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A1iISTRACT. 

Phenomena Which limit the pe~ormance of superoonduo
ting solenoids are ~ .. ed, and the experimental data obtai
!led in designing, lIuiil.4ltng and testizac several 'oo11s employing 
!b-Zr wires at difteren~ peroentases .r Zr is summarized. 

A superoonduc'thC solenoids ia aee'cribed in which a :r~ 

~eld of 49.3 kG wa. elliained in an inter.aal region of diame
ter 1 om and height., ca. The result. bbtlLined with othex ooils 
at smaller dimensione aJld lower maxi1llU1lt flLeld are tabulated. 

In additiGD,t .eaaurements of the flsidual magnetic f :i 1 
fielde are reported. as well as a brief description of the ex
perimental apparatus. 
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SOME EXPERIMENTAL RESULTS OF SUPERCONDOO!ING SOLENOIDS. 

G. Pasott1, N. sacchetti. G. Saoer4~t1. G. Sanna 
Laboratori Naz1cmal1 del ONEN ha •• ti-Italia 

INTRODUCTION. 

At the presant time it ie po •• ible to construct high 
aagnetic field eol ... 14. by taking a4~e of the exceptio 
JJal prop~rties eXh1bl.1:e! by oertain atlpVConducting (e. c.) al 
:J.oys l 1 t-9 ) • 

Such alloy •• W,hv.e behaviour 1 • .-ry similar to hard 
superconductors, e~bit . anumber of ~haracteristics which are 
very sensitive to tlle t:r.1stalline sta". or the material. 

Approximate eul'V'ee of S c ( He) .anCl He ( T ) (Jt) are shown 
:La Pig.1 and 2 for thlt alloys and in~lic compounds 
(Nb-Zr, Nb3Sn, va3Ga) of most interest at present for the con 
atructinn of magnets. 

From these ~. we see that ~ critical current in 
-these materials reM'". large even in the presence of strong 
.agnetic fields. 

i 
This is, ill short, the physica'1 )thenomenon which al~'; 

l.liws the realisatiOl'l.. ~ eOils able to ..nain high fields. 

The metalllU"giuaJ. techniques irt'rO:Lyed in -the fabrica·
~on of these allOT_ is .specially c~ex\10), particularly 
nth regard to obtah:i·»c wires of suffic:lnt mechanical streng'bh 
aaa flexibility to be wound into coila. At the start of the ex 
periments describe4 in the present p&~er we direct our atten-
Uon to Nb-Zr sole80t48 because thea.lJ.o7. of such metals, even 
i;hough their s. c .• properties are inferiar to the other two CO!! 

pounds mentioned abDV9. are the only proIacts commercially a
.ailable in wire whlCk ~e easy to banaL •• 

(.) - Por the meaning of the symbols use4. see the mentioned 
figures. 



The magnet. ~ruoted of ni.~~tannide (NbJ8n) 
were, untit reo~ntJ.y, prepared by de11 __ and oomplioated 
]p1"ooedures 8,11) which l. •• d to an expecteny brittle wire stru£ 
ture, thus making r.oovary and reuse .r ~e wire in other expe 
rimente impossible. !I!h1. faot made 'szper1aents with suoh conduc ... 
tors particularly ezpeJUlive. 

Recently, ~ .. ,.r, flexible Wb r.lbboos have been rea
lized over whioh WbBSYlM.a been deposi'.1 'Illy a special prooedu
re and whioh oan be t1rectly ut~i;e4)~ar ~ding .~thout any 
ued of further heat twatment(x, (12 .. 

1. PHENOMENA WHICH LlM!! THE PER'ORMANCE QP SUPER CONDUCTING 
SOLENOIDS. 

The most 11&po:r'tlattt informatilll ~ch must be known in 
lIt'ier ,to de's'ign a 8. e. solenoid is the \"",,"e ,which relates the 
Dri tical current t. 'the ari1:i'ca1 magneUc 'field for the matep 
r1al selected. The pra't:l.cal IYOssibillti.e. of oonstruoting ma
pets of large dime1l.S1on., which oan 'be taed for research ap" 
)lj.cat1'one, depend on iflhe behaviour oZ 'th1.11 curve and on the 
" •• 1; of the materia1.. 'fllj.e curve Ic (~) 1. very dependent on -
1ihe metallurgioal u ..... nt which the alJ.'fIY ,has undergone ( 13, 14) i 
.1t; depends on the lI ...... ture and on .. annealing time of the 
.. 1;er1a1, on the h&r4eu1ng, on the 1mp1U'1~.ies present (especial 
17 'oxygen and carbU.), _4 also, for aaau,ctors wh10h have a ... 
iiameter less than ODe ~imeter, on ~. wurfaoe Qond1t1on. 

Also, the .~,(o) of the wire and the type of insu
J.at1on, in case thL. 1.8 Obtained by el.WtorOlytic metallic depo 
nt, influenoe the ..uperconduoting pPOpo:z't;les of themateria17 
nen the curve Ic<S.> 84 the geometl!7 Id the winding are J~ 
kaown, the maximum .... et~o field theere~cally obtainable may 
b. oaloulated imm.4la~l'6~21}. Ho .. ,ar. in practioe the maEi 
_ ourrent whioh tile dlenoid oan oU'rT 111 in general less t 
~n to the theore~eal~~e, and o~n.tly the val~e of 
ft.e field is less then 1Ihat predioted. 

lIany reasoJQ!l'llltve been Bugge.~ 1;0 eXplain" this phe-

(x) - See. for innaaoe. the "Nioste.Jl R1lJbon" of the National 
Researoh Corp. Oaabridge, Mass., U.S.A. 

(0) - The etching(1~). because of surface contamination of 
hydrogen, increases the critioal OUTrent. 
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Physioa~ly, it is thought that theee dipoles are aes~
c1ated with local er,rstalline deformat1aB8 or with chemioal ~ 
~urities, whioh ~ear8 plausicle beCKQ •• many properties of 
~rd" superconduc~s are related to such ~aotors. 

From what has been said, it is elear that these dipole 
aarrents, superimposed an the exoitation ~urrent, can bring so 
.. zone of the ooil to critio~l oond1~ana before suoh oondi
v.lons are reached th~out the eole~0i4. 

Research OJ!. ~.e limit1n& factO'rll for super.oonduotive 
aolenoids has not ,.et previded definit1Te cDnc~usions. Never
theless, superconduvtiCl& coUs ofsat~tory performanoe ha
ft been oonstructe4'{ 1 6. ,." 18} • 

'2. EXPERIMENTAL APP~. 

In the courn ed experimentaticm. 'the coils of exter
.Jial diameter less "tl:Iui flU centimeter. were test.ed in ordinary 
&lass dewars. For ..anet. of greater al..-ter, a speoial staiE 
~e.e eteel dewar was constructed, sohawalLcally illustrated in 
ficure 3 (see also 1"l.g.4l. 

The helium _aa.amption of the t.war, equiped with all 
~ apparatus for ~ .-perimant (inal-'tac three copper oonduo 
tes of mean diamnv1,,§ mm whioh eate:r 'the 'l1elium bath from 
altove) was about 1111le',/hour (in goof. --creement with the cal
~ations). The o~on (caaculate4) at the dewar alone was 
0,. ,25 ~iter/hour. I 

To excite ~ COils, a cirouit. ~loying transistors 
aad batteries at IGW~tage (6 volt), was used, able to deli
ver a maximum ourl'Dt .of 50 A with ve"J!T tue regulation of the 
current itself by mIIans of a helipot potentiometeri 

To maasure ... _gnetic fie~d. -& search coil connected 
'to an electronic iJt1;ecrai:1on f~uxmet.l' .. used. We shllUitd ,nO'" 
b that the contae'ts 'be_een the power supply bars and the su

Jerconducting wire "" _de in two u.tterent ways: 
a)pressing a 20 cm 1~cth of Nb-Zr wire ~~tween two we~l-clea

ned discs ,of oopper. 
~) ul traeonic eoldU'1ac using pure ill". &s eoldering mate

rial. 

To join tha~OUs pieces of superconducting wire, [ 
bvth electrio spot we14ing and ultrasODic soltering was em
pl'oyed.. All three o~ -the.. types of ,,_tact proved, in numerous 
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~als, able to oarr,y currents above tbe aaximum current of 
our power supply (50A) Wllthout losine JIQ.rconduc·tivity~ 

3. RESULTS OBTAINEth 

:For the c~ction of our 8ol.aoids we used Nb-Z~ 
w.1re of 0,25 mm d~ter, with varicnu percentages of zr(Jf). 

Tables I ana !I .aummarize, re.,.et1vely, the principal 
cClllstruct10n data all_I the experimental. ftWlts for our ooile, 
aa:luding thoee which save less inte~thc ree1ll te. 

The values at .t1ald and ourreat CiTen in table II are 
~Dge just below ~ ~sition to the ~ state. The value 
~ the transition ouzreatwas read dtr.~ from the power 
~ply ammeter, whereas ~e maximum t1alI was determined by ex 
tzoapolating the exe1i1a.ti..cm ol1aracter1aUc (straight line) of -
~ solenoid, obtatDe4experimental17; to ~t value of current. 

The coil D, 1Wh1_ gave the ben %'esul t, was construc
t.-a of "fOUl;' concentr.i:c nctions whose ii..".ions and number of 
"I:Ittns are shown in 1':if;.J .. The first "&SID'e1llent performed with 
"I:llis ooil was that 'f4 1fll. maximum o~ which oould be car.!!' 
~t by each sect1.-. l.e&Ting the other tlIree not excited. 
!he results were a. %~awsl 

section 4 
section 3 
section 2 
section 1 

6,5 A 
13,5 A 
15 A 
14 A 

Section 1 tit not "collapse" ~or ! • 14 A and further
.are, exciting eect~ 3 ae well witA ~ ~creasing current, 
~e section 4 re.a:in" eXCited, there ~B destruction of the 
SRperconductivity :i: both sections oDlV ~or I) _ 12 A; this 
sucgeets that a curreat considerably .... ter than 14 A is ne
~essary, to bring •• c1;:icm 1 to the n~ state and probably 
greater than 15 A :tor ... otion 2. 

This linear~easing depaDIene, of the critioal 
current, going fraa the «Eternal to tha iaternal section, enhan 
c.. the hypothesis tbat this current 1& ccmsiderably affected -
~ the form of the ~. whereas ~ carrent did not appear 

(.) - This wire wall htHli.shedto us 1»7 1;b.e Wah Chang Oorpora
tion, Albany, Q:rej'On,U.S.A. 
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.. eh a~fected by the l~h of the wire in the section (in fact, 
•• ction 4 is mach lIhorter+than' section j). 

The values o:t 1/he critical ourrente given above, as , 
well as other preH&'JI!!'t'1' experiments, l.ea4 us to not use 
•• ction 4 and to exc1te 'the oth"r three •• ctions in series in 
arter to teet for 1he ~mum f1e~d 6btaiDable with coil D. 

~n add1t1aa ~. ~e measurements C1ven above, WE 'have 
... sured the behav10ar of the axial .~ ... nt of the residual 
--.netic ~ield al~ ~ axie of 8~tr.r for coils Band C. ' 
The measurements were taken after haVbg Geited the coil with 
a curren'!; slightly 'l.eaa :than the cr1t~ca:l current 1ndi'ca'tied in 
'llCleIl (except for coil C) and then lrEviJ:lg brough1; back the 
nrrent 'to ,zero w11ikent l.osing the IIllperClDlducting state,. 

~he reaul t .. ~ »lotted ,in .fic. 6(a) ,and (b). 'rhese re 
walts seem to agree wt~ those of other experimenters(2i,28),

_ 'that is: 

a.) the axial distrimt'tll.tm of this fie1.4 Us approximately sym~ 
metrical, with ~spectto the cen~er ut the coil. 

\!) the residual ma~c ' field ,is a _'1d1lltm near the ends of 
the co1~. e' the direction of 'tilL. ~ield is usua:llJr opposite to that of 
the ~rincipal. 'f~&l4 ~oduced duriag tka excitation. 

We aleo no11eil 'that co,il B, ,wldCh reached a me.gnetic 
.t'i..,ld stronger thaa tbJa,'t of co11 C (see table II), had a lDllch 
hiche,r residual f.iel.A. 

Pinally, ~nts performet after the loee of su
'P81"conductivity shned :a residual mape1:1.c field nth ,a very 
irreguiLa.r axial dist:rl.'!.m't1on. 

-......... '-----. . 
- ~, 

We have fGmd,f all have Qther ,re.earchers, that is im
p.ssible in the deJd.p Iftage to predict 1011;. perl'armano. o:t a 
S1q)eroonduct1ng c.aU, 'beeau.se of -tne tiUeftnt bebaviour of a' "'" 
y1...cre of wire and-1:b;e <1!ID8w1rewound -in a ;c011. '!'hie is due, 
... we have p:Ointed ~t, ~, ~he_ preoe-"'h.~~phS. to oauses 

,~ll under inveet1~'t1:~. ',4 ( 
, <, 

We have al80 l'_d',~he J.:ack 01' caplete reproducibili
tr of the performaace i.,r; ,li.e coils ill a giyen series .of triale, 

/ I , , V 

... well as , in 8UQo •• S;it'JIi;',~r1~s. 
. ill i I' 

Among the ~' ~t non-reproiucibility, some of -the 
1; J1t' l-

-i-; , ", 
.111 

,:'[', 
I, 

,-' ." ! , , 
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penomena, mentionea h. paragraph 1 ... l.bI1ting the performan
oe of solenoids, IIIIQ' al.lJe be enumera,.a '(fer example,-the "trai 
Bing", looal annealt~ or the wire 0 ..... ~y transitions to the 
aermal state, resi4aal ~1.1ds, etc.). ~.rmore, it is not 
, •• aible to exclude 'ftr1lPU& phenomena, ach as meohanioal vibr!!. 
't:1-ons and shooks, 'eJ..~.cal osc1l1atUbl 'bused by the high in 
hctance, the high al\"1lO' oapacitanoe, au4 the very low resietan 
oe of' the ciroui t. lAs fer the f'irst at "foheee two oauses, it maY 
~e pertinent to ob.~ that we notioe' that the !lux trapped 
li.a a small lead eupercllll4ucting ring .... " DBde to deoay by 
repeated meohanio&L Shooks. 

It appear. izrte1'esting to ob~ that a considerable 
" unti ty of magneti.c AIt1"&V is oonoeJltra •• 4 ine. ..Bmall volume, a' that rough oaltlllil.a~Ons for magneb bar transition show 
'that this atored enerD u of the orAft' td magnitude of the 
"total energy neceaSIL":'1 'te make the sl1pt!!roenduoting elvctrons 
CO into the normal ,state. 

The authors '~sh to thank Prof. 1.F. Queroia, direotor 
Df the Laboratori Nasicm&li di Frasoa"t:i.. ~or having permitted. 
ad encouraged the p!I:i:lGnt work. 

They are alao ~ased to thaDk ~ F. Soaramuzzi and 
:I. Modena of' the l.~ tlriogenic Labora'tary fO:!" assistanoe and 
UDeful suggestions. 

Partioular 'thatakp go to the teo1ndcl.ans 'Mr. A. Oatitti, 
:for his oollaborat1.= ;b:( the design or 'the metallio dewar, and 
:Mr. A. :Bianchini, f~ hie patient and ccQgetent work in winding 
all our solenoids. 



!'IGtTR1!: CAPTIONS. 

!'IGURE 1. - Approxt.ate behaviour of the critical current den
sity (.u cl as a functiu 'Of the app~ieda1lerDal magnetic field 
(H~) for various types of superconductorsl 

curve A - wire of Nb - 25" Zr, ¢ .. 0,251111] (frOm the Wah Chang 
c)U"Ve :a - wire of Nb - 33'% Zr, ¢ .. 0,25 1111 COrp,.Albany,-Oregon

j 
U.S.A. ) 

~e~C-- ribbon of Nb with an external ~er of Nb 3Sn, of ove~
-all cross Retion 1,6 x ).10-282 • ("Niostan Ribbon" 
of the 'Nat1OD&l Research Corp, Cambridge, Mas~, U.S.A.) 

curve .n - Cilindrioal eanductor 'with a Nb outer shell and a 
Nb)Sn inner ccre. ~ext •• 0 .. 38 lUll, 9lint. - 0,15 mm. 

~he dotted part of ourve D and the shadel area indicate the un
cIJrtainty of the kn~p of ;J' cover '00 kG. 

!'I!JtTE!: 2. - 'rha Approz1ate behaviour of the critical magnetic 
field (Hc) as a i'uneti:cm of the temperature (T) for the inter
u1;allic compounds V)k and Nb 3sn. The tdladed area shows the 
incertainty of the aiisting knowledge of the critical magnetic 
f1e.ld. 

fiGURE 3. - Schematlf: new of the metaUie dewar used in the 
... eriments with ooils of diameter larear than 6 cm. All parts 
of the dewar are of Bta1nJ ess steel exo.p~ those otherwise in
dicated in the figure. 
ALl dimensions indie&ta4 are in milliae~ •• 

fiGURE 4.- View of dewar shown in axial aection in fig.). 
~. vacuum system and part of the heliua ~covery line are vi
sj,ble. 

FIGURE 5. - Schematic ~ew of coil n(Baax- 49.3 kG~,The exter
ft&l and internal diameters of the four sections and the number 
of turns are shown. 

fiGURE 6. -
a) Map of the axial component of the residual magnetic 

field measured alon, ~ axis of solenoid :S. The ordinates are 
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normalized "to 1 in correspondence with 'the maximum value of Hs 
(Hsm.e.x ... 7 30 G). tV 

b) Similar ~ for solenoid G (u. max - 40 G). 

Jl'O!E~ The curve shOWll 1.r1 fig. 6(a) wa. "b1iained after haying 
excited the se1enoid to a current &lightly less than the 
critical current indicated in tah1e II and after having 
reduced the ~ent to zero without 10sing the supercon
ductiong state; ~e the curve at fig. 6(b) was obtained 
after having excited the 8~le C ~o the field indicated 
in table II. CO v & 

• 
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FIG. 1 - Approximate behaviour of the critical current density (,d' c) as a 
function of the applied external magnetic field (He) for various types of 
supe rconductors: 
curve A - wire of Nb - 25% Zr , P = 0.25 mm } (from the Wah Chang Corp. 
curve B - wire of Nb - 33% Zr, P = 0. 25 mm Albany, Oregon, USA) 
curve C - ribbon of Nb with an external layer of Nb3Sn, of overall cross 

section 1. 6 x 3 x 10- 2 mm 2 ( " Niostan Ribbon" of the National R~ 
search Corp. , Cambridge, Mass. , USA) 

curve D - cilindrical conductor with a Nb outer shell and a Nb3Sn inner 
core - Pext = 0.38 mm; Pint = O. 15 mm. 

The dotted part of curve D and the shaded area indicate the uncertai,;pio~~.~ 
he knowledge of .v,:; over 100 kG. 

u 
:I: 

400~~T777~~~~------+----------r---------t 

o 
o 5 10 Tc 15 Tc 20 

FIG. 2 - Approximate behaviour of the critical magnetic field (Hc) 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 = 730 G). 
b) Similar map for solenoid C (Hsmax ';;- 40 G). 
Note: The curve shown in fig. a) was obtained after having excited the solenoid to a current 
sligh tly 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 II. 
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