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ABSTRACT

In a previous experiment, 1t was observed that the per51stent cur
rent in a thin'Pp superconductmg ring decays when the mater1a1 is SU.bJeC—,
ted to - o - particle. irradiation from a P0210 source, Systematlc observa-
~ tions of flux decay have been carrled out under different. eXperlmental con-
ditions, The effects of varymg the temperature (from 1,1 to 4, 2 OK), the
thickness of superconductlng layers (from about 10 to 40/’- ), and the ma-

terials (lead, tin, and indium) have been investigated,

- The flux decay law deduced ’f‘rom’the exp'erimental data seems to
be logarithmie in time, showing a behaviour similar to that observed by

Kim et al, for flux creep in hard superconductors.
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I- INTRODUCTION '

It 1s well known that in a: multlply connected supercOnductor, the

»fluxmd' " L
TR i (1‘)_.

' under flxed external condltlons, 1s constant m tlrne

With ret erence to 7
.Flg. 1 ‘Cis a ClOSed curve located entlrely W1th1n the materlal and enclo—-
smg one of the holes of thr superconductor. S 1s any surface bounded by C.
H and J are, respectlvely, the magnetic f1e1d and the current density,.. LA
is' a parameter introduced in the London"phaenomenoldglcal theory and is

related to the penetration depth by the simple relation:
. A
(2) A = )

If the superconductor is sufficiently thick, we can choose the curve ¢ to
be so deep inside its interior that the current density is essentially ‘zero,r

and we can rewrite the relation (1) as follows:

3) g - Mo ¥

In such a case the fluxoid becomes identical with the magnetic flux through

the hole.

- We note that a superconductor containing magnetic flux is not in
absolute thermal equilibrium, The persistent current must to be considered
‘as metastable in the sense that the energy of the system is a minimum only

with respect to infinitesimal variations of the current distribution,

In the particular case of superconductors of the second kind, Kim
et al, @) have,.ShOWn that the superconducting currents induced by an ex-
ternal magnetic field in tubular samples of Nb, V and Nb-~Zr are inheren-
tly unstable and slowly decay, with a decay law proportional to the lo-
garithm of the time. In a preceding letter(3) a brief qualitative account
of the effect dof io( -particle irradiation on a lead superconducting ring

containing trapped magnetic flux was given and it was pointed out that

under these conditions the trapped magnetic flux decays in time,



magnetic flux décajrsin time.'v
In the present Work we have extended the prev1ous measurements

to a number of soft superconductors 1n Wthh the trapped flux has the ma-

ximum value allowed by .temperature and .geometrical factors. :

Varymg certain experlmental parameters such as the temperatu
re and the r1ng thlckness, we have carrled out a systematic 1nvest1gat10n

of this decay . phenomenon.

Detailed examinatlon and dlscuss1on of the experlmental results

’Wlll be glven 1n the followmg sectlons, but we can anticipate here that the

decay phenomenon is proport10na1 to the logarithm of the time.

1I - EXPERIMENTAL DETAILS -
A) Preparation and Calibration of o( - sources. o
VA schematlc view of a superconductlng ring and the associated |
source is ShOWn in Fig 2. The latter were prepared by electrodep051— :

, t10n of 9810 from a Po(l\TO.‘,’)2 solutlon on a s1lver or platmum support

r1ng, ‘whoseé d1mens1ons are also shown 1n Fig 2

In prellmlnary experlments we tried to prepare the ‘o sources
by'sp‘ontaneous deposxtion‘ of Pg 10 on the support ring, but, 'since the sour
- ce act1v1ty was too weak for our purposes (less than 1 mC), we prepared
-other sources by electrodepos1t10n at 1ow current 1ntens1ty (7 to 8 mA) for
.~ two days. ’ ‘

’ Moreover, in order to ,'obtainﬂg‘oo’d siirfase umformlty, we slovsfly
vrotated"the support ring during the depoSition. The'»sources prepared in this
_way were sui'f1c1ently un1form (about 20%) and their total act1v1ty was. high

' enough to produce an experlmentally detectable flux decay rate. :

The 1ntens1ty and the uniformity of the sources were measured by
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an apparatus espec1a11y des1gned for thls purpose. It consists essential-

ly of a vacuum chamber (see Fig. 3) 1n Wh1ch we can place the source
to be ca11brated.

The two diaphragrn‘s D1 and D2 geometrically define the rele-
vant portion of the ern1tt1ng 'su‘rfacve and th‘e’ relatiye solid angle subten-
ded by the c¢rystal scintillator (a f_chin‘i'Cs’I(Tl):,crystcal)‘.

" The source can-also be rotated and translated vertically, A pho-
tomultiplier tube with related electromc countmg equ1prnent complete the

callbratmn unit,

In certam cases the source was protected by means of a thin me
tal layer (less than one mlcron) to prevent Po210 volatilization and also
to separate the source e from the superconductmg deposu but th1s has very

little effect on ‘the behav1our of the decay.

B - Preparation ofSuperconducting Rings,

The superconducting rings have been ptrepared by electrodeposi-
tion of the metal (to be studied) on the radioactive:sou'rce, using a stan-
dard galvanic solution,

By- we-i'ght_frneasur‘e_ments s 'itbhas_ b.e_en 'posSibleto estimate the
ring thickness with an accuracy of about 3%, ‘Moreover, the uniformity
of the superconducting layer has been checkedvbyanalyzing the « - par-

~ticle em1ss1on from d1fferent po1nts on the surface, this analysis being
made by measurmg the o(~ partlcles energy spectrum by means of a

pulse he1ght analyzer. ,' :
C- Flux ‘Mea‘sur'ements‘ and T emperature Control,

: A schematic view of our experimental apparatus is shown in
- Pig, 4.

Flux trapp‘ing‘ was accomplished by‘the use of an external coil,
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: Wthh raised the magnetlc fleld well above the critical field of the super

| conductor under study.

Flux measurements were performed by means of an electronlc
1ntegrat10n fluxmeter whose search 0011 was’ flxed Wh11e the moving ele~

ment was the superconductlng rlng;

» In a number of experlments a non- 1rrad1ated superconductmg
rlng was also present in the hellum bath, in order to be sure that the trap

ped flux does not decay even in the absence of an & partlcle source,

' Good COntrol of the'te‘mperature (to within at least 0,01 “Kj was -
achleved by usmg a cartes1an manostat to stab111ze the hellum vapor
pressure. Often, after a run of several hours, we have: agaln ralsed the
external magnetlc f1e1d to the value at the beglnnlng of the experlment.

- We always found that the trapped flux in the superconductlng ring was the
same as before. In other words, no permanent damage to the supercon-

ducting propertles resulted from ok partlcle bombardment.

‘ Moreover, we pomt out that partxcular care has been taken to

avoid. surface ox1datlon effects Whlch Would affect the reprodu01b111ty of

data,’ Every set of experlmental runs has been performed in: such man-
ner that the metal rlng 1s never exposed to the air durmg two success1ve

Tuns, -

m- ;EXPERIMENT;A:LT RESULTS -

We glve here only the most :Lnterestmg results of our measure- v
_ments, whlch we shall d1scuss in the next sectlon. S
A - Tm ngs.

In Flg. 5 we glve the experlmental pomts pertalnlng to a number'
- of runs for a t1n ring, ~10//L th1ck and 2 mC total act1v1ty, at d1fferent

temperatures. “The tem_perature range‘s from 1,13 to 3. 60 OK,
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In Fig, 6, the same data are, plotted as a function of lo#t The
stra1ght lines represent a best fit of the experimental data by the least-

-squares method,

The slopes of these straight lines are shown in Fig, 7 as a fun
ction of the temperature, We notev that these runs have been carried out
during a time interval of about one month, During this period the source
activity has decreased by ~ 20% (calculated value), but presumably this

has not strongly influenced the observed data,

A second series of runs has been carried out by Varying the su-
perconductmg layer thickness at constant temperature (1, 12 OK) and con
stant source act1v1ty (1,2 mC), In this case, we have used the same sup-
port ring on which the superconducting layer th1ckness was increased by
successive electrodepositions, Probably oxidation occurred between two
successive layers, In spite of this, in Fig, 8 we have'plctted the values
of d&/dlogt as a function of thickness. We note that de/dlogt becomes
smaller as the layer thickness increases, but it has a maximum value
when the thickness corresponds to ~30/4L . The reasons for such an effect
are not very clear. We only observevthat for this thickness the counting
‘rate of our calibration apparatus was essentially zero, th‘at is »,Hal'm‘ost

of all the « - particles were absorbed inside the layers,

B - Indium and Lead Rings

. The experimental data for an indium ring, analcgous to that. pre |
v1ously reported for a tin ring, are shown in Figs, 9, 10 and 11, Fig, 12
: shows a logar1thmic plot of the flux curves for a lead r1ng. In this case,
the behav1our of these curves is more 1rregular than those prev1ous1y re
'ported for the other metals, We can ascr1be this to ‘the fact that it is ve-
R ry difficult to obtain good electrodep0s1t10n of lead, ‘which are microsco-
_ plcally un1form, and also this metal is very sens1t1ve to unavoidable oxi-

“dation effects.



7,

C - Some attempt has been made to look for the influence of varying the
svource intensity on the decay curves; Unfortunately, with our technique
it was extremely dlfflcult to obtain two rings of the same materlal and
thlckness with the same superconductmg characterlstlcs i, e., the same
1n1t1a1 value of the fr.oz-en—ln.flux_ and;thesa_me decay rate, Therefore,

we cannot give reliable experimental data 'aboutthi‘s point,

IV - DISCUSSION;
Although quite a bit of experlmental data is now avallable, other

mformatlon is necessary in order to- completely understand this. pheno—

mernorn,

First, there is no precise know'ledge‘.about the penetration and
current distribution in our rings, We cannot exclude the presence of che
mlcal 1mpur1t1es ‘and physical defects, and also the ex1stence of some in
homogeneltles due to local f_lu_ctuatlons_- of current during the electrodepo

‘sition,

Moreover the 1nteract10n mechanism between a( partlcles and

superconductmg currents 1s unknown, but it is reasonable to assume, ac

(4)

that the A partlcles, range in the superconduc-

(5)

cording to Sh'erman
tor.is the same as 1n the normal metal Cabibbo and Doniach' ™’ tried to
interpret our prellmlnary experlments in terms of thermal heating due.
to energy losses of the «L partlcles. The presence of "normal'" zones
generated in this Way, together w1th the magnetlc pressure due to fro-
zen-in flux, _glves qualltatlve account of the flux decay. Although this
idea can lead to interesting icon‘clusions ; our experimental data does not
~agree in two points.'v The fir.‘st on‘e is that there is flux decay etr_en for
ring thicknesses well above, (almost twice as large es) the &K perticl-es

range in the material,

The second is that here is no evidence of an asymptotic approach
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to a finite limiting value of flux, at least for the time duration of our
experiments,

At first sight the decay curves exhlblt a behav1our similar to

(2)

that reported by Kim et al for flux creep in hard superconductors,

(8)

to which Anderson s theory _is applicable, The law 75 otlogt, in spi-
te of the more irregular behaviour of flui; deoay in lead rings; seems
to be a quite general experimental relation which holds for this class of

phenomena,

- But, a51de from this, we belleve the fundamental point neces
sary to explaln our results is the dependence of d ¢/dlogt on tempera-
ture. This would enable us to relate such a quantlty to other characte-
ristic parameters of the superconductmg state, such as the penetration
depth A (T), the critical field He(T), the critical'current density J.(T),

‘etc,, all of which are strongly influenced by the temperature, -

Many attempts have been m’ade to find av phenomenological rela
tion between some of thése latter; quantltles and d sb/dlogt but no sim-
ple relation seems to hold, In the case of tin, d 75/d10gt seems to be
proportlonal to H (T) / ~in the temperature range from 1, 13 oK to
3,18 9K, using for HC(T) the values reported by Shoemberg( ) but since .
this is not the case for an indium rlng, its. 51gn1f1cance, for the 1nterpre

tation of experlmental data, is very: 11m1ted
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FIG. 1 - Multiply-connected superconductor
for which equation (1) is valid.

superconductive
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FIG. 2 - Detailed view of the cylindrical radioactive sources and superimposed
superconducting rings. All'dimensions are given in cm.
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FIG. 3 - Schematic view of the source calibration apparatus showing the vacu-
um chamber, the crystal scintillator and the photomultiplier tube. The letters
Dy and Dy indicate the diaphragms employed for the exact geometrical defini-
tion of counting conditions:
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FIG. 4 - General view of the experimental apparatus. In the
detail drawing, the twe superconducting rings (one ef which

is net irradiated) and the search ceils for flux measurements
are shewn.
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g o TIN SUPERCONDUCTING-RINGS
é SOURCE ACTIVITY =1mC
TEMPERATURE 1,12

dg/dlogt (arbitrafy units)
.
|
]

01

T T T T
0 -10 20 30 40

| , THICKNESS, p \ : |
FIG. 8 - Values of dp/dlogt versus ring thickness, for a Sn
ring under constant irradiation conditions and at fixed tempe
rature.

\ :

- INDIUM SUPERCONDUCTING RING, 10 THICK. - SR RILY o - 155%
) SOURCE ACTIVITY =11mC o AL 216% AL 248%
x - 297K

-

FLUX VARIATION (arbitrary units)

Q1 T L) L) T Ly L] - T T L] ;
0 2 ‘ 4 6 » 8. . 10 L2
‘ DECAY TIME (hrs)

FIG. 9 - Flux decay for an indium superconducting ring at
various temperatures.
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FIG. 12 ~ Flux decay in a lead superconducting ring plotted on a

logarithmic time scale for various temperatures. .
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