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To develop a plasma trap with levitating superconducting magnetic coils it is necessary to carry out the search of
their stable levitating states. With this purpose, based upon the superconductor property to conserve the trapped
magnetic flux, in the uniform gravitational field the analytical dependence of the potential energy of one or two
superconducting rings, having trapped the given magnetic fluxes, in the field of the fixed ring with the constant
current from the coordinates of the free rings and the deflection angle of their axes from the common axis of the
magnetic system has been obtained in the thin ring approximation. Under magnetic fluxes of the same polarity in
coils the existence of the found from the calculations equilibrium levitating states for the manufactured HTSC rings
stable relative to the vertical shifts of levitating rings and to the deflection angle of their axes from the vertical has

been confirmed experimentally.
PACS: 84.71.-b, 84.71.Ba, 52.55.-s, 52.55.He

INTRODUCTION

Magnetic systems of traps-Galateas consist of
several coaxial coils [1]. They form the typical for this
type of traps configuration of the magnetic field
containing the region of zero field. In the fusion reactor
the immersed in the plasma magnetic coils (“myxini”
[1]) of such traps must levitate. The equilibrium
levitating states of superconducting myxini must have
the stability of three types: 1) relative to the vertical
shifts of their plane along the common axis; 2) relative
to the deflection angle of their axis from the common
axis of the magnetic system; 3) relative to the radial
shifts of their plane. The developed by the authors
approach is in obtaining the analytical dependence of
the potential energy of the proposed configurations from
the corresponding variables and in the search by the
calculations in Mathcad of the local minimums of such
dependence corresponding to the stable equilibrium
states [2-5].

For experiments with levitation several multiturn
short-circuited rings with different diameters (50, 60
and 80 mm) have been made from a high-temperature
superconducting (HTSC) wire of the SCS4050-i-AP 2G
HTS type (manufactured at SUPER POWER). Their
time constants measured from the curve describing the
decay of the magnetic field with the time lie in the
interval 18...35 min.

The flux trapping by HTSC rings has been carried
out by their cooling in the solenoid magnetic field to the
liquid nitrogen temperature. Then the field has been
switched off, and the coil-ring having trapped the
magnetic flux has been moved into the experimental cell
for the measuring of the magnetic induction. The

experimentally determined maximal values of trapped
fluxes are at the level 10 Wb. The nonsuperconducting
coil with the constant current had the following
parameters: the middle radius was equal to 4.75 cm, the
average radius of the winding cross-section — 0.6 cm,
and the number of turns — 400.

1. STATEMENT OF PROBLEM

The given paper is devoted to the search of the
equilibrium states of superconducting rings which
levitate in the field of the fixed nonsuperconducting ring
with the current, stable both to the their shift along the
common axis and to the deflection of their axis from the
system common axis.

The system under consideration consists of two or
three coaxial rings lying in parallel horizontal planes.
One of the rings positions scheme is presented in the
Fig. 1. The coordinates are measured from the fixed
ring. The rings are numbered from top to bottom. It was
assumed that the radius (ay) of the cross-section of each
ring is much smaller than the middle radius (Ry) of the
corresponding ring.

The derivation of the expression for the potential
energy of the system of rings as the function of
coordinates of free rings and the deflection angle of
their axis from the common axis of magnetic system in
the analytical form is analogous to the derivation given
in [5] with the only difference that the coefficients of
the rings mutual induction Li(x,6) are the functions not
only of the coordinate x of the levitating ring but also of
the deflection angle & of its axis from the vertical.

Due to the increase of the number of variables some
particular cases have been considered.
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Fig. 1. Rings positions: Ne/ — fixed ring with the constant
current; Me2 and 3 — levitating superconducting rings

2. LEVITATION OF MYXINE IN FIELD
OF FIXED RING WITH CURRENT

Let the top fixed ring (Nel) is not superconducting
and has the constant current J, , the bottom one (Ne2) is

superconducting and free, the trapped by it magnetic
flux @, conserving. Then we may write:

J, = const;
L,J, +L,,J, =®, = const; )

L, =Ly
Based upon the expression for the interaction force
between the contours with current [6] in this case:

Fq :_QZ J1J, Ly 2
aq oq
(where g is generalized coordinate, differentiation is
carried out under constant currents) and taking into
account (1), for the potential energy of this system in
the uniform gravitational field we obtain:

1(@,- Ly (%,6,)9,)°
2 L,,

With the help of calculations in Mathcad system of
the dependence U(x,6) the search of such values of the
magnetic fluxes, trapped by the ring @50 mm from
HTSC wire, and the current value in the fixed ordinal
coil has been carried out, under which the equilibrium
states of the free ring in the field of the fixed ring, stable
with respect to the shift of the levitating ring plane
along the common axis and to the deflection of its axis
from the vertical, exist.

The existence of the determined by calculations
equilibrium state for HTSC rings @50 mm under fluxes
in the rings of the same sign (Fig. 2,a) has been proved
experimentally (see Fig. 2,b).

If the bottom ring is fixed and it is not
superconducting and has the constant current J, , the top
one is superconducting and free, having trapped
magnetic flux @,, then the potential energy of this

system in the uniform gravitational field may be written
in form:

U (X.6’1) — l (q)l — L12(X’ 01)‘]2)2

2 Ly
The calculations in Mathcad system of the
distribution U(x, 6;) have shown that for the fluxes in the

rings of the opposite polarity the equilibrium states of
the superconducting ring in the field of the ring, fixed

u(x6,)= +m,0ox . ?3)

+mox. (4)
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Fig. 2. a) Equipotentials distribution of the system of
two rings on the coordinate x of the free
superconducting ring and the deflection angle & of its
axis from the vertical (system common axis) in the
uniform gravitational field: R;=4.75 cm, R,=2.5 cm,
a,;=0.6 cm, a,=0.26 cm, J;=100 A, ch:Z-lO'4 Wb,
m,=15.3 g; b) the photo of the stable in x and &,
levitating state of HTSC ring in the field of the
supporting coil with the constant current, corresponding

to the calculated distribution in Fig. 2,a

below, are stable with respect to the shift of the
levitating ring plane along the common axis and
unstable to the deflection of its axis from the vertical.
As an example, the equipotentials distributions and
photo of the corresponding to it levitating state for the
ring from HTSC wire &60 mm is shown in the Fig. 3.
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Fig. 3. a) Equipotentials distribution of the system of
two rings on the coordinate x of the free
superconducting ring and the deflection angle &, of its
axis from the vertical (system common axis) in the
uniform gravitational field: R,=4.75 cm, R;=3.0 cm,
a,=0.6 cm, a;=0.35 cm, J,=200 A, ®,=-1.8-10 “\Wh,

m;=32.83 g; b) the photo of the unstable levitating state
of HTSC ring in the field of the supporting coil with the
constant current (it is fixed on the bottom of container),

corresponding to the calculated distribution in Fig. 3,a

The calculations in Mathcad system of the
distribution U(x, ;) have shown that for the fluxes in the
rings of the same sign the equilibrium states of the
superconducting ring in the field of the ring, fixed
below, which are stable both with respect to the shift of
the levitating ring plane along the common axis and to
the deflection of its axis from the vertical, exist. The
example of the calculation illustrating the existence of
minimums for such systems under the definite values of
parameters is given in the Fig. 4.
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Fig. 4. Equipotentials distribution of the system of two
rings on the coordinate x of the free superconducting
ring and the deflection angle &, of its axis from the
vertical (system common axis) in the uniform
gravitational field: R;=20 cm, R,=25 cm, a;=1.5 cm,
a,=0.6 cm, &;=5-10°Whb, J,=5-10*A, m;=2-10*g

3. LEVITATION OF TWO MYXINI IN FIELD
OF FIXED RING WITH CURRENT

For the system of three rings, shown in the Fig. 1,
besides the deflection angles & and & of the levitating
rings Ne 2 and Ne 3 from the vertical, it is necessary to
introduce into the consideration one more variable — the
angle ¢. It is the angle between the projections of the
normals fi, and fi, to the planes of the rings Ne2 and Ne
3 onto the horizontal plane.

Assuming that the magnetic fluxes trapped by the
superconducting rings (Ne2 and 3) remain unchanged,
and the current in the nonsuperconducting ring (Nel) is
maintained constant, by analogy with [5]:

J, =const; L, =L,;
L,,J,+L,,J, +L,;J; =D, =const,
L,,J, +L,,J, + L, J, = D, =const.

Now the potential function, formally coinciding with
the expression in [5], is the function both the
coordinates of the levitating coils x, and xs;, and the

angles &, &, @.
1
U(X2'X3'92’931¢)=E |'22‘]22'|'2|'23‘]2‘]3'|'|‘33‘]32 +ngx2+m39x3' (6)

(®)

In formulae (1)-(6) ®, — the magnetic flux trapped by ith
ring; L, — coefficients of the self- and mutual induction

of the rings; J — currents in the rings; m; — mass of ith
ring.

In order to carry out the calculations of the potential
energy distributions the formulae for the coefficients of
the rings mutual induction L;,(x,6) for the system of

two rings and L, (x,,X.,6,6,,¢) for the system of three

rings, correspondently, have been deduced (formulae
are not represented because they are too cumbersome
ones).

The search of the stable levitating states of two
myxini in the field of the fixed ring with the current is
carried out step by step. The example of this search for
the system of HTSC ring with @31 mm [4] and the ring
from HTSC wire @60 mm in the field of the supporting
coil with the constant current for the fluxes of the same
polarity is represented in Fig. 5. Calculations have been
carried out under the following values of parameters:
Ri=4.75cm, R,=3.0cm, R;=1.15cm, a;=0.6cm,
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a,=0.35¢cm, a;=0.4cm, J;=1.10°A, ®,=7-10"Wh;
®;=3.18:10° Wb, m,=32.83g, m;=9.7g. At first,
having specified the values of the physical parameters,
the field of values of the variables x, and x3 is defined,
where the equilibrium levitating states  of
superconducting rings, stable relative to the vertical
shifts of their plane along the common axis, are realized
(see Fig. 5,a). Then this field of parameters is tested for
the stability in &, & and ¢ respectively (see Figs. 5,b,
¢, d). The photo of the stable in x and & levitating state
of the system of HTSC ring with 31 mm and the ring
from HTSC wire @60 mm in the field of the supporting
coil with the constant current, corresponding to the
calculated distribution in Fig. 5,a, is presented in
Fig. 5,e.
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Fig. 5. a) the determination of the field of the stability
on coordinates X, and Xs; b) the testing of the defined
field of stability in coordinates x, and x; for the stability
relative to the deflections of the axis of the top levitating
ring by the angle 6; c) the testing of the defined field of
stability in coordinates X, and x; for the stability relative
to the deflections of the axis of the bottom levitating ring
by the angle &;; d) the testing of the field of the stability
in Xy, X3, G, & for the stability relative to the angle ¢;
e) the photo of the stable in x and & levitating state of
the system, corresponding to the calculated distribution
in Fig. 5,a
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Realized earlier experiments in levitation of HTSC
rings in the field of the fixed rings with the constant
current under the same sign of the fluxes in rings [5]
have shown that levitating states both one and two rings
in the field of ordinary coil with the constant current,
founded by the dependence U(x) of the potential energy
only from the coordinate, were stable not only to the
shift of their plane along the vertical (along the common
axis), but also to the deflection angle @ of their axis

from the vertical. The analytical dependencies U(x,6) ; . _—
confirm this fact and allow due to their generality to 3' 'g‘;\s/'tég'Sgieéu&&mﬁj&gtﬁgv?ientgzl' Elqu;maj:ﬁg r?:

determine the f|el_d of stability in x and ¢ under any Gravitational Field // Technical Physics. 2013, v. 58,
values of the physical parameters.
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OB YCTOMYMBOCTHU JEBUTHUPYIOIUX COCTOSAHUIN CBEPXITPOBOIAIIAX
MHUKCHH IIJIASMEHHBIX JIOBYIIEK-TAJIATEA

A.M. Buwaes, A.A. Byw, M.b. I'aspuros, A.1. /lenuciox, O.10. [oaxonuya, K.E. Kamenuyes,
M.B. Ko3unuyeesa, T.I. Konecnuxoea, B.B. Cagenves, II.I. Cmupnos, M.M. Illanoeanoe, C.A. Boponuenko

Jns pa3paboTKu TIa3MEHHON JIOBYIIKH C JICBHTHPYIOIMIMMHU CBEPXIPOBOAAIINMH MAarHUTHBIMHA KaTYIIKaMA
HY>KHO BBIINOJIHUTH IMOUCK HX YCTOMYHUBBIX JEBUTHUPYIOIIMX cOCTOSSHUH. C 3TOH Lenbro, UCXOAS M3 CBOMCTBA
CBEPXIIPOBOJHUKOB COXPaHATh 3aXBau€HHBbIH MAarHUTHBIM MOTOK, B OJHOPOJHOM IIOJIE CHJIBI TSKECTH B
MPUOIMKEHNU TOHKHUX KOJIeI] MOJydeHa aHAIUTHYEeCKas 3aBUCHMOCTD ITOTCHIIHAEHON SHEPTHH OJHOTO JHOO JBYX
CBEPXIIPOBOJAIIMX KOJIEL, 3aXBaTHBIIMX 33JaHHbIE MarHUTHbIE IOTOKH, B IIOJ€ 3aKPEIUIEHHOTO KOJbLA C
MIOCTOSIHHBIM TOKOM OT KOOPJWHAT CBOOOIHBIX KOJEIl U YIJIOB OTKJIOHEHHsSI X OCeil OT o0mieit ocu cucreMsbl. [1pu
COBMAJAIOIIMX [0 3HAKy I[OTOKaX B KOJbLAX CYIIECTBOBAHWE HAWJIEHHBIX M3 pacyeToOB PaBHOBECHBIX
JIEBUTUPYIOIIUX COCTOsIHUMA it m3roToBiieHHbIX BTCII komnen, ycTOHYHMBBIX MO OTHOMICHHIO K BEPTUKAILHBIM
CMEIICHUSM JIEBUTUPYIOIUX KOJEI] W K OTKIOHEHHI0O HX OCed OT BEpPTUKAIH, OBIJIO MOATBEPKACHO
SKCHEPUMEHTAIBHO.

PO CTIMKICTh JIEBITYIOUUX CTAHIB HAJIITPOBITHUX
MIKCHH IIJIA3MOBHMX IMTACTOK-TAJTATEN

A.M. biwmacee, A.A. Bywi, M.b. I'aspixoe A.l. leniciok, O.10. [Jvaxoniya, K.€. Kamenyes,
M.B. Kosinueea, T.I'. Konecnixoea, B.B. Casenves, I1.I'. Cmipnos, M.M. Illanoeanoe, C.A. Boponuenko

J1nst po3poOKH MI1a3MOBOT ACTKH 3 JIEBITYFOUMMH HAJIIPOBIIHUMH MarHiTHUMHU KOTYIIKaMH MMOTPIOHO BUKOHATH
MOMIYK X CTIMKUX JEBITYIOYHX CTaHIB. 3 II€I0 METOX, BHXOJISIYM 3 BIIACTHBOCTI HAINPOBITHUKIB 30epiraTu
3aXOIUICHUH MAarHITHUH TOTIK, B OXHOPIZHOMY TONI CHIM TSOKIHHA B HaOIM)KEHHI TOHKHX KileIlb OTpHMaHa
aHANITHYHA 3aJICKHICTh TOTEHHIWHOI eHeprii oJHOro a0o IBOX HAANPOBITHUX Killelb, SKi 3aXONIIH 3aIaHi
MarHiTHi MOTOKH, Yy TOJI 3aKpiIUIEHOTO KUIBI 3 MOCTIHHMM CTPYMOM BiJ] KOOpAMHAT BUIBHUX KiJIeIb 1 KYTiB
BIIXWJICHHS 1X Oced Bij 3araibHOi oci cuctemu. [Ipw cmiBmagaroumx 3a 3HAKOM MOTOKAaX y KUTBISMX ICHYBaHHS
3HAMJICHNX 3 PO3paxyHKIB DPIBHOBAXXHUX JIEBITyIOUMX cTaHiB Juisi BurotoBieHux BTHII kinens, crilikux mo
BiIHOIIEHHIO [0 BEPTUKAIBHUX 3MIIICHb JIEBITYIOUMX KijJemb 1 J0 BiIXWIEHHS iX oced Bil BepTHKami, Oyio
MATBEPIKEHO EKCIIEPUMEHTAIIBHO.
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