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In order to continue works on creation of the plasma trap with levitating magnetic coils the analytical function of the
potential energy U(x, 6) of the system of two coaxial superconducting rings (and the upper ring is fixed at that), which
trapped given fluxes of the same sign, in the homogeneous gravity field versus the coordinate x of the free ring and the
deflection angle € of its axis from the vertical has been obtained under approximation of thin rings. For manufactured
HTSC rings, which trapped fluxes of the same sign, with the help of calculations of the dependence U(x, §) in Mathcad
system, such values of magnetic fluxes trapped by rings have been obtained under which equilibrium states of the free
ring in the field of the fixed ring, stable 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 under trapped fluxes of the same sign, stable to the vertical shifts of the levitating ring and to the deflection
of its axis from the vertical, has been proved experimentally.

PACS: 84.71.-b, 84.71.Ba, 52.55.—s, 52.55.He

In researches devoted to the development of magnetic
systems of multipole traps-galateas [1] with levitating
superconducting coils (so named “myxini”’) the analytical
expression for the potential energy of the system of
several coaxial superconducting coils-rings (and one of
them is fixed at that), which trapped the given magnetic
fluxes, in the homogeneous gravity field versus the
coordinate x of free ring has been obtained under
approximation of thin rings [2]. The dimensions of
superconducting coils, the sign and values of trapped
fluxes, levitating coils masses are the parameters of this
dependence. Using calculations in Mathcad system it has
been shown that under definite values of parameters there
are equilibrium states of such a system.

However obtained relations allow to determine equilibrium
levitating states which are stable only to the shift of levitating
ring plane along the common axis. In a real experiment, it is
important to provide stability of the ring levitating state with
respect to its displacements in the horizontal plane and to its
rotation around an arbitrary horizontal axis.

The derivation of the analytical formula for the potential
energy of the given system as a function of both coordinate
along the axis and deflection angle 6 of levitation ring axis
from the vertical is the next stage on the way of the
determination of the stable equilibrium states of the
indicated above system of superconducting rings.

As the first step, let us consider a system of two
coaxial superconducting rings lying in the parallel
horizontal planes, and the upper ring is fixed at that
(Fig. 1). The coordinate x is counted off from the fixed
ring. Rings are numbered from top to bottom. It is
assumed that the cross-section radius of each coil-ring
(ay) is much less than the mean radius of the
corresponding ring (R;). The potential energy for such
system of two superconducting rings which trapped
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Fig. 1. Location of superconducting
rings

magnetic fluxes ®; and @, , respectively, in the
homogeneous and @, , respectively, in the homogeneous
gravity field, by analogy to [2], will be written in form:

U(x,0) =%[<1>1J1 (xX,0)+®,J,(x,0)]+m,gx, (1)

where x is the coordinate of the free ring, J; are the current
in rings, m, — is the mass of the free coil-ring. Assuming
that the fluxes trapped by superconducting rings, remain
constant we obtain the system of equations for the
determination of the dependences J;(x, 6) and Jx(x, 6) [3]:
LyJ, + L, (x,0)], =0,
Ly (x,0)J, + Ly, J, = Dy, )
Lyy(x,0) = Ly (x,0) .
Here L; are self-induction and mutual
coefficients of rings.

The program of calculation of the dependence U(x, 6),
written in Mathcad system for two coils-rings, the upper
of them is fixed and the lower one is free, which trapped
magnetic fluxes of the same sign, allows to determine the
equilibrium states of such configuration which are stable
both with respect to the shift of the levitating ring plane
along the common axis and with respect to the deflection
of levitating ring axis from the vertical.
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For experiments with levitation, HTSC' samples in the
form of rings made from preliminary synthesized powder
HTSC phase YBa,Cu;0y, with the help of melt textured
growth (MTG) method [4] have been used. In such
samples, high critical currents with a density up to
jo=(10°...10% A/cm® can be achieved at the temperature
T=77 K [5]. The external diameter of HTSC rings was
equal to 35 mm, the internal diameter was equal to 16mm,
the thickness was equal to 8mm and the mass was equal
to 40 g.

The search for levitating states of HTSC rings by
relationships (1), (2) presupposes that the values of the
magnetic fluxes which can be trapped by theses rings are
known. The flux trapping by the HTSC ring has been
carried out by its cooling down to the temperature of the
liquid nitrogen in the magnetic field of solenoid. Then the
field was deactivated and the ring which trapped the
magnetic flow was displaced to the experimental cell to
measure the magnetic induction. According to the
magnetic induction values measured at a 1-mm-height
from the ring surface, the magnetic fluxes trapped by the
HTSC rings for the different currents in the magnetizing
solenoid turns have been calculated. The magnetic flux
trapped by the HTSC ring with a diameter of 35 mm
increases proportionally to the current growth in the
solenoid turns and achieves the maximal value of
6.55-10° Wb at 50 A current in its winding.

For HTSC rings of diameter @35 mm, which trapped
the fluxes of the same sign, with the help of calculations
in Mathcad system of dependence U(x, §), the search of
such values of the magnetic fluxes, trapped by rings, 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.

One of the possible equilibrium state of the free HTSC
ring @35 mm in the field of fixed and located above the
same HTSC ring &35 mm is achieved if the free ring has
trapped the flux 6.6-10° Wb and the fixed one has trapped
the flux 2.6:10 ° Wb. There is shown the distribution of
the equipotentials for the given case in the Fig. 2. It is
seen from Fig. 2, the local minimum is achieved at the
coordinate x=-1.3 cm (i.e. at the distance 13 mm between
the central cross-sections of the rings) and at the angle
6=0 (the levitating ring axis is parallel to the axis of the
fixed ring).

We should note that the sizes of the real HTSC rings,
used for carrying out the experiment, did not satisfy the
assumption made during the derivation of the formulas for
self-induction and mutual induction coefficients of rings:
the cross-section radius of each ring (@;) was only a few
times smaller than the mean radius of the corresponding
ring (Ry), instead of much less, as we had assumed.
Therefore, its equilibrium state coordinates obtained from
calculations may differ from those which are realized
experimentally.

The demonstration device has been developed and
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Fig. 2. Distribution of equipotentials for two
superconducting rings, which trapped the fluxes of the
same sign, as a function of the coordinate x of the free

ring and the deflection angle 6 of its axis from the
vertical

manufactured to carry out the experiments on the
levitation of the superconducting ring in the field of the
supporting superconducting ring. Its main units are the
lower container, in which bottom centre the copper rod is
fixed for the system centering, and the removable upper
container with the copper tube soldered in the bottom
centre. Installed in the lower container lifting mechanisms
allow to move superconducting rings in height with the
help of the brass tenons.

The existence of the determined by calculations
equilibrium state for HTSC rings &35 mm under trapped

Fig. 3. The stable levitating state of HTSC ring
@B 5mm (D, =6.6-10" Wb) in the field of located in

upper container fixed HTSC ring (®,=2.6-10" Wb)
under trapped by them fluxes of the same sign

fluxes of the same sign (see Fig.2) has been proved
experimentally.

There is presented the photograph of the stable
levitating state of HTSC ring &35 mm, which is in the
lower container of the demonstration device, in the field
of the fixed HTSC ring &35 mm, located in the upper
container, in the Fig. 3. The levitating state of HTSC ring
has been stable, in accordance with the calculations, with
the respect to the vertical shifts and to the deflection of its
axis from the vertical. Besides, the stability of the
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levitating state of HTSC ring with the respect to its
horizontal shifts has been experimentally observed.

The obtained results show that it is possible to create a
magnetic system with several levitating coils [6].
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O JJEBUTAIIMM CBEPXITPOBO/IAIINAX KOJIEL JJIsI MATHUTHOW CUCTEMBI MYJIbTUITIOJIBHON
IJIASMEHHOM JIOBYIIKHA

A.M. buwaes, A.A. Bywi, M.A. bexmun, M.b. I'aépuxoe, H.C. I'opoees, A.H. Byzposa, K.E. Kamenuyes,
M.B. Koszunuesa, B.B. Casenves, A.A. Cagppornos, M.H. Illlanownuxos, IL.I. Cuupnos

B mpomomxenne paboT MO CO3MAHMIO IUIA3MEHHOHM JIOBYIIKH C JIEBUTHPYIOIIUMH MAarHUTHBIMH KaTyIIKaMH B
MIPHONMKECHUN TOHKHAX KOJIEII IIOJTy9eHO aHAIMTHYECKOE BBIPaXCHUE IS OTEHIIMANBHOM 3Heprun U (X, 6) CHCTEeMBI U3
IBYX KOAKCHAJBbHBIX CBEPXIPOBOIAIINX Kojen (IIpu4yeM, BepXHEe W3 HUX 3aKpEeIUICHO), 3aXBATUBIINX 3aIaHHBIC
MTOTOKH OJHOTO 3HAKa, B OJHOPOJHOM IIOJIE CHUIBI TSDKECTH KaK (YYHKIMH KOOPAWHATHI X CBOOOJHOTO KOJbIIA U yIiia
oTkioHeHuss & ero ocu or Beprukanu. Jis misrorosneHHbx BTCII-kojen, 3aXBaTHUBIIMX IMOTOKH OHOIO 3HAKa, C
moMoIIEI0 pacyeToB B cucteme Mathcad 3aBucumoctu U (x, ) ObUTH HalIeHBI TaKHMe 3HAYEHHUS 3aXBaYCHHBIX KOJBIIAMA
MarHUTHBIX IIOTOKOB, IIPH KOTOPBIX CYIIECTBYIOT PaBHOBECHBIE COCTOSIHHS CBOOOIHOTO KOJIBIIA B TIOJIE 3aKPEIUIEHHOTO
KOJIbI[A, YCTONHYMBBHIC IO OTHOIICHHIO K CMEIICHHIO IJIOCKOCTH JICBUTHPYIOIIETO KOJbIA BIOJL OOIICH OCH M K
OTKJIOHEHHIO €ro ocH oT BepTukaiu. CylecTBoOBaHHE HaWIEHHOTO U3 pacyeToB paBHOBecHOro coctostHus aist BTCII-
KOJICI] le/I 3aXBAaYCHHLBIX IIOTOKAaX OJHOI'o 3Haka, yCTOﬁ’-IHBOFO I1I0 OTHOLICHUK K BepTHKaﬂbelM CMCIICHUAM
JIEBUTHPYIOMIETO KOJIBIA ¥ K OTKIIOHEHUIO €T0 OCH OT BEPTHKAIM, OBUIO MOATBEPIKIACHO SKCIICPUMEHTAIBHO.

PO JIEBITAIIIIO HAIPOBIIHUX KIJIEIb JJI51 MATHITHOI CHCTEMHM MYJIbTUIIOJIBHOI
IJIASMOBOI IACTKH

A.M. biwacee, A.A. Bywi, M.A. Bexmin, M.b. I'aspiros, I.C. I'opoees, A.1. Byzposa, K.E. Kamenuyes,
M.B. Koszinyesa, B.B. Casenves, A.A. Cagpponos, M.1. Illanownixos, I1.I. Cmipnos

Y nmponoxkeHHs poOIT 31 CTBOPEHHS IUIa3MOBOI IMACTKH 3 JIEBITYIOUMMH MAarHiTHUMH KOTYIIKaMH B HaOJIDKEHHI
TOHKHMX KUJElb OTPHMAaHO AHAIITHYHHIA BHpa3 I MOTEHIiHHOI eHeprii U (x, €) cucreMH 3 ABOX KOAaKCiaJbHHX
HAMPOBIAHUX KiTelb (MPUYOMY, BEPXHE 3 HHUX 3aKpIIICHO), IO 3aXOMWJIM 3aJaHi IMOTOKH OJHOrO 3HAaKy, B
OJTHOPIZIHOMY TIOJIi CHJIM TSDKIHHS SIK (DYHKIIi KOOpPAMHATH X BIJIBHOTO KiJbLiA 1 KyTa BiAXHIEHHS € HOro oci Bij
Beprukaii. Jns BuroroBnennx BTHII-kinenp, siki 3aXONiiIM MOTOKH OJHOTO 3HAaKy, 3a JONOMOIOI0 PO3paxyHKIiB B
cucremi Mathcad 3anexxHocti U (x, ), Oynu 3HaiiieHi Taki 3HAUEHHs 3aXOIUICHUX KUIbLSIMH MarHiTHUX MOTOKIB, IPU
SIKMX ICHYIOTh PIBHOB&)XHI CTaHHU BUIBHOT'O KiJIbIIS B TOJI 3aKPIIUICHOrO KiJbIls, CTIHKI MO BIJHOIICHHIO /IO 3MIIICHHS
TUTOLIMHY JIEBITYIOYOT'0 KUIbLISL Y3/I0BXK 3arajbHOi OCl Ta 10 BIAXHMJIEHHS HOTO OCi BiJl BEpTUKaIi. [CHyBaHHS 3Hai/1eHOTO
3 po3paxyHKiB piBHOBaxHoro crtany s BTHII-kinenp mpu 3axoIuieHMX NOTOKaX OJHOIO 3HAaKy, CTIMKOro Mo
BIJJHOILICHHIO JI0 BEPTUKAIBHHUX 3CYBIB JICBITYIOUOTO KUIBISI Ta IO BIAXMJIEHHS HOro oci BiJ BepTuKali, Oyio
TATBEPAKEHO EKCIIEPUMEHTAIIBHO.
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