ is the
toroidal angle and @is the poloidal angle. The base line
is the helical line, along which a supporting structure of
the helical coil is assembled;

- the conductor turns are packed turn by turn
symmetrically relative to the helical base line on the
both side of the diagnostic gap;

- the average radius of the additional toroidal magnetic
field coils is aJ/R,=0.4 (the radial thickness of coil
winding 0.113R, is not taken into consideration);

- the coils have cylindrical form, the cylinder height
h/R, =0.086;

- the calculation model of the coil comprises 3 turns of
the thin conductor. The plane of the central turn of the
coil model agrees with meridian (poloidal) plane of the
torus. The rest 2 turns of the coil lie in the end planes,
which are parallel to the plane of the central turns of the
coil.
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Fig. 1. Top view of the magnetic system of the I=2
torsatron U-2M calculation model. The positions of two
adjacent switched off coils 1, 16 are indicated

In the present calculations, the transverse
compensating magnetic field B, is considered as
uniform. The magnetic surface configuration in the
torsatron with an additional magnetic field coils is
also affected by the parameter Ky=1/(1+Bo/b,), where
B, is the value of the additional toroidal magnetic
field on the circular axis of the torus, b, is the
amplitude of the longitudinal component of the
magnetic field generated by the helical coils on the
circular axis of the torus.
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2. RESULTS OF CALCULATIONS
2.1. MAGNETIC SURFACES

Fig. 2,ab show the poloidal cross-sections of the
magnetic surfaces for the calculation models. The cross-
sections are spaced round a toroidal angle ¢=0, n/8, /4 and
7t (see Fig. 1). In the figures, the dashed circle is the cross-
section of a torus a/R,=0.2618 with traces of the conductor
turns of the helical coils (large black dots). The inner circle
shows the cross-section of the vacuum chamber (the minor
radius a,/R,=0.2) in the U-2M torsatron.

Fig. 2,a shows the cross-sections of the initial
(undisturbed by switching off the coils 1, 16) magnetic
surface configuration. It is seen from the figure the
initial magnetic surface configuration has the plane
magnetic axis and the last closed magnetic surface
(LCMS) transcending of the torus surface. The mode is
realized at the compensating magnetic field value
B./b,=0.507 and the additional toroidal magnetic
field value Bo/b,=4 (K¢=0.2). The magnetic axis has
the shape of the circle with major radius Ra/Ro=0.916
lying in the torus equatorial plane. The LCMS average
radius is /R, =0.2. The shape of the magnetic surfaces
in the p=n cross-section coincides with the shape in ¢=0
cross-section. The rotational transform angle (v in 2x
units) is x—uc=0.05—0.25, and there is a magnetic hill
in the configuration, U=0.09. The mirror ratio ranges
within yax—>7Y1c=1.01—1.86, y=Bmax/Bmin, Where Bmax and
Bmin are the maximum and minimum magnetic field
values on the magnetic surface.
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In Fig. 2,b the cross-sections of the magnetic
surfaces by switching off the coils 1, 16 are presented. It
is seen from the figure that the switching off results in
a magnetic surface configuration decrease, so the LCMS
¢=0 cross-section fits in the vacuum chamber.

The area of the other poloidal cross-section
decreases gradually, as it comes nearer to the toroidal
azimuth =n. The maximum area cross-section Smax is in
the middle of the coil 1, 16 spacing on the azimuth ¢=0,
where the LCMS average radius is ric/Rp=0.11(0.1).
For the comparison here and below the magnetic surface
parameters in the calculation model with one switched
off coil [3] are indicated in brackets. The minimum area
cross-section Smin is found on the azimuth g=n, where
the LCMS average radius is ric/Ro=0.062. The ratio
Smax/Smin~3 is the value of the pinch ratio of the
magnetic surface configuration.

The magnetic surface poloidal cross-section decrease
is accompanied by the gradual decrease of the magnetic
axis major radius Ra/Ro, i.e. by the configuration shift
inward the torus. The magnetic axis major radius is
Rax/R0=0.941 for ¢p=0° and Ra/Ro=0.914 for ¢p=180°.

The wvalues of rotational transform angle,
lax—uc=0.12—0.18 (0.09—0.18), and magnetic well, -
U=0.007 (0.001), do not differ substantially from the
corresponding parameters in the calculation model with
one switched off coil. The maximum value of the mirror
ratio y on the magnetic surfaces undergoes an
appreciable change, ya—7Y1c=2.41—2.91 (1.56—2.06).
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Fig. 2. Characteristic poloidal cross-sections (see Fig. 1) of the magnetic surface configuration in the base
calculated model (a) and in the model by switching off two adjacent coils 1, 16 (b)

2.2. MIRROR-TYPE REGION

To estimate the longitudinal size of the mirror region
the behavior of the magnetic axis characteristics along
the two go-rounds over the length of the torus has been
investigated (Fig. 3).

The top part of Fig. 3 represents the magnetic field
value along the magnetic axis. One can see from the
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figure that the mirror region of the magnetic field
appears between the switched off coils 1, 16. The mirror
region longitudinal size can be limited by an interval
Ao=n (0.65m) marked on the abscissa axis. The middle
part of Fig. 3 shows that in the marked interval a
maximal deformation of the magnetic axis trajectory
along the major radius occurs, A(Rax/Ro)=0.027.
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Magnetic axis trajectory deformation along the straight
torus axis Z, i.e., the magnetic axis trajectory maximum
deviation from equatorial torus plane in the marked
interval (see the lower part of Fig. 3) is several lesser,
|Zax/Ro[~0.005.
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Fig. 3. The magnetic axis characteristics along two go-
rounds over the length of the torus in combined
magnetic system: Bax(a.u.) — the magnetic field value;
Rax/Ro — the projection of the magnetic axis major
radius onto the equatorial torus plane;
Za/Ro — magnetic axis deviation from equatorial torus
plane

In case of switching off the other coil pair one can
observe a magnetic axis trajectory displacement up or
down relative to the equatorial plane. For example, the
magnetic surface configuration, following the magnetic
axis displacement A(Z/Ro) = 0.025(0.015), shifts
downward by switching off the coils 16, 15. The upward
displacement one can observe, for example, by
switching off the coils 14, 13. With that there are not
distinct changes in the magnetic surface parameters.

CONCLUSIONS

The numerical calculations have demonstrated the
possibility of the closed magnetic surface existence in
the combined magnetic system. The system contains the
torsatron U-2M magnetic system model with the
additional toroidal magnetic field coils and the mirror-
type magnetic system model. The mirror-type magnetic
system model is realized by switching off two adjacent
coils of an additional toroidal magnetic field. The
calculations carried out have shown that in comparison
with switching off one coil the switching off two
adjacent additional toroidal magnetic field coils in the
U-2M torsatron device results in the mirror ratio value
and the mirror region longitudinal size increase ~1.5
times as much.
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MATI'HUTHBIE IOBEPXHOCTH TOPCATPOHA Y-2M C YBEJIMYEHHBIM ITPOBOYHbBIM
OTHOIIEHMUEM

B.I'. Komenko, B.E. Mouceenxo, 3.J1. Copokoeoit

YucneHHBIMHU pacdyeTaMu IOKAa3aHO CYHICCTBOBAHUC KOH(I)I/Ipra].[I/II/I 3aMKHYTBIX MArHUTHBIX HOBerHOCTGﬁ C
YBCIIMYCHHBIM HpO60‘IHbIM OTHOIIIEHHEM H OOJBIINM IPpOAOJIBHBIM PasMepoOM HpO60‘IHOﬁ obmactu B MOICIN
KOM6I/IHI/IpOBaHHOﬁ MarHuTHOH cHCTeMEL. B coctaB MOZCIN BXOAAT MarHuTHas CUCTEMa 2'3aX0ﬂHOFO TOpCcaTpoHa
V-2M ¢ KaTylmKaM1 JOMOJHUTECIBHOI'O0 TOPOUAAJIBHOTO MArHUTHOT'O MOJIA U MarHuTHast CUCTEMa TUIlla HpO6KOTpOH.
HOCJ’ICHHHH peaIn3yeTCsd IMYTEM OTKIIOYCHUA JBYX CMEKHBIX KaTyHIeK JOHNOJJHUTCIBHOIO TOPOUAAJIBHOI'O
MAarHuTHOI'O I10JIA.

MATHITHI HIOBEPXHI TOPCATPOHA Y-2M 31 3BIJIBIIEHUM INPOBKOBUM BI/THOINEHHAM

B.I'. Komenko, B.€. Moicecnko, E.JI. Copoxosuil

UncenbHI po3paxyHKH IIOKa3ajld MOXJIMBICTH iCHyBaHHS KOHQIrypamii 3aMKHYTHX MarHiTHHX IIOBEPXOHb 3i
301IBIIEHNM TTPOOKOBHM BIJHOIICHHSM 1 TOB3IOBXKHIM po3MipoM HpoOKoBoi obsacti B Mojeni KomMOiHOBaHOI
MarHitHoi cuctemu. Jlo ckiaJy MOAeNi BXOJIATh MarHiTHa cUcTeMa 2-3aX0JHOro TopcaTpoHa ¥Y-2M 3 KOTyHIKaMu
JIOZIATKOBOTO TOPOiAaIbHOIO MarHiTHOTO MOJS Ta MarHiTHa cHcTeMa THITy NpoOKOTpoH. OcTaHHS pealli3yeTbest
HIJISIXOM BiJJKJIIOUYEHHS IBOX CyMDKHHMX KOTYIIOK JI0JJaTKOBOT'O TOPOifaIbHOI0 MarHiTHOTO TIOJIS.
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