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Determination of critical current density in bulk melt-processed high
temperature superconductors from levitation force measurements
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A simple approach to describe levitation force measurements on bulk melt-processed high
temperature superconductors was developed. A couple of methods to determine the critical current
densityJ. were introduced. The averagedb-planeJ, values for the field parallel to this plane

were determined. The first and second levitation force hysteresis loops calculated witld these
values coincide remarkably well with the experimental data. 1999 American Institute of
Physics[S0003-695(199)05037-§

Superconducting systems with magnetic levitation havdound for PM resonance oscillations frequentiesd, re-
long been known and the discovery of high temperature sueently, by Hull and CansiZ for both vertical and lateral
perconductorgHTS) highly stimulated their investigation, force components.
but a real interest in them for large scale applications appears The feasibility of the ideally hard superconductor ap-
only with the successful development of the melt-processe@roach is that the penetration degtiof alternating magnetic
(MP) technology* The use of MP HTS in large scale sys- field is much less than system dimensi8figo calculate the
tems such as flywheels for energy storage, electric motorstiffness or resonance frequencies the lifit:0 can be
and generators, permanent magnets, etc. is the most promlgsed, but it was shown that taking into account the finite
ing HTS application nov.In this applied region the levita- Vvalues ofd it is possible to calculate the ac I38snd even
tion force measurements can be considered in two roles: d§cover critical current density profiles withindepth from
an information source to know more about levitation system&C 10Ss measurementsn this letter we present such an
and as a quick technique to test HTS samplés.many  @pproach of levitation force calculatigimcluding its hyster-
earlier work&? it has been shown that the forces between £SiS behavigrfor a superconductor with finite values of criti-
PM and HTS sample are closely related with HTS magnetical current density. and simple methods to obtaig values
zation curves. Vertical levitation force versus vertical dis-Tom levitation force experimental data. _
tanceF,(z) is the nearest analog M (H) dependencies with A PM placed over ideally hard superconductor induces
their major and minor hysteresis loops, but the complexity ofit its surface the screening currepts(c/4m)nx b, , where
a field configuration in such large scale PM-HTS systemd! 'S the surface normal argl is the tangential magnetic field
makes it very difficult to directly correlate them in general. COMmpPonent at the surfadéhe normal componert, at the
The problem can be solved by numerical approafhest surface is zerp From the symmetry, for an infinite flat
this usually needs too much computer resources to be appl?—urfaCé
cable to direct HTS sample investigation. To perform such b,=2b,,, (1)
an investigation an analytical evaluation is more wished for.

Two limiting cases of HTS structure have been consid-whereb, is the variation of the PM magnetic fieil, due to
ered as analytical to calculate the dynamic parameters of dis displacements in respect to initial field coolgeC) posi-
idealized system of a point magnetic dipole over an infinitetion: by=B,—B,rc.® For the z-axial symmetric configura-
flat superconductor. The first one is the “granular supercontion r=(r siné, r cosé, z) where onlyj, component is in-
ductor” which can be modeled by a set of small isolatedduced, for the vertical force acting on PM from the screening
superconducting grairflsThe second one is an “ideally hard currents one can write
superconductor.®~! |t was shown recentfy*° that dynam- .
ics in a wide variety of levitation systems can be described in  F,;= f rbgr(r)dr. 2
terms of surface screening currents which screen alternating 0
magnetic field cqmponent due to PM displacgments, as it This is an ideal force, which can be readily calculated
would be for' an 'd_e,a”y harq superconductor, €., a SuDerj'ust from the known tangential component of PM field.
conductor with infinite pinning forces. For an infinite flat

: introd Equation(2) is obtained from zero-depth screening currents
superconductor the frozen-image method was introdtiged — 5n5r0ach that we will call a zero approximation of real PM-

an i!lustration of simple analytical calcu!ation of forces act- yrg systems. Within this approximation any configuration
ing in the system. Good agreements with experiments wergs ¢,ch systems can be calculated numeridalut to de-
scribe hysteresis phenomena next-order approximations have
¥Electronic mail: kord@imp.kiev.ua to be considered.
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In the second stag@ first approximationwe will ex- Applying this scheme to calculate the vertical forces dur-
amine a model wherdi) §is finite but still much less than ing the first descenE(z), the first and the next ascents
system dimensiong, (i) the critical state model is appli- F;(z,zy,) and the second and the next descéntéz, zy,,)
cable to these samples, afid) critical current density is one can write
constant. The applicability of the critical state model to melt-

processed HTS has been proven in many experimiéhts F(z)= Z_Wchocrdrfﬁ(r,z)dgbar(r,z+ o), ©6)
and is quite acceptable here. The first conditiondaran be c 0 0
written as -
F (2= 273 Jwrdr Fmaxdg—Jﬁng
dBa(r)| ™+ e e P 0
é\(r)<Bar(r) d ~L, (3)
' Xbgy(r,2+0), )

and, becausé=b,, Eq.(3) can always be satisfied by lim- 2 w0 Smax

iting the minimum distance between PM and HTS surface.  F1(Z:Zmin) = TJCL rdr L a)gzdg

One can estimate~z+d/2, wherez s, here and below, the o

distance between PM and HTS surface ahds the PM fﬁma%2d§+f5/2d§
0

thickness. bar(r,z+2). 8)

J. usually depends on both magnetic field and space . .
coordinate, but, as will be shown below, we can accept the ~ The functionsé(r,z) depend onJ. according to the
constant], condition for levitation force measurements. This above equationfEgs. (4), (5) and below and forJ.— o all

just means that in the next relation fiorthe surface density these forces become equalFg(z).
of screening currents, Remaining within the conditiofi3) we can approximate

the integrals over from the formulag6)—(8) by multiplying
c the depth of the layer where current flows by the field bar in
i(r,2)=48(r,2)dc=5_0ar(r,2), (4)  its center. It is easy to show that within the above approxi-
mation the formulg6), for example, can be rewritten as

82

grained flux penetration depth averaged olescale. The dr, 9
j(r) function does not depend on field history but only on
PM positionz in the same way aB,(r), the distribution at  which highly increases the calculation speed.
the HTS surface of the PM field variation, that after cooling ~ To check the applicability of the above consideration to
is a function ofr and z. Thus, in this approximation, the real MP HTS we used a standard experimental setup on levi-
function &(r,z) formally does not depend on field history but tation force measurementslhe SmCgq disk shape PM was
means the flux penetration depth at the first PM descent onl.5 mm in diameter and 8 mm in thickneéhe effective
Next, if we use a protocol of PM motion according to thickness with ferromagnetic holder that was evaluated from
which it moves between two points: the initial or FC point real PM field configuration was 12.7 mnwith averaged
Zmax that is included inb,(r,z) function as a condition axial magnetization of #M = 9236 G(the field measured by
Dar(r,Zma) =0 (Zmax== for ZFC casg and the lowest point Hall probe in its center at the distance of 0.8 mm from its
Zmin, the current distributions in the depthof supercon-  bottom surface was 3350)GThe magnetic field of the PM
ductor are the following. After the PM stops the first descentvas calculated as field of a coil with the same dimensions
and begins to go ufthe first ascenf the depth of the layer and with lateral surface current densidy=cM. All mea-
where currents flow remains constant and is equal to itSured samples were melt-processed HTS of 8% mm in
maximum valuedy, = dr,zy,,), but there are two regions diameter and 17:60.5 mm in thickness. The distanzebe-
with opposite currents. The opposite flowing current pentween PM bottom surface and HTS top surface varied from
etrates from the top at the depfh that can be obtained from z . =400 mm (that can be considered as ZFC gase its
Eq. (4) minimum valuez,,,=0.5mm. The minimum step of PM
motion was 75um. The accuracy of force detecting was 15
1 mN. Within this accuracy the experimental data were repro-
61(r,2,Zmin) = 5 [ 8(r Zyin) — 6(1,2) . ) ducible for every sample. Figure 1 represents the first and
second hysteresis loogshe first and second descent and
lts  maximum  value IS & o=\ ZnaxZmin)  a@Scentfor two samples.
=8, Zmin)/2, SO during the second descent there are three Within the above approximation we have only one pa-
regions with +J, for 0<{<8, —J; for § <{<68 ma,  FameterJe, for forces of Eqs(6)—(8) [or Eq.(9) and analo-
and +J; for 8, max<{<dmax, Wheres (r,z)=4(r,z)/2 also  9ouUS _one}sto be fitted to the experimental onE%_Xp(z). To
does not depend on,,;,. If one can neglect flux creep for do this, we have to choose one of these functions and one
times greater than the descent-ascent time, any other asceR@nt z;, and solve the equation
are equal to the first one and any other descents are equal to F(Je.2)=FexdZ)) (10)
the second one. Any other current distributions for other pro- e e
tocols, for example to describe minor hysteresis loops, can The forces calculated from formulé6)—(8) with the J.
also readily be obtained within the scheme above. values obtained from Eq10) in z,,, point are also repre-

J. can be treated as a coefficient betwgemd 5, a coarse- o
F(z)= f
2

)
rbar(r,z)bar(r,er—
0
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' ' ' " density flowing ina-b-plane versus the magnetic field par-
Experimental data | allel to this plane. But for real melt processed samples, it is
° -samplel ] more reasonable to assume that the dependencies of
o -sample2 Jo(B; ma in Fig. 2 are mostly caused by space variations of
calculated critical current density. The steep slope of the curves in Fig.
2 at low field, which caused the maximum in the upper
curve, is related with the finite diameter of the HTS samples
and shows the lower field limit for the given configuration.
There is a possibility here to introduce a visually simple
method to evaluatd. . It is understandable that in the spirit
of the above consideration a shiftz of the first descent
experimental curve with respect to the calculated ideal one
(Fig. 1) has to be proportional to an average penetration
depth. From the conditioR;y(z+Az)=F(J.,z) and Eq.(9)
one can readily obtain

c by,
FIG. 1. Experimentalsymbol$ and calculatedsolid lineg data on the first o~4Az, or J.~ 8w Az (11
and second hysteresis loops of the vertical levitation force vs distance
between PM and HTS surface. Dashed line represents the force for anideal The values ofl. evaluated in such a way are also repre-

superconductor. sented in Fig. 2 and show a good agreement with ones de-
termined before. The experimental ere;_ that is shown
- L here was estimated from the formulao; /J.
sented in Fig. 1 by solid lines. The forces calculated from 1 . . c .
. o .. =op(dF/d2)~*/Az which assumes the maximum error is
Eqg. (9) and from analogous ones practically coincide with ]
. caused by the force measuremant~30 mN.
the above in thé-(z) plot scale. A good agreement between . .
. . In summary, we have considered the approach, which
the experimental and calculat€éqz) dependencies demon- s L ! -
we call the “first approximation,” to describe levitation

strates the above approximation is correct, f8rce data. The term “first” implies that we consider a case

Nevertheless, discrepancy between the experimental and tich such parameters as flux penetration depoh nor-

calculated forces still exists and is larger than the experimen-

tal accuracy. One of the most likely reasons is a variation anaI component of magnetic field at HTS surfdzeare not
3, with depth and field. Figure 2 shows the valuesJof zero, as it is for an ideally hard supercondudmt small

: enough:6<L, b,<b, . Within this condition the methods to
versus maximum value @, (z) at the HTS surface for two g .

) . calculateJ., the critical current density, which we have in-
HTS samples. The data were obt:_imed by solvmg EQ). troduced in the letter are exact. Remarkably, the approach
Open symbols represent the solution for the function of Eq

6 d solid bol tth lution for the functi works well even beyond this condition, whed~L, b,
(6), and solid symbols represent the solution for the function b, . In this region the methods become empirical. The

of _Eq. (9). The sor:id (Ijine indFig. 2 with reslfect to tr}e rilght value that can be obtained by the methods is averaged.over
axis represents the dependenceBofy,{(2). For a perfectly scale critical current density ia-b-plane for field parallel to

uniform sample withc axis exactly perpendicular to the sur- this .1 _/7ab ;
. planeJ.=(J2°(B|ab)). . L scale depends on the size of
face such a dependence (B, a0 Would be uniquely de- a magnet we use.

termined by the dependence if°(B,;,), the critical current

20

z (mm)
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