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ABSTRACT.

Phenomene whicek limit the performence of superconduc-
ting solenoids ere weviewed, and the experimentsl deta obtei-~
ned in designing, dbuilding end testing several coils employing
b-2r wires at differemt percenteges of Zr is summarized.

A superconfugting solenoids is @escribed in which a IU
field of 49,3 kG wag Obdeined in en indermel region of diame-
ter 1 cm and height 7 &m. The results Sbtained with other coils
gf smeller dimensions znd lower maximam field ere tabulated.

In additiony; messurements of the residusl magnetic ficl
fields are reportefly &g well as & brief description of the ex-
perimental apparatus,
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INTRODUCTION.

At the presemt time it is possible to construct high

lnsnetic field solemsifis by taking advamtmge of the exceptio

?r ’gsrtiea exhibited by certmin superconducting (s.c.) al
lﬂ's

Such alloys, whose behaviour is very similer to hard
superconductors, exhibit e number of chawescteristics which are
very sensitive to the exystalline state ¢f the material,

Approximate surves of . (Hg) and HG(T)(*) are shown
in Fig.1 end 2 for the glloys and intermeselliic compounds
{mp-zr, Wb 3Sn, VaBﬂﬁ of most interest at present for the con
struction of magnets,

From these curves we see thet the criticel current in
these materials remains lerge even in the presence of strong
magnetic fields.

This is, in shert, the physicel phenomenon which al=:
lows the realisatiem of eoils able to &bbein high fields.

The metallmﬂm techniques intel: eﬂ in the fabrica-
tion of these alloys is especielly oo.ﬂsx ), particularly
with regard to obtaining wires of suffiecient mechanical strength
and flexibility to be wound into coils, A% the start of the ex
periments described im the present paper we direct our atten-
tion to Nb-Zr solenoifis because the alleys of such metals, even
though their s.c. properties are inferior to the other two com
pounds mentioned above, are the only pro@ucts commercially e-
vaileble in wire which is easy to handle.

{#) - Por the meanimg of the symbols used, see the mentioned
figures,
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The magnets pomstructed of niohiume—stannide (Nb3Sn)
were, unti:t reosnﬂ.y, grepared by delieste and compliceted
procedures o' 11) which lemd to an expeeially brittle wire struc
ture, thus meking recovery and reuse of the wire in other expe
riments impossible, This fact made experiments with such condugc
$ors particulerly expensive.

Recently, however, flexible Nb xibbons have been rea-
liged over which NbgS.hme been deposited by e special procedu-
re and which can be directly u?i;&.i?od for winding without any
need of further hemt trestment'¥ 12?;

%« PHENOMENA WHICH LIMIT THE PTRFORMANCE OF SUPERCONDUCTING
S@LENOTIDS.

The most important informetien whieh must be known in
order to design 2 B.Cs 80lenocid is the turve which relates the
eriticel current 4o the eritical magnetic field for the mate=
risl selected. The pratiocsl possibilities of constructing ma-
gnets of large dimemsions, which can be used for research epw
plications, depend om the behaviour of this curve and on the
eest of the materisl, This curve I, (H,) is very dependent om
the metellurgicel tresiment which the alley has undar.gone(ﬂsﬂ.)i
it depends on the tempbrature and on the snnealing time of the
meteriel, on the hardeming, on the impurities present (especial
1y oxygen and carbam), amd slso, for seméuetors which have a
@demeter less than ome millimeter, on the surface condition,

Also, the mg(") of the wire and the type of insu-
lgtion, in case this &8 obteined by electrolytic metellic depo
git, influence the sérconducting properties of the materiel,
When the curve I, {R,'g #md the geometry of the winding are I
known, the maximum -wt.'te sf%e:b’d theeretically obtaineble may
be calculated immedistely Ll it However, in practice the maxi
mum current which the s@lenocid can carry iz in general less %
then to the theoretiesl wilue, and conseguenestly the velue of
the field is less than that predicted,

Many reasone heve been suggested %0 explein- this phe-

(x) - See, for instanve, the "Niostan Ribben" of the National
Research Corp, Csmbridge, Maess., U.S.A.

{0) - The etching( 759' because of surfmee contamination of
hydrogen, inereases the critical current,
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Phyeicelly, 4% is thought thet these dipocles are asso-
gleted with locel erymtalline deformetione or with chemicel I
dmpurities, which sppesrs pleusible becmuse many properties of
"herd" superconductors are related te such factors.

From what hat been said, it is clear that these dipole
currents, superimpeseéd on the excitation eurrent, can bring so
me zone of the coil %o eriticel conditiens before such condi-
tions are reached M@Jm‘t the soleneid,

Research on m limiting faetors for superconductive
gtlenoids has not yet previded definitive conclusions. Never-
theless, superconW‘% co&s of satisfactory performance ha-
ve been constructed! 19 17+10), :

2. EXPERIMENTAL APPARATUS,

In the course of experimentation, the coils of exter-
nal dismeter less then gix centimeters were tested in ordinary
gless dewars. For magnete of greater dimmeter, a special stain
less steel dewar was comstructed, schemstically illustrated in

figure 3 (see elso fig.d).

. The helium esnsumption of the @iewmr, equiped with all
$he epperatus for the experiment (inelufiimg three copper conduc
tors of mean diameter 4,5 mm which emter the helium bath from
gbove) was sbout 1 liter/hour (in goof &greement with the cal-
euletions). The comsumption (ca.lculam; ef the dewar alone was
0,25 liter/hour,

To excite the eeils, a circuit, employing transistors
and batteries et low veltage (6 volt); was used, sble to deli-
ver 2 meximum current of 50 A with very fime regulation of the
eurrent itself by means of e helipot potentiometer.

To measure The megnetic field, & search coil connected
4o an electronic integretion fluxmeter was used. We shoufd no=
te that the contacts between the power supply bare and the su-
perconducting wire were made in two different weys:
e)pressing a 20 ocm length of Nb-Zr wire between two well-clea-

ned discs of copper,
®) wltrasonic solderimg using pure indium mes soldering mate-
rial.

To join the various pieces of superconducting wire, :
both electric spot welding end ultrasoniec scldering wes em-
ployed. All three of these types of eentact proved, in numerous
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trisls, able to carry currents above the maximum current of
our power supply (504) without losing superconductivity.

3, RESULTS OBTAINER,

For the comgtruction of our stleneids we used Nb=-2Z
wire of 0,25 mm dismeter, with various percentages of zr (%),

Tebles I ané Il summerize, respeetively, the principal
ganstruction dete and the experimentel »esults for our coils,
excluding those which geve less interesting results.

: The values of field and curremt given in teble II mre
those just below the transition to the mermel stete. The value
of the transition current was read direetly from the power
supply emmeter, whereas the maximum field was determined by ex
trepolating the exeitsfien characterisiiec (straight line) of
the solenoid, obtained experimentelly, %® that value of current.

: The coil Dy whieh gave the best result, was construc-
$ed of four concentric mections whose @imensions and number of
turns are shown in £ig.5. The first messurement performed with
this coil was that of the meximum current which could be cars
ried by each sectiem, leaving the other three not excited.,

The results were ag follows:

section 4 I.“ = 6,5 A
section 3 133 = 13,5 A
section 2 15 A
section 1 11 = 14 A

Section 1 €€ net "collapse" for I = 14 A and further-
more, exciting section 3 as well with &n increasing current,
while section 4 remzimed excited, there wes destruction of the
superconductivity im both sections omly for I, = 12 A; this
suggests that a current considerably @grester Than 14 A is ne-
ceesary, to bring section 1 to the nermal stete and probably
greater than 15 A for seection 2.

This linear¥ly=increessing dependience of the critical
eurrent, going from the external to the imternel section, enhan
ces the hypothesis tha$ this current is censiderably affected
by the form of the section, whereas the current 4id not appear

(%) - This wire was furmished to us by the Wah Chang Corpora-
tion, Albany, Oregen, U.S.A.
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muach affected by the lexmgth of the wire im the section (in fact,
section 4 is much shorter’then section 3).

The velues of the criticel currents given ebove, as .
well as other prelimingry experimente, lemd us to not use
gection 4 and to exeite the nthar three sections in series in
orfler to test for the maximum field obtainsble with coil D,

In eddition T® the measurements given ebove, we have
mepsured the behaviour of the axial cemponent of the residual
magnetic field slong the exis of symmetry for coils B and C,
The measurements were Ysken after havimg excited the coil with
a current slightly less then the critiesl current indicated in
tgble II (except for coil C) and them having brought back the
surrent to zero without losing the supercenducting state.,

The results s=re plotted in‘ﬁ,g. 6(=) and (b), These re
smilts seem to agree witk those of otu!' merimenters(z"f 28)
~thet is:

2) the axial distribution of this field is spproximately sym-—

. metricel, with respect to the center ef the coil,

®) the residual magnetic field is a meximum near the ends of
the eceil,

¢) the direction of $his field is ususlly opposite to thet of
the principel field produced during the excitation.

We 2lso noted thet coil B, whith reached = magnetic
field stronger tha®r that of coil C (see %able II), had e much
higher residuel field,

Finally, measurements perfomi af‘ber the loss of su-
perconductivity shewedi 8 residuel magnetie field with a very
irreguler exisl distribution.

Bhiag. L

GONCLUSIONS. R
‘We have found, ‘ms have 5'Eher Mth;'s, thet is im-
possible in the demign stage to prediet the performance of =
. _ superconducting coil beesuse of the different beheviour of & -

" plece of wire and the same wire wound 4» 8 coil. This is due,
a8 we have pointed eut im the preoedm magraphe. to causes

%%311 under investi.m‘tiiﬁ,

We heve alsd fmﬂ 4he lack of complete reproducibili-
ty of the performamee’ M #He coils im & given series of trials,
ﬂ;z'ials. :

; ot nqn-réprodncibﬁ.lity. some of the
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phenomena, mentioned in peragreph 1 ag limiting the performan-
ge of solenoids, may #ls0 be enumerated {for example,the "trei
ning", local annealinmg of the wire ceunsed by transitions to the
norme]l state, resifiuzl fields, etc. ), Furthermore, it is not
possible to exclude warieus phenomena, suth es mechanical vibre
tions and shocks, electricel oscilletien esused by the high in
fnctance, the high siray cepacitance, @né the very low resistan
ee of the cirocuit, ds Feor the first of these two causes, it may
be pertinent to obm that we noticed thet the flux trapped
in s small lead supercon
repeated mechanical ahﬁ@ks

It sppears irteresting to observe that & considersble
guantity of magnetie snergy is concentrgbed in a =mall volume,
mnd thet rough caleulstions for magnets near transition show
thet this stored emexgy is of the order of megnitude of the
total energy necessary %o meke the supercenducting elcctrons
ge into the normel state.

The authors wish to thank Prof, I.F. Quercis, director
of the Laborstori Naziomeli di Frascati, for having permitted
snf encouraged the present work,

They are alse plessed to thank Drs F, Scaramuzzi and
I, Modena of the leesl Criogenic Labmfor assistance and
useful suggestions,

Particular thanks go to the technicisns Mr. A. Cetitti,
for his colleboration im the design of the metallic dewar, and
§i», A, Bienchini, feor his patient and competent work in winding
21l our solenoids,




FIGURE CAPTIONS.

FIGURE 1. - Approximmte behaviour of the eritical current den-
sity (0 .)as e functiem of the epplied externel magnetic field
(He) for various types of superconducterss

curve A — wire of Nb = 28% 2r, & = 0,25 nl from the Weh Chang
eurve B - wire of Nb = 33% 2r, ¢ = 0,25 mm | Corp, , Albany,-Oregon

J
U.S.A. )
ewrve C-- ribbon of Nb with an ex‘bernal_ layer of Nb,Sn, of ovep-
-pll cross section 1,6 x 3.1 <, ("Niostan Ribbon"

of the Nationsal Research Corp, Cambridge, Mess, U.S.A.)
ewr\re D - Cilindrical eonductor with & Nb outer shell and e
Nb3Sn  inner sore. Pexy, = 0,38 mm, Pip¢, = 0,15 mm.

The dotted part of eurve D and the shaded smres indicete the un-
eerteinty of the knowlge of (' , over 100 ke.

FIGURT 2, - The Approximsie behaviour of the critical magnetic
field (H,) es e functien of the temperature (T) for the inter-
metellic compounds Vyfia and NbBSn. The shsfed areas shows the
incerteinty of the exfisting knowledge of the critical magnetic
field.

FIGURE 3. - Schemetie view of the metalliec dewar used in the
experiments with coile of diemeter lerger than 6 cm. All paris
ef the dewar are of stainless steel exeept those otherwise in-
diemted in the figure.

All dimensions indieeted are in millimeters.

FIGURE 4.- View of dewar shown in axial seetion in fig.3.
The vacuum system and part of the helium recovery line are vi-
gible.

FIGURE 5. - Schemetie wiew of coil D(EHpgw= 49.3 kG},The exter-
nal and internel dismetere of the four gections and the number
¢f turns sre shown.

FIME 6. -
a) Mep of the axiel component of the residusl magnetic
field meesured slong the axis of soleneid B, The ordinstes are




normelized to 1 in ecorrespondence with the meximum value of Hg
% max b) Similar mep for solenocid C {Hy pax & 40 G).

ROTE: The curve shown in fig. 6(2) was obteined after having
excited the selenoid to & current slightly less than the
eriticel curremt imdiceted in table II and after having
reduced the current to zero without losing the supercon-
ductiong statej while the curve of fig. 6(b) was obtained
after heving execited the eurve C to the field indicated
in table II. cail
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FIG. 1 - Approximate behaviour of the critical current density () as a

function of the applied external magnetic field (He) for various types of

superconductors:

curve A - wire of Nb - 25% Zr, p = 0. 25 mm 7| (from the Wah Chang Corp.

curve B - wire of Nb - 33% Zr, § = 0.25 mm | Albany, Oregon, USA)

curve C - ribbon of Nb with an external layer of Nb3Sn, of overall cross
section 1. 6x3x1072 mm?2 ("'Niostan Ribbon'’ of the National Re
search Corp., Cambridge, Mass., USA)

J curve D - cilindrical conductor with a Nb outer shell and a Nb3Sn inner

core - Doyt = 0.38 mm; Pint = 0. 15 mm.
The dotted part of curve D and the shaded area indicate the uncertai

nty of
the knowledge of 0’5 over 100 kG. h
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FIG. 2 - Approximate behaviour of the critical magnetic field (H.) as a
function of the temperature (T) for the intermetallic compounds V3Ga

and Nb3Sn. The shaded area shows the incertainty of the existing know-
ledge of the critical magnetic field.
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FIG. 6 - a) Map of the axial component of the residual magnetic field measured along the axis
of solenoid B. The ordinates are normalized to 1 in correspondence with the maximum value
of Hs (Hsmax = 130 G). :

b) Similar map for solenoid C (Hgmax = 40 G).

Note: The curve shown in fig. a) was obtained after having excited the solenoid to a current
slightly less than the critical current indicated in table II and after having reduced the current
to zero without losing the superconducting state; while the curve of fig. b) was obtained after
having excited the coil C to the field indicated in table IL.
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FIG. 3 - Schematic view of the metallic dewar used in the experiments
with coils of diameter larger than 6 cm. All parts of the dewar are of
stainless steel except those otherwise indicated in the figure.

All dimensions indicated are in millimeters.
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FIG. 5 - Schematic view of coil D (Hpgx = 49. 3 kKG). The external and

internal diameters of the four sections and the number of turns are shown.
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