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Magnetic Flux Diffusion Through HTS Shields

A. D. Havenhill, K. W. Wong, and C. X. Fan

Abstract—Slow field leakage in a polycrystalline superconduct- energy required for a fluxoid bundle to leave a pinning site
ing cupshield placed in an external axial field Hext) much weaker g Supp"ed by thermal energy [2] Motion to another pinning
than H¢y shows a diffusive time dependence with a time scale of site is aided by the Lorentz forcd, X B [2]. If J and B are

10% s. As the field strength increases but is still less thal c1, | h. th te of fl h “critical
a logarithmic time dependence of 18 s time scale is observed. It ow enough, the rate of flux creep approaches zero (“critica

is shown that this logarithmic time dependence is a result of flux State”) [2]. Theoretical work done by Anderson [2] predicts
line diffusion between superconducting grains rather than fluxoid that supercurrents will decay logarithmically. This implies that

avalanches or flux bundle creep. the internal field has a logarithmic time dependence which
was found experimentally by Kinet al. [3]. The bundle
|. INTRODUCTION hopping rate in the Kim—Anderson model is taken to be

. . . : ~10°-10'! s7! [4] so the time scale is-1011-107° s. Fast
polycry_stalllne s_uperconductlng magnetic C“pSh'e".’ (horlﬁovements of bundles of 50 or more fluxoids (avalanches)
low cylinder with one end closed) was placed in Rave been detected and monitored in the vortex state in

external axial field(He:), and the field inside the shleldthe presence of a slowly ramped applied field by Fietd

(Hine) Was measured as a function of tim.,, was chosen [5]. Fluxoid avalanches have often been compared to

near the critical threshold of the shield. Empirical curve . .
fitting is consistent with a largely diffusive mechanism of flu gvalanches of metastable sandpiles [5]-7]. Shi and Wang [8]

: . i gve shown that a self-organized criticality model for flux
leakage. The mechanism we propose involves flux lines tha . . o
ayalanche dynamics predicts a logarithmic time dependence.

exist between the grains. The field is low and in the regime . L .
the Meissner effect. Flux motion is statistical but tends to be ?nor our data that were taken at high applied field (70-90 G), it

. ; ; . .. . IS therefore reasonable to expect avalanche behavior to occur,
the direction of decreasing flux density, much like the diffusivi : ) SRS
ﬁ?us consistent with the logarithmic time dependence.

motion of chemical species tends to be in the direction 0 Although we found a logarithmic time dependence when the

decreasing concentration. As the motion is statistical and the .~ high (but still lower tharH 1), our time scale is several

flux density gradient is limited by the low field regime quxIe
ux density 9 y gime, orders of magnitude larger than that of the Kim—Anderson or
diffusion is expected to be a slow process. Data collected X o
avalanche models. In this paper we show that near the critical

using a shielding device in an appheq f|e_|d much larger tha[lﬁreshold of a polycrystalline shield which is much lower than
the critical threshold suggest a logarithmic time dependen%er ., the internal field supports a diffusive model, and that at

Since both shields show field leakage on similar time scal Rher applied fields a logarithmic time dependence (which we
(~10? s) we suspect that the mechanism may be similar. an bp 9 P

. T ave seen) is still compatible with a flux diffusion model. In

this paper we show that a logarithmic time dependence at a o . ) .
. . ) . . X e our model the critical state equation [9], [10] is used to derive

high applied field is consistent with flux diffusion. The slow_ .. - ]

. . X ; .a time dependent critical current density.

field leakage associated with polycrystalline superconducting

material could have a significant effect on the operation of

devices made from such material. _ _ _
The mixed state of a Type Il superconductor contains The superconducting cupshield was made at Midwest Super-

magnetic flux lines in the form of quantized fluxoids, eacRonductivity, Inc. by coating a hollow MgO cylinder (closed

having flux®, [1]. The motion of fluxoid bundles (flux creep)at one end) with HBa,CaCu 0y (TI-2223) thick film on

in the presence of a magnetic pressure gradient is descril§ééh the inner and outer surface as shown in Fig. 1. To coat

well by the Kim—Anderson model [2]. Thus the mechanism dhe MgO cylinder, TI-2223 was ground to powder of average

flux creep involving bundles of fluxoids moving from pinningdrain size of~1-5pm using an agate mortar and pestle. The
site to pinning site occurs il > He; and T < Tp, where Powder was then mixed with an organic binder, brushed on

Hcq is the lower critical field andl} is the lattice-glass the surface of the MgO cylinder, and.left to' stan_d for several
transition temperaturelf is generally< T¢). The activation hours to flow and become near uniform in thickness. The
cylinder was then heated in,Gat ~400 °C for several hours
Manuscript received February 26, 1997; revised January 9, 1998. SO a.s to oxidize and volatilize the organic material leaving a
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Thickness = 5-6 mm

Thick film

Length=12.7 cm

Outside diameter = 3.18 ¢cm

Fig. 1. Superconducting cupshield: TI-2223 thick film on MgO.
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Fig. 2. Experimental setup for field measurement.

The thickness of the filnjd) is ~1/2 mm. In our analysis the the bottom of the shield along its axis. The magnetometer

shield was treated as a shield with walls of thickn2gs used was a Bartington MAG-01H Single Axis Fluxgate Mag-
Our setup for measurement is shown in Fig. 2. For the fietcetometer with circuitry as shown in Fig. 3. The shield was

measurement, a flux gate magnetometer sensor was placethe placed inside a solenoid which provided an external field.
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Fig. 3. Circuitry for fluxgate magnetometer (taken from [11]).
The entire arrangement was placed insige-metal container
and immersed in liquid nitrogen inside a Dewar. It is assumed 2.54 cm
that the field in free space near the superconductor surface (the o
sensor location) is uniform and equal to the field on the inner | I L.l Sensor
surface of the cupshield. ‘ ‘
The solenoid was connected to a current source which was :
controlled by a computer and calibrated to provide the appro- |
priate axial external field H..). The sensor was connected = Length =132 mm - . Shield
to the magnetometer which was read by the computer at 1-s ‘ ‘
intervals.
The critical field for the shield H.;;) is defined as the
H,,; value for which the internal fieldH;,:) becomes time ‘
dependent. We believe for a polycrystalline matetd),;; —
is closely associated with fluxoid movement through grain OD=49.6 mm
boundaries. Thus the establishment of time dependence is ID =38 mm
gradual rather than abrupt, 96..;; actually has a range of
values. For the shield used in this experiment the critical ran'c:;e
is about 5-10 G ig. 4. Bulk TI-2223 superconducting shield with sensor.

The timed measurements &f;,,; were taken using a com- ) ]
puter program. Readings were taken at 1-s intervals for 76300 s with the sensor placed near the end of the shield as
s at each value oH.,, immediately followed by 700 s with shown in Fig. 4. The same field source-Dewar—sensor setup
the direction ofH..,. reversedH.. values used were 5-8 G.Was used as for the cupshield. Parameters associated with the
In an effort to reduce any initial nonzereo field present insiddleld are given as follows:
the shield, the first;,; reading(H,) for each appliedH
was subtracted from altf;,; readings in that cycledi,, — H, Length= 132 mm
was then plotted against time. Inside diameter= 38 mm
For the high field measurements the applied fields used were . :
470, £80, and+90 G. The shielding device used was a bulk Outside diameter- 49.6 mm
TI-2223 cylindrical shell as shown in Fig. 4. Field readings Mass= 488.9 g
were taken once every 10 s by the computer for a total time Density = 4.64 g/cni.
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Fig. 5. Interior field versus time for bulk shield at 80 G.

The interior field has a logarithmic time dependence as shoWhe measurements taken in this experiment were taken at
in Fig. 5. r = 0 so it is appropriate to look al (0, ¢)

H(0,t) =Y Ane™"/™ + Hy. (3)
Ill. EXPERIMENTAL RESULTS "

Recall that the empirical curvesH;,; — Hy =
Empirical curves of the forntlin, —Ho =, Ape t/™ 4 >on Ape~t/m™ 4 Hy, have the same form agl(0, ¢) in
H; were fitted by trial and error to plots of experimenta(3). In order to satisfy the diffusion equation, however, the
cupshield data. The equations for the empirical curves ampirically determinedr,’s must also satisfy the restriction
given and plotted with data in Fig. 6. Fig. 7 shows a plot of thgiven by the diffusion equation

difference between the experimental and empirical curves. The
largest differences tend to occur at low time values. We believe

e . OH 5,
this is probably due to error introduced in synchronization Diffusion equation: —-- = ¢ vid (4)
between the external source and the internal field reading. 10H O°H
It is interesting to compare the empirical results with Replacing V=H = o T
solytio_ns of the.diffusion equatiqn. Diffusion throygh the assumingH is independent o and
S?{[Iig\r?snlcal cupshield must be subject to the following con- » in cylindrical coordinates. 5)
We obtain
H(r =0) is finite AV2H — Z _ (COén/Rout)QAnJo(OénT/Rout)e_t/Tn' (6)
H(t — o0) = Hy = constant n
H(r = Roy) = Hy = constant The left side of (4) is given by
R, = outer radius OH
. _ 2 . —t/Tn
Cylindrical symmetry 1) ot Z (1/70)" An Jo(nt/ Row e ’ ()
Any solution of the diffusion equation that satisfies thes-ghus equating the expressions in (6) and (7), we must have
conditions has the following form: \;’41 _ Rous — constant (8)
Tn C

H(r,t)=>_ AnJo(anr/Row)e™™ + Hy.  (2) Therefore, for a giverHey., there should be am, for every
n 7o such thate, /7, = constant. The empiricat,’s obey
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Fig. 6. Plot of empirical curve (from Table 1) and measured valuesigfi — H, (G) versus time (s) at 5 G.
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TABLE | of electromagnetic waves with a Planck energy distribution
e—,@e e—,@e
For H, = 5G: D(e) = e 7e (Be small). (11)
H(0,1) = (-0.0246e>2)e ¥ - 0.005¢¥' + 0.0246 (tin s, H in G) Equation (10) then becomes
, oo —Qe
7,(5) n o, aVt.(5%) H(0,t)— Hy = € omet/hge
200 1 2.40483 34.01 @ e
15 3 8.65373 33.52 1 oo o—(Beet/R) _ ,—Be
= —/ de
For H,,= 6G: 154 o €
5 o0 e—,@e
H(0,1) = (-0.0856e%0Me#2! _ .01 7e¥"* + 0.0856 (tin s, Hin G) + / de. (12)
w Pe
7,(s) n o, REXCS) .
201 1 2 40483 34.09 We then assume thag is near zero (but not equal to zero). To
15 3 8.65373 13.52 consider the effect of this assumption, we consider the result

if we perform the integrations in (12), changing the limits
o= /G to zero andey. The first integral gives a very small result,
and the second integral gives a large negative result. Equation
(12) can therefore be modified to

For H

H(0,1) = (-0.364e*%)e 2% _ 0,08e¥** + 0.01e** +(0.01e)e™"”
+(0.006¢"1%)e¥15 _ 0.006¢“* + 0,369 (t in s, H in G)

1 =] 6—(,86+et/h) — B
T,(s) n o, oV 1,(s") H(0,t)— Hy = 3 / de
600 2 5.52008 1352 B Jo e
260 3 8.65373 139.5 00 o= e
25 9 27.49348 135.7 + / e de. (13)
20 10 30.63461 137.0 €0
15 11 33.77582 130.8 Performing the first integration and noting that the second
10 14 43.19979 136.6 integral is a constant yields
For H,, = 8G:

o H(0, t) = —(1/8) In[1 + t/BH] 4 constant (14)

H(0,t) = (-1.01e*"*1™)e*'™ + 1.01 (tins, Hin G) which shows a logarithmic time-dependence at higher applied

el (s fields.

73.65

T(8) n o,
178 2 5.52008
V. SUMMARY AND INTERPRETATION

The time dependence of the internal field of a high

this restriction well as shown in Table |, indicating that thehielding device in an axial applied field is modeled as being
diffusion equation is well satisfied faH.; < 10 G. Values diffusive. The diffusion model proposed involves flux lines
for «,, were taken from Abramowitz and Stegun [12]. between the superconducting grains in the field regime of the

For H..; > 60 G bulk shield data, empirical curves of theMeissner effect. Flux motion is statistical but tends to be in
form Hy,, = H,Int + H, were fitted to experimental plotsthe direction of decreasing flux density, much like the motion
of applied field versus time. The equations for these empiriaall chemical species diffusing in the direction of decreasing
curves are given and plotted with the data in Fig. 5. concentration. Measurements taken using a thick film TI-2223

At this point we will show that such a logarithmic timeshield near the critical threshold support such a model. A
dependence at the higher applied field is still compatiblegarithmic time dependence seen in bulk TI-2223 shields at
with the diffusion model, since the time dependence near thiggher applied fields is shown to be theoretically compatible
critical threshold appears to have the form of a summation with flux diffusion.
exponentials. At a higher applied field, more terms must beWhile Kim—Anderson flux creep has a logarithmic time
included, hence the summation becomes an integral dependence, it also requires that the flux density be large
enough and the temperature be low enough to form a lattice
(and thus bundles). This can happen only if the applied field
is greater tharH{ ~; (our applied field is much lower than this)
Sincer,, is given by the roots of,, it is inversely proportional and the temperature is very low (much lower that 77 K which
to ¢, the magnetic energy eigenvalue. This can also be writtegnthe temperature range of our experiment). Our logarithmic
as an integral over an energy distributidi(e) time dependence can be experimentally distinguished from that

of Kim—Anderson flux creep and that of avalanche behavior
(10) because these two mechanisms occur on a much shorter
time scale £107!! to 107> s) [4] than we observe in our

where ¢y is the minimum fluxoid energy. It is physically experiment <10 s). Because of the above field, temperature,
reasonable to assume that the interior field is a superpositenmd time scale criteria, we conclude that it is unlikely that

HO,t)-H; = / P(o)e " do, whereo~1/7. (9)
0

HO,¢t)-H; = / D(e)e™ /" de
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the flux lines in our regime of field and temperature mov~
according to Kim—Anderson flux creep or avalanche flu
motion. We have proposed a model of flux diffusion betwee
grains that could theoretically occur in our regime of fiel
and temperature, and that is consistent with our data (our d
satisfy the diffusion equation).
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