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'Ihr: jielF oÍ täy su-pervj-sor Dr'. Tf. 1'r " ll . Sber¡ens jlo::

the i:u,rld--ing oÍ the appare-'i;u-s a-nil 5cn:r'a-lIy ícr tiie

_o:repa:.aLio1 of 'tire iì,csis is a-ckno'.';l edSed- '.,riih tha.:ills.

f -,,¡cul-cl al-so lii<e lo iha:rk i'liss tìu-th i:oehn and-

T,\:', J" ltia.nellopou.l-os re spectivsl y f or lheir l:elr in p-r:oof

reacii ¡¿ a.nil- ,:iih one of r-he d'raivings, a-n.l î'jiss Sha::on-Ann

Ewens f or' 'Lhe carefu-l iypinS.

.,ij ,^ - ì a -- .tte f -i na-nCi ¿:l a.SSi s;-uAnC e í¡'Oäi the iria-ii Cnal' r r'lâJ_ rJ, Ll

.lesûÐ,i-cl:i Cou-nc j-l of Cana.da, is gratefulJ-¡' a.clinot¡¡l edged-"



¡:a.¡r),",¡ñqr
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An a,oparatus, 'l-ssigned on ihe princinl e of the

jryrrornâEnet,i c techniilu-e, is ci-escL:j-l:ed f o¡' ineasul'in8

sine.l 1 rna8ne-u j za'ú-ì on clLanges by cÌì-rect ini:egrai;ioir "

The ::ta6neti-zing fiel-ci of the s;ceci-men is i¡¡or¡-iC-ed

b). a supt.rcorrilu-cting scl enoicl." ;\ 'l,esi of l:iroi: froilt

noirlinear C-is'¿orti-on of ihe slJecirïenns fielrj- b)'in-te.r*

3-Çtion l¡iLh the supercond-u-c'uing solenoid' (iina-8e effec'c)

is macle by repl¿çfp¿- -titr: -sl:eciinen bJo a snall coil o



i ¡r,T r a ¿.J_c ? r o ií

Ti'ro types o f iecluri ,tues can be clistinguishe d- íor ma.6ne'uizai-i on

lilcasuîJ;irents at cìifferen-t, icnpera-tu.res"

Itiiher ïJe neesure 'Lhe ma6n eLíza.t'ion or.vle lneasure ti:e change

of the magnetiza-tion ,of -uhe specii:ien (py-rornagnetic t.echnique)u ai

di f f ereni tem.ocratul:es.

The basi c principf e I9f the pyrorrle-Sneiic technj-que is to d"etect

the change in flux encl-oseo" by a pi-ck*u.p coil resulting fr"on a

lem.oerature chg^nge of a.ma.gnetized san-nle" The sane prj-ncj-p] s

I
has l¡een u-sed by Chynor'reth* to measure Curie tenperatllre of ferrites

i:u.t in a cliffereni a'pproach than that Cescribed below"

The method for ma|'in6 lo1 teinp¡:ratlr.re mqasurenents of nagneti-

zairon changes l'rith temperature by using ihe pyrornagnetic effect

ïras fj-.rsl in-urod.uced by Pu-g'h anC. /.rgyle2 j-n Lg6L a.nd esl,ablished
1!,

tn L962 and 196J t¡itir -lhcir rneesurentcirts on iii ani Fe-'-

AccordinE to lhis melhod-, thre sa:lple, s;oherical in shape, is

located at '¿he center of .a pick-up coi -. l'his sarnple is ne,g'netj-zed

by a fixed. lield bui by changing i-ts ter:aperature, through a. hea-ter,

rie chang¡e its magneLtze.Lron" Tìr.e Jatter rezu.]ts in cheurge of 'Lhe

rnagnetic íl-u-r enclosed by the pich-up coil" 'ilhis change of fl':-lx

p:'ocl.uces aJt emf at the ter¡ninals or' the coÍ], ivhich is fecÌ to a

ball-istic galvano¡neier or an inle¿ç::ating circuit consisting of an

electroni c integratoro -t-he d.efl-ection oÍ- ihe ga.lva¡ometer or the

oulput voliage of the integrator is proporiiona,l to the change of

the ma,gnetic flux peneiraiing ihe pick-u.rr coil a,nd consequently

proportional to ihe cha-nge of thc i'na¿;-netization of the specinen"
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The ne thod has a sensitivity of one or two orders of rnagnitude

better than previous methods in r¡¿hich the total nagnetization is

measured af each iemperature.

We mention tr'¡o examples of the method of di::ect measurements

of magnetization.

Foner anil- 'Ihompuo*5 used a vi-brating sample magnetometer in

v¡hich the rnoment of the sample is cornpared with that of a similarly

vibrating permanent magneto The accuracy of the method was l- or

2 parts in 2X104.

Another technlque 1s that accordlng to u¡hlch a speclmen 1s

moved between the ceni;res of tr¡¡o c,oi-ls co nnected in opposite sense

in series wj-th a bal-listi-c ga.l-vanometer (e.g. Cooke et a.16;

Finnemore et a17), ïf the movement i-s performed in a short time

compared wi.th the galvanometer period, the deflection is propor-

tional- to the magnetization of the specirnen.
R

An adaptation to the above method by Stevens" changes it to

a method of measuring sma1l changes of magnetization. Accorcling

to that, tv¿o specimens are moved siniultaneously bet¡¡¡een opposj-tely

connected pairs of coils and- the impulses are thus cancel-led out.

The obtained defl-ection depencLs on the diffeleirce oî the magnetj--

zat.ion of the specimens. So, thermally induced change of the

magnetization of one of the two specimens res,ilts in proportional

change of t,he galva:rometer deflection.

The motivation of designing more accurate methods for magnet,i-

zaiuion measr-lrements j-s -r,he exact and- deta'i-led investigation of the

relatíon betlveen the intrinsic magnetization II of a specirnen and

its tenperature T.



lltc Si;oner coll ec fi¡¡e electron rnc,jel pred.i cis a, ::el-ati on9

e)'=.-G)'
uirei:e T-. is iire Curie ienpera.ture anrj- i"{^ i s the ilagnetiza,ui on at-._---..o_-v-¿v].¡v-¿fa"vv!!q

absolui e zelo.

On ihe contra¡y the siraple spln \,;ave iheory ¡red-iciru 10

I'f -* r'uío þ - ,rt,',

rvhere C is ¿, constant factor"

i'{ore ccnjrlete theor.eti cat represrlnl,aiion oi the teinperature

depend.ence of ihe ma.gnetization fo:: lovi temperatu-res i" 11

/tr\

,".'T .. ìri"o 3/? q/2 , /)
--¡r- = -CT-t- * ¡rytr - - ETtlt - ô.oo.

o

nhere C, D ¿,ncj- E are consta.nt factors 
^nA Cf3/2," iL" Coininan.b

term"

Theref cre, io the f i¡st a-,r:;oroxinla-f ion, ihe clecrease in
spontaneous tna.gneti zaiion vith increas'ìng tempeL:aiu.:"e is ;ore,j.r c.l-ed

7./2'¿o folloir a T' I aw iry the coll-eciive el-ectron moc-er and a. T-,' Lanu

by spin lvave -uheory"

Experiilenially it has been C_j-f f-i cult to na_ke al.L unainbiS-uous

selection betr,¡¡een the T2 ,,n¿- r3/2 terms or to fì-nd- higher or loli,er

order terins" ?he p::obl cia he,s been furthe r coirr-oli cated- by .the fa-ci

tha.t spi¡1 v.'¿ve 'cheory is not e;:pecied- tc be valic- except a-b lolv

ieätperatures uhere the sensr'ci.¡ii.v re<¿uired for meaningful mea-sure-

nenLs i s increased,.

ÌÍ^-,-^-- -_iio-"ieve'' , r.he expeflimenis of ììu¡4h anrì År6y1 e 6ave a clecj_s-i ve

ans\yer'. Their resi"rl-l;s i:¡ere l'¡el-l_ f.itj;ecì to t.he spin ','lave ::rodel ,
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In ihe cresign of oLrr airpara.ì;u-s fo¡' ineasu-reÌlients oi s:rrall

cha-nges of Ít¿ì,8net,'ì za-'i;i onr Lre fol-l-Or:¡ lhe f ea,'uu.r-es C_escribed- in
tl:e i-i: ;:-o i-u-c Li-on 

"

Th.¿ magneii zin¿: íie'l d oí ihs specilirén i s p.,:or.iriecl by a
sll-,Ðsrcond-ucti n6 sol sn6i¿ ìn '¿he center of vhi c jr ihe picli-u;Ð coil-
i,¡i-r,n Ì;he speciilen e.re l-ocatecl"

Sinc e r'le ere i n'Lelesied- in i:reasurcmeirts -i n l.ow 'benperatLr:r.es

r'¡ha'¡a -r"^ --in rva,ve t,erms are inportani anri I oïrr tenper.a'L,Liï'es ere

need-ed, fo¡ .bhe su-_!lerconrLuc'1-inij sol-enoi cr., the inrÞort.a-nce oÍ' the 1or..¡

' temperature ina.ini;ene.irce syste:il is a-j:pa¡'en'b.

As j-t is descrj_bed- j_n i;he nex'i; pa€,'es, tirc cryosia,c ancÌ ihe

sol enoj.C- inou.nted- on ii; are j-äri:rersed in a baih of licluici heliuil
coir-[ainect ì:y one -Jewa.r uhile t]:is Deio¡ai is in a bath of liquid.

nitrogen conùained by a seccnil , 1-ar-ge:.:)eïiar.

The vacuu.rn systeli, cLescrj-beC" I a1"er, helps in the ther.¡itai

i nsu.l a.r-uion o i tii: s i¡eciineir f ro¡r thc outsict e l-oi,¡ le i'lperat ures by

evacuati ng ihc spa-ce inside the crycstai ¡.'¡he.r-e ihe sþecinen j s

l ocatei."

Fin:.]J-y the solenoid_ anrj. its cu.z'rent su.pi:1y s)¡rjterr are

d,escr.i'bed in C-eia-rl- 
"



A box-I-j Iie Íi'a:nei:orlç BCFE cf af uilinun, aititroxiraie J-y j f ee L

'ìi1 þçj5hb, ,¿as buil'1. cr: a ta.bie as ii i s sho',rin in j'igrire 1.

'tlÌrc tra.;o T, -uhe ciif fusion pu.iap ), a-nC all thc pi-pi-ng system

of the va-cÌruil systen ere su.spended- fro¡n the main'bocly oi lhe

f rp¡revorl.;.

Tr,vo para,l-1el a.¡'lirs (onty cire AB is eholin'in th: fj-3u¡:e) a-t

rhe .Lop oí tÌre fraire,,,rorli, ap_pro>:ii:re.'Lely ) ieeL I inches fron

ihe f I oo::, su-;oport one Fle.'Le fi'om v¡h-j ch the lrHeliu-i:t )elvar-rr D,

is suspr,'ucled, "

f,r].^ tlr.Ti +- ^-:¡r¡ 
r-\¡,.¡^:-il ìì .i¡ ô,-õ- ..^.1 ^/l înn::r +1^ -. o.-,.,.: rr-l ^+^'!il c ".ir-L LJ.uEen De!iar?r D-, is su-spencÌed fro;n the se,äie 1:Iale

by si:< lrod-E (no'r snorrtn in this fignre)"
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ii-lie sJ¡s L,eììr Íor i;hc rûai iltenance of I orni ie¡rþera,tu-llL.s consirits

basical l;r 9¡ t,;;o )ei¡a.rs. ?he ou"tsi C,e j'Ii lr.ogen i)ewa-r D_, and, ihe

insj-de }Iel_iu,m i;eve.r Dr" (fig. Z)

The l.litrogen Deuar

The Ðev'¡ar D, is suspended from the lop äreta-I pla.ie AB by sì-x

equa-l]y spaced metal rod-s L a,nd i't is supported, through ¿ rrs1,;sflingn

n, i:;,' the r.':ooci.eir. rin¡'1r1.

r.i:lhen this ilewar is frl-lecr wibh J-iquid I'iiirogen, we h.a.ve a

teinpera.iure of al:cui ??o tç insice i'¿, ?he hel-iunt Lrei¡¡ar is j-in¡nersecl.

in this baLh of l-iquicì nitu'ogen.

The Helj-um !ev¡ar

The helium le-',var D, is a,l so hel-d rigid.ly from the mctal pla-te AB

Ì:y a meial r'ing I,i" Fo¡ iherna.l insu]atlon, Lhe space betr'¡een .uhe

wa.l-Js of this -Delvar can be svacuaied lhrough the connecùion K to
the vacuun systern"

The'cryostat and ì;hre supercond-ucting sol-e3çirl- R .u¡hich is ¡¡rounl.ed

on it are loca,ted- insiC-e the heliuil Ðeçar." The l¡hole s)¡s-ueit is

sus,¡ended vertica-11¡' fron lhe to.o íla,nge Fr by ihe siainless steel
tube T. This ci¡z6s¿^t-sol enoicl sysien ca.n be rejiloveci frcn: the

heliui:r Deua,r' and sus,oencìed- ihrou,gh t.he ft a.nge F (soli.erec on r;he

tube) froär a nearby i:o>:-l-ilie fre¡rei¡orh si;nj-l ar 'uo 'uhe oiLe descr.ibed.

bef crc. In iì:is uay, ,,'ie can easi I y uor-k uitil ihe cr¡ros-¡"t t c 
" S"

chertgethe srreci-r,'ten, elc"
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liiorinted. on thc tube T are íour rcund- co'poe:r sirielos S (r-arÌ-; ¿-

ticn shiel-il.s ) ,,¡Ìiicl: plevent ihe transf er o í' heaÌ;. The sane rol. e

is played. b¡' ¡i1s sina-l 1 cyli nd-rj-ca,r shiel-d Y i-ns'i cie 'uhe -cu-be" It

consists of a- cylinder, the tr,¿o end surfaces of r'¡hicir are half

covered in opposi te t¿ays. In lhis r,,lay rt doos lto-u prevent the

evacuation but prevents ra.oiaiion frorn passing ,;iirectly through"

The four shielos S have snall holes ,rith rublre:' gromets Lhrcu¿;h

l¡hich pess electrica-l l-ead,s of find. copper rvire (O.,l05rr in d.j-aneter.).

The leads frorn the heai,er pass into e. sealed tube, soJ-d.ered

on ihe flange F" The pick-up ccil- l-ea.ds pass out ojl the veculurl

spp-ce throu.gh a copper shj-eldecì ru-bber tube sea-l-ed- r'riih a clamp.

These lea-ds reach a bo:: inou-nieC. on the fr¿vneuorl.i- insicÌe of vhì ch¡

throu"gh a specì.ally desi¿lned connection, they joi-n -uhe leads of a

cable lead,i ¡g '¡s the rrlea-su.rin6 sys;ì;eino

The connection beì"r'¡een these lwo I eads is shoi'¡n in Fi¿1" j"

The I ead-q encl ir'iih sm¿rll coppe:r plartes P soloered- on them wÍth low

therne-l solcler. These plates and ihe copper rings B a::cunci the

screi¡r S are pushed,'uogether by the spring R fo¡'bet,ter conta.ci,

Grease between their surfaces provides a betler contaci a-Iso"

The cable oi the measuring systen passes through the holl-or"r ceiling

to assure const¿lnt 'uen-oerabure durins ¿..n experinenial run.

-t'he vacuun charbe¡ il'ith the pich-up coil C (l'ig. 2) e-t its

lcv,'er end and ihe sol.enoid- R are coniinuously in a lio,niC hel-iurn

baiìr.

To in-ur"oC.u-ce liquid heliun -ì nLo the heliu.rn :,)ewa¡' -,iïe use a

transfer tu-be r'¡hich pa-sses throu.gh a iop openinð a.nd the racr-iation



FIG.3



shri elc'l s io

end o Í' ihe

ì:he center"

aL a. poini

through j.t.

llh)

reach one '':nd oÍ' a rubber tuLbe (not shorvn) " Th¿ other

rubber: iube reaches tl:.e irci'uont Of 'uhi: Ìreliulil ,rev'Ial- at

lience, the I iquicl- ]r{tl i urn is tra'nsf ereo- i nto 'the Devar

belor¡¡ ihe solenoicï it.selí anC the escepin/j va-pollr pasÊes

irine-Ily the vapour l-ear¡es the Ðe'.r¡a¡' from the top 'uube Ì{"



VACUUl.I SYST]iI.î

' The v¿rcuurn system can reach as lorv a pressul:e as ro-8 mm Iig.

The basic elenlents of the systern consist of a mechanical purnp,

a difÍusi.on pump and a vapouÍ'trap, as j-t is shovn in figure /¡.

l,fech-a.nictl pujnp:

Dj-ffusion pumjl:

Vapoqtlrap:

The mechanical pump I'i.is a ITËLCII DUO SEAL

1¿105 II r'¡ith a vented exhaust.

The diffusion purìip D j-s an EDir/AiìDS

ryater coolect oil cliffusion punp xj-th a

rnaxilnum backing pressure of 0.) rnil I{9"

The vapour trap 'I is also an L'D'rïAIìDS one

and 1t rvas used rvith liquid nitrogen.

The system as j.t is.shol',rr in figure l¡ consists of tlo parts;

part A anct part B. ,

Through the main part Â, 1ve evacuate the chanber. in thc cryostat.
o

Hencc the specirne;n i-s j.n a space of small- pressure (10-Õ nr-rl FIg)

and in this vray it can be therr.rally insula.ted fron thc d-ifÍcrent

ten*oerature oul,sicte the jacket.

To facili-t'ate the cool clovn of tho specj-men to hcl-irun tcmpcr-

ature ivc intlocluce solìre hellum gas frorrr thc fil1cd blad.cìer L by.-
opening thc. valve Vr.

The seconcl pa.rt ll is a bra.nch of th,e main s;yitern connoctecl to

thc Ìrcliun Dcvar through 'uhc valve V. Thj-s per:.-t ev¿tcuí)l.c;s thc

sp¿ìce bctxcen the rvalls of the Der';ar.

Tirc differcnt sti-,';es of prcscurc ¿lt d-if'fcrerr1. par.ts c¿rlr b,;

rt-J{ry,'ry¡5¡¡q¡¡i¡¡;-¡::q-.]:ì¡:T::Ti1'
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cl:cciicc.- -rh:'luIi|Lhc -ilirriiiccou rl . 3:U_j..rS 3._ :,nrl d* ini. th:, 5e.u5c G.

ìrr ô'rn;ri'n" r,hc ìrLfjle valve V._, tl:, r"ou_.1.,-i ir.. li:ìlr¡ê rrv Jvr.r:iu u1lu rrL.t: _Le V-rl 
i., 

__, jlr I n_ V¿.,lVe V I âlì,._r .rhe

lraclring val-ve v* i.ncl e-Tter thc ba-cÌiin¿ pi:'esFiurre is o, j äiirr Hg,

i1¡e ectrlåie iÌre s;,rsiem of tj:e ol:-ijusion lurl'rl a,nd. vai:ou:r irapo
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^ 
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A scherna*,i c d.i agrair of the cryosì:ai is sho,¡n in i'i 6ure 5.

The cryostat is suspend.ed veri j-calì-y by ihc siainl- e.ss s,¿eel

tube T throu6h vhich ii can be er¡acuated.

The vaculrrl cha¡aber' is encl-osed by ihe top brass plate p, the

base ll and -uhe brass jacket J. The two bases of the charnber are

hel-d rigidly by three brass rods rj, so ihe jacket J ca.n be reinoved

frorn the lvhole system.

The solenoid- R is suspencled tighil¡, against B by three br.ass

supports from the top of the vacu.uììr jacket. (not shov¿n) l,/nich end

with a brass clisk where the sol-enoid is heril i:igidly by three

screws (only their r¡,rashers ly are showni_n the fj.grr.re), ,jlwo spacing

disks Q help to mainiain the }ovier part of ùhe cryosta't, with the

picÌ<-up coil- in the centre of -uhe solenoid.

This l-ovuer part of' the cryostat exLend_s d_ownv¿ards j.nto the

interior of the sgle4oiri from the ba-se B. ft consists of a cylincler
F and one'uhin',valled Gerrnan silver tube U (8 inin in outsid-e diarneter)

extending dounvlards front the cylincler base G so that it also f'orríls

part of the vacuum jacket" The tube is seal-ed. a-u its lor,¡er en¿ by

a cap Y sold.ered on it. The pich-up coil c is d.irecily v,,¡ound. on
'Lhis lube,

fn the interior of the cryostat, the three

radia-tion shiel-0. )í whi cir j-s solciered on thern.

there is a suspension plate Ð. i¡ron ihis plate

(O"OO5lt¡ staj-nless steel tubes L are suspeni.ed

platform A. Thr^ough this copper plate a copper

brass rods E hold one

Under this shield,

lhree ihin ivall

to support a copper

rod. I, * of an inch



(19)
-in d"ia-¡aete¡:' a'nc abou.i llt. iaches in leng-uh is si¡saeni.ec¿ ve:r-t,j cai-ry
aL ihe I or',¡er- encr, oi ,:.rrrich ihe srrecjmen ,s is i::cuntec_"

?Ìris i soilrer'¡ra'l coprleï, ¡.od, sl-i cies -i n,sj ile the i;ube u bui; i s
pre'renieC fro¡tr .i;ouchin6 the lai.i.er bJ¡ -u,.,ïo thrn ii;øt a-ï" spe.ceJ.s, ,l.he

lo'r'¡er encl of thj--s copìoeï' rod- has a coûcave herispherica,l su-.rfa,ce

machineci to fii -'-he specit:ten" A copÞer ca.p v fiis fron the ouisicle
io holci the speciinen,

lllro c-nn¡-ìrrrç Èusurljlejl , spherica_l_ in sha_ne, has a di ¿-¡1ç¡er ol O.ZZ oí a.n Ínch
afunosb ecru.al io the inner d-ia¡:eter of ihe tube u in orcler to give
naxitnu:n voltage ir:rpulse i'¡hr.l e leavins^ a su-f ficieni ga.p betrr.leen síleci:nen
a-nd coil fo:r 'bherna.l_ insulation of the iormer. A -urace of å_reaêe is
usec- tc impi-ove therna-1 con'l,e.ct be'cr,¡een the s1:ecinen a¡d, i.bs hol d-er¡

the isothertnal r'od-" Tiri s ::od- he,s a.t its upper. encl- e- cylinci-ricer-l cavii:y
Z l''lhere a setäiconclu.cti-ng resist,ance ihe¡mcmete:: is located to deiect
the teäroera.t-ur:'e of the specinen at the oilrer. eird_.

Q^h1^ 
^^-^i -ùuji¿c ucrl11-cond_ric bors rnake e)icel.l sn¡ t-esi si¿nce. il:ernoi:.ieters j-n low

teittpera.tu.res r,¡here i'rretallic el e¡nents and- all oys are not su.f íici enily
sensitive' Gene-ra.ll-y c-oi:ped- Gerinairiun ancl sificon aïe ure base of
ihese lhernoneters,

i¡ie u.se a Gerinani-um iher"¡lonele:i. ( cr.yca.1 rnc, 4o Ií, resista-::.ce
1o0c chrä). rts posj-ti cn¡ at ihe upper end. of the isoiher.mar ::ocr, Ís
at' a' d'istance oi 9"2 incr:.es iroin i:he neares-u enrl of' Lhe sor enoid_ to
avoid 'uire rnfl-Lr"ence of ihe nagnetic fief,l- on its sensr_tivity.

The i-sofheriiia-i cc"opeL: rocì. can be irealecj_ ab a cer.ta-in tetri:eraiure
by a heaier I ocaied_ a-¡û.cc>i.iü:a]-el;r at uÌro_ cen.i;re of -i.Ls I en6th, T,h.ì g

irea'ter i s ;riou-niecl on a sue.ll coi¡per rocj. (noi sho,¡n) sct d-er.ec cn tlie
p1a-ie :t ancÌ ha-s a i;:ech¿:,nical hea.-u s''{-i tch a,cÌ-ue.tecl- fr"oin ou.ts-i ri_s l1y

a mechairÍsn äiouated on ilrc hea-d" of ihc cryosiat. Thc heat tir:.ou_gh
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the copÐer: plaie A passes -uo the i sother';:ia-l- r'od- a-no. throu.3h ii i s

iransf ered- to i ts two exireine end-s i'¡he¡'e the specirlen and -uhe

1,i:erino¡ne-ueî a.I'e I oca-ued"

'lhe oi ck-u;o coi I C of lC,OOC iurns oí O,002 incir iir d-i-a¡neter

cocrler ,l¡ire is v¡ound on iht- German sil ver tube. Firstly, sna.ll

Tufnol rings l'.1 had been epoxi-ed on to the tube to hol d ihe coil- in

place" t\ext ihe coil- was rvound on the tu-be and tiren it r,vas soldered

i-nto the base G, This coil has an exierior diaineter of TI inm and

its length is JO vtrt"

Its leads are carefu-l-1y ha.nd.l ed -uo assure ma.xirluì'il cancell-ation

of the ei'rf I s a.l ong th--ir length a.s bhey pass ihrou8h the bherrnal

grad-i en'1, from ühe lio,uid hel-ium to room teinperatu,re"

The coil is j-n a. lro,u-icì he li.un baih to avoicÌ coil Lhelnal

expansion resulti ng in a- pich up voltage f rom the apirlied fr eld-.

Specimen i'iounting

To inount, ihe specilnen, ihe cryosia'b, removect out o f the h¡,liu-ür

Ðer'¡a,rr Ís suspended- froin a Í-ra.i'nev¡ork u¡ithout the solenoic. ÌÌ, the

jackei J a,ncl Lhe srnall cap Y at ihe end oí the tube U"

':Ve sli.rie the roC I wi-th the a-utached. specirnen j-nLo the ì-u.be U

and lve f incl ihe eract pos-ì -u'i on oi ihe specimear, in the centre of' the

pick-up coiI , ìry ncasuring i.Ls d.ist.¿,rnce fron -uhe loi'¡er ed6e oÍ' the

tube U. r,íre sol-der the copper roci on ihe copper r¡laiíorin A and ihen

r,ve solie¡' thc, cair Y anC- -ujle jacliet J in \¡joodrs motal.

Finall-1' lr¡e üroun'i; ili.: solenoi-ci anci. r';e lrul the rvhol-e sys.berl into

ihe helium iretiaro



SOLIìì'TOID n][D IT5 CUi:iiìitì{T SUPPLY SYS'IE]{

The su,percond.nctj n¿ solenc j-d , of 2 inches bore, j-s rnacie o f

i-nsula.tec-Ì sta,bil-i zed. corlpcr-clad niobiu¡n- Litani un composite, a

t,"*pe II su.Þerconcir,rciing materi al. Accord-ing to its specificaiions

is has a critlcal current oî 74- A, a d-. c" inciuc'i:all ce of 2 li ancl

with a current oí 66 A ì-t procj.uces a fiel d of i¡O I{G.

As we ilenii oned" bef ore, the solenoicl is inounted by .Lhree screws

on a brass d.j-sk whicit is hel-d ti3h'tly agai-nsf the base of ihe vacuuÍl

jaci<et by ihree brass supports frcitt the 'uop of the ja^cJret"

TLre scre\r.rs have three washers \ii ( f ig. 5) ; th¡; f unction o f r'¡hich

is to I ea-ve a gap betr'¡een 'bÌ.Le base il ano Lhe 'uop su-rface of the

soleno'jC so that the hetiurî va;oolì.rs escape throi-rgh it ou'¿ of the

solenoid" In ihis vray the vapours lla.ssing uplards i;hrough the

cen'l--er. of' the sol enoi-d refrigerate it ruore qui-ckly. ü-he sa:ne rol-e

is played by the holes a-rounct on the spacing disks Q.

Tbe curren'u supply circuit oí the solenoid- i.s shoi¡n in i'ig" ro"

To intioduce current i-n'bo ihe solenoicl vJe use a d. c " cnrrent

su.pply, a- battery B, and d-irect l-ead-s L rulnning dotin the'ceiitperaiu:'e

grad-ieni to ihe solenoid-" 3ui in this r¡raJ¡ ï,'e introduce heat intc

fhe cr¡rosiat "

Äs i t can i:e sho'un (l'ici:'ee

i'ninirlurn qu,antity of heat Qrnin

L2 ^ ^1,.'", Lierci-rrof f*- ), iirere ís

thai musi be ì ntroduceci by

insula-ted. I ead- carrying a curren-u i be'blleen tenper'atu-res

r'i r¡ ¡n lrrrvJ

it 
- 

r'
'Jlnin -

r'¿here L = 2.{!xlO-Ö \"'/f¿creg

an irredu-cib1e

a. therinally

T, ancì- T,

L

2

(1)
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Th+r'efore fcr a 'l ead. beti¡;een roc¡r teni,oeraì;ure a,ncl. ti-.2o Ii and

for a current of 2J A the hea.t inpui uoul c- be abou.t t"l ïj yhich

correspond,s to an er¡a"po::ation rate of ll-oO cc oí I iqu-i c het iuin f;er

hour" Iience i'i: i s rno¡'e convenient to refrigerale ihe j eacis .,,ri th

the returning hel iv.in vapollr Ì:oil ed of f frorn the helinm batl:"

iliÌlil-e'¿he cu.r'r'ent flor'¡s, the Joul-e heating oÍ'ihc. lead.s gJ-ves

rise to a heat ^ i-o ' 2*lnilu-'t o1 d-Ë = i-R and for a certain current r'¡e ce,i't

d.ecrea,se the i:'esistance R of bhe leacl-s (increase eleciri-c coniiuctivit.y).

However, electrj-ca.l cond-uctivit¡r is closely related to therrnat

cond.uctivit.v" So the opposing Cemanc|s o f 1ov¡ 'bherinal cond-uc't j-on

al ong el-ectrica.l leads ancì insignifica.ni heai cÌissipaij-on in 'Lhe se
-l r,

sa.¡ne lead-s presen'b a.oi'oblen" It is shoi'¡n (Lock-'i) tnat tire ciroice

of ihe conrìuciing raetal is not as iiaportant as the opi;rnizati-on oí

ihe geor,retrical parameters of -uhe lead 1n o¡'der. t.o i:iÍniruize the rare

of evapora.tion froin ihe lic1ui_c helium bath.

fn our case \Te u.se tv,¡o lead_s; the des-i En of oire is shoi¡¡n in
¡i - nr._L5o ( "

Each lea.d consists ntainly of tr.,'o parts, ÌrJ and l'í v¡h:-ch is a co.oper

rod and- the coÞpe r rvires i(.

The pa,rt of the l-ead u.nder the Tefl-on bush T passes:ihrough a hol-e

on 'uhe flange I' r,¡hich seals ihe hel-i un Ðeivar and is suslrend-ecì.

vertj-c;ally a.iong the tube T (fiS. 2) " The r.od. r, r.,,i ûh ihe bra,ss

sleeve Y, the s'uainl ess steel- iube S ( wi-uh ihe coproer rvires insic!.e )

ancl the l-o"ler part l'i can rot,aie by thc Lop disk Ð in tlr.e,t'eflcn ¡rush

T. I{ence the l-ol¡er ca¡t o Í the leac_ can be screü¡eC. -i ni,o the stai n_

less sleel bloch Jjr" T'i¡c paii's of bl-ocks B. and_ il_ a_re íi>lecì on
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a iilate of insul ato¡. P (on-Ly onc paii j-s shotrn in ihe figu¡e),

r'.¡hicir is inounj-ed. on the lu.be T and. irnme::sed" in 1-i qui ct irel i uil . 'lhe

U,pper block Br> ,¡i'ul: i-he th::oad.s a.uci a la-rr;er opening of iis hol-e

ai the iop, hel ps lo lea-d tir,; r'od i nto bhe hol e of bìie l-o'¡¡er block

,8., rr,'here one leacj- of i;he solenoid- is soldered on" 'l'his bl-ock has

a coni c hof e i'¡hich fits 'bo ihe encÍ of the roC uhich is coni-c also.

The::oi is in goocl conia.ci t'¡iih the blocii'L,h::ou-gh a.n i-nC-iuln-tiir

pla.ting.

,l,he central pari of the 'l ead-, of many thin copper 1:iiÌ'es, helÞs

the hea-t l-ransfeltothe heiium vapour r¡¡hich enters the openi-ngs 9,

beti'¡een the sta.inl ess steel tube and ihe co1:per rod-. The vapour

passi-n6 u-prr,'a-rd-s cools dor,;n the r',¡ires a.nd leaves froilt iì,

5'or beiier optiül-ril conil.i'ui ons i he cross seciiona.I ar-ea A of

ail the wires vias chosen iroür '"kre plot of '¿he opL,iinized- paraueter

IL/A a,ga-inst 'che resr sii.øity of the coppez' (l,oct]¿l), Their cross

sectional area A is equal to 0.007 ctn whj-ch correspon.i-s to 56 wires

of O "CO63 of e.n i-nch in ciiaineter,

fn a- sLlpercondu-cì:in6 so'l enoíd, once the desired curren'u has

be,;n rea,ched, ii is possible to coniplet.e a superconc-ucting sl'rort

circuit betu,een the ter-rninal s of the coil i'rhich 'uïaps the curren't

in t,he co-i I a.n,d naires it p,rssir¿le to d,-ì sconne ci the source oí the

curr en'b

The s,,vj.tch of -uhe sol enoid i-s one of the above iype, a hea,ier

type persis-ten'u sr'¡iich based on thc above ;orinciplc"

'1'hus io ener6ize lhe solenoi cl. \,ie open Lhe sv,'i'Lch by switcìring

on its heater S (fig" 6), ft hea.ts a seciion oi the su-,ìlerconciucting

wire shu-n'b Ät, connecieä a,cross 'bhe 'terinina.ls, 'Lo Ìreep i t,s tenperaiure



f ata \
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above the crilicaf one. A small potïer supply B of l-50 nA is

enou¿;h ì;o hold i;he swi tch resistive,

The current sup.ol-ied to the solenoj-d fro¡n i.he storage batiery B

'chrough the leads L can be increa.sed s1ow1y io ihe rlesi-rect vafue þy

the carbon-pile rheosia-t, R r,vhile ihrough the leräiina,ls of the shu-nt

1ì. r'le nonitor its value" l\s soon as r¡ie reach the desireci value,

lre slvitch o f f the heater. 'Ihe shunt cools d-own belo-r,'¡ iis critica.l

iemperaiure and so the slvitch is c1osed. A persisi:eni currenl nor¡i

flows i-n ihe closed su.percond-ucting circuii and the external supply

inay be disconnected.



'i'he ¡lea.sur'-l n¿ i;¡'s'ue::: con¡i¡:is i:ta.-i n-i y of a. lioteni-i ctiieter, a,

ci_rcui*u r¡j- bjr a battcr¡l l'.tri. a st,aniLard ¡esis-i:ance o i ìri gh a.ccuracy,

through'',¡iricn'r.¡e neaslr-r:e the æraci resisiance ojl the coil, e,ncÌ

the integrating circu-it" '!he laiter coirsists oÍ'an elecLrouic

i,ntegrator, a r,'ol-trireter a.nd an ,a.uboinati c recorcìel'" '"ìÌhe systeil

i'¡ith its ci.r:cui ts i.s illustra.ted in fJ-gule 8,

ll'he picli-up coilt s circuit consists of the pic<-up coil C

and. one high accurecy s'bancl-ard resista.nce 1ì" of l/t86 Ohiri" The

cha.nge of the rnagnetic flux f enclosec. in 'uhis coil at a, 'uii-i1e t

resulti n¡, froil the cira.nge of the rnagnetic iaonent of the s'ùecirnen

incl-uces a voliage V, across the terninals oi''Lhe coil C accord-rn6

Lo 'L,he rel-ationl5

sQ_
dt

¡I

Fron thi s we have

(2)

l) )

the inagnetj-c fl-nx if '¡re knov¡

Aô = -fr rot

can c-etect the change ofHenc e ro¡e

the int egra.I

The

to the

of the

LU LÌÌC

^ oO-L

'ìs fecl ihr.o_ugh

l--n 
^c 

ii ,rìll
ff¡e :-u I9

is propoltione.l

f
J,'

¡ c a lI*a" 'C

r'¡:-t o r-

ra'bor

ion

r.¡o I -u

integ

int eg

:l e I a.'u

(¿r)

ihe swj-tch f , j-n the si,¡-i tch bo:r r',lr

be shoi','n3 the vol'uage ou,t-put Vo

to ihe integ::a,} (4) ¿!ccorcl-inÉ''

Ivu = --ñõ

-i s re sis-uance a,nd- C

{u. .t. (5)

capa-citance.ìrrh,rF^ l)rr¡rv4 u lr-

a.nd, so A$= i:gilo (6)
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0n ihe o LÌ:.ar h¿rncl Llie pi ck-u,p coi 1 ca-n ''re ccnne cteC. io e_

ci lcu--ì t Bl 'i¡ìii ch consis'i;s oí onc of tiii,: sallo .!iinil- sta¡rr:-¿,-z'O.

resj-siaiice :ì! rnd- a Ìraitei'¡'. r;i t,h t.h,: poicnt,i oL"leter P a,no, through

the selector swi tch I i¡,'e can rnea.sure ..ihe vol- i;a5r: v,,- (a.cross the

points A anc B) a,ncÌ i,he vol -uage a,cl:oss i:he Rf ,

To measur.e the resi stance of ine coir r *] rur"uru'rn" .¡or i,age

V",- ( oosi lion f f of th,,: sr'¡itcir in 'i:he switch bor ancÌ posj tion 2l\!3

of the selector) and the volta6e across ihe resi-stance R( (;oositions

TI and l resÞeclrvely) " -So \ïe cal-cula,te the current passíng

thlou3h thc. Fj a,nd, consec,uently i;hlou.gh i;he coif " ilrom 'bhi s*S

currcnt a.ncl the V^,- i¡e íincl the resis'ua.nce oÍ' lhe coil./i5

rAlæfato.g

An electronic inte grator consists ìr¿¡.sica.l I y of a.n ani:li fi e r
tvhich throlr¿:h iis s¡eci e.l circuiì; períorrls bhe il¿itheilaiica,l

operation of iirtegrati_on"

The actrr-a.l circui t ano. iis equi¡.'e,lent one a-r'e show¡r in Í'iA. 9

anc lO" The arn.plifier A uith inlru.t volta.ge V, a.nC- oufput Vo has

an ertetnal resj-sta-nce R and a ca-,iracil-or Co

The clou,blehea.i-ed a.r.r:oiv (frs, lo) lrepresents a- shori circu-i'L

(or gror"lnC-) anii, intplies that ihe vol-iage betv'/ecíL ì;he tlvo points i.s

zeí'o anC- no cu.¡re nt f lows th roush ì-liis sh ori circuit "

I'or liie rrghi branch of the equiva-Ient circui'L lve talie frorn

Oh¡trs law

- vo - Ë= o (7)

rrihere c capac-ì ia,nce a-nd. q the eli,.ctri c charge oÍ' tlic capa.ci'L,or"
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i--^... r-ì-^ /n\ ,.r^:.!'JlIl ullu \( i rru

c.-:Ct/o

. dCì
enc- Srnce l- = --i lie- ot

a=

¿-nd-

{

Å ,u'
the ai:rpl rf-i er tlrerefore prorriCes

l-o the iniegral of thc inpu.i voltage

io the change of the rnagne'uic flux"

V-
U

Rut from the left
V..t't --€ il

^- JÓ]lU ùU

Vo

dq=6cd-v
t)

(8)

eclui val-eni circui ', r¡e have

cit (9)

an outpi-rt vo-l iage propor:tional

e,ncj- con,:requently Þi.oportiona--r

harre

;.nci

he-t¡ e
.l \/--\ô

- I -----i
o_t

f1 x.
=--.; gIO-Tudt
branch of l,he

arT)

Viith our rìeasu.ring system (fj-g. B) ihe rol e of ihe resistance lì

of the above relation (9) i s plaJ,ed- by the resistance ,R^ and, tne
S

resista-nce of' the pi ch-up coil " A calracì ior Cp of a capa-citance

C 'Ë C", þ]t is used". Ii 'j s obvious thai the snall er the capacitairce
I

the greater. i.s lhe value of ihe ouiput anC- in this uay ii ce.n be

easil;. d-ei.ecteci-" The inpui vo] ta6e V- is the vol-uage V^ across

the pictr-up coiJ-" So the reiaì;ion (9) is ecluivaleni 'Lo the (5).

As i t j s shor¿n in fig" B ttre in'i;egraior is connec-ued i:o a

.¡oltneter V (l'rhere we can reaci -bhe valu-es oí the ou-tpu-i volba-ges)

and 1;he I at-r,er io an a-u'touatíc record-e:: R (t:¡here ihese r/alL;-es a-re

r"e cord-ed ) 
"





(34)

The solenoicl which produces the magnetizing field of ilre
specirnen is a type If superconcluc-uor.

.As soon as thc solcnoid becones superconclucting a.nd its íiel_d

is snlaller than H.1r all- thc ma6netic lincs are e>:pcllecl (Iicissncr
effect) except in a very srnarr- depth in thc surface (pcnetration
depth).

betv¡een I{ , axcj- i{. _ ct --c2

and at this state the ma6netj.c flux penetrates it in, a ¿;reater
depth th¿rn before. ThÍs results in a cÌrange or the m;r¿netic flu:<

encloscd by the pich-up coili the extent of ihis change ¿urd il,c:

error it may incluce is tested. by replacing th..: speci,-ncn by e.

coil of l'¡hich the ma6netic nornent is well- linorin.



Sgi:re P.r:cirei' l-ies a,nd. Chara.c'¿er.istics

Tire ienÞera-tu-re or the transi tion f¡'oiit the naiural_ state to

the superccncj-ucting stale is ca.ll-eC- c r i -u i c a, 1 a, e.iíl p-

el"a-ture T ^ . Even und-tr ihis teinpera,ture L.he su-percotl-c-
clu.cting behaviour of a supercondu.ctor can be changed to the noi.rnal-

conCuctrvity by ihe a1:pli-ca.tion of a value of an e:<ternal rna.gneiic

íielC-" This field is called c ¡' i t i c a 1 11ârr'h,¡ii¡¡:¡ca)¡av

f i e I d I'I^ enci- i L v¿:-ries viih .i;he tern,oers-ture. !-"his fietci.c-
i:tay a,l so be the ¡esu1t of ihe el ectrj-c current r.,;h.-i ch tiol'¡s in ì;he

cond-u"ctor. Actual-lyo thecriti cal curre nt i"

rafher tha,n the ll, is norT considered- to be funda.r'ncntal- cuantity

that ÍnCu-ces ihe lra.nsi'tion"

Fol a pu.re superconoluclor', the field ciistri bution all,,a.ys

corresponcis i;o zero f:Lel d" insid-e i is bocì,y iiro.epl: nC.en'11"y of the

inii;ial cond-j-'¿ions. fhis phenomenon J.s cal-l ed. l"i e i s s n e l^

e f f e c t'" rnd"ependently whebher 1re ccor down T" a specimen or

decrease the ma-gnetic field beloi,'r H" r io reach su-pet:condu-cii¡¡iiJ¡r

a.l1 ihe flux penetrating ihe specinen is suddentì_y expelled"

The rriagnet,ic fieli, a-oplied to a superconductor can onJ-y

pene-ura'be a- f ine C.ist¡¡ce 'i nto the surf ace, prorrid_ed_ .chat ¡,he

surface fielc nowhere e:<ceeds H., accor',c-ing io the ref a.tionl6

Hi = !i". e -"/x ( to )

r¡¡ltere H. is ihe fie l-ci i n the i nierior oÍ' the su"perconCucto::,I

II^ t jre ext ern¿il f ielcl pe-re^l] el ì:o the surf a,c e o f the superc onci-urc toi' ,er



(j6)

x the a:tis tairen in right angles 1"o

ihe pi:neiraì;ion len$th 6ìven bj' l-he

the su-rface anC Àiu krlo'ïn as

exþression

( 11)

superconclucì;c:. i n fil-a.inenis

are arranged- in a irj-a.ngul a-r

ener6.)-" The depi,h 'penetraiion
117].ne relaì"aon

/'l 2\
\ +L /

) ¡l'hf (ì a Õ/ a ¿-¡rÐ ru

cle ,cth à oi

)
4, I ill C

^ 
^3-

4tTne*

r.vhere n i-s e leciron rrìass, c velocib;r of the lig,hi, n the il_ensity

of ihe superconiiuc-ui nE elecirons and e the electron char6e.

1¡.li-ih ihe l"lei ssner ef fect we can classify 'uh': suÞercondu-ctors
"ìnto tr'ro groups:

i) Type I (or soft)

ducting el einents and

rr) Type II (or ha-rd

nieialic coriipound-s.

The ilagneiic fl ux penetraies the

paral-1 e1 to the e>:ternal field. ,¡hj-ch

Þatiern corres'ìlondin6 to iainii:ll;:ir free

L oí thc t:iallneti c iiel-C H i s Siven by

sujle rconcluctors, most o f ilre ,lluj:.e supercon-

lÌe.n)¡ al--l Oys

) supercono-ucto¡s, usual 1y alloys and_ inier-

iririth increasing ap,ili-ed- nagneiic fiefc, in ihe Type f super-

coniluctors f-lu>l penetration iakes pla-ce only';.,,hen li" is reachect

ivhil-e in the Type rr îlu-x i:enetratj-cn staris a-t a. vatue I{", bui

ful-l- no::rnal resistance is not restor.ed until a very higher field
Tt / 1^ ì-l\^r1"2 (ro - rrJO'cÍmcs i{.r) is ree.ched-. lcti¡ecn II.l anc. ri.r'uhe
supercondu.ctor is -in thc mrxed st,aie r,¡here ii breaks into a finite
nu"tnbe :: of f il an:enls of al Le:'nate suÐer:cond.uct-j n6 and_ noi"nal siates
parallel io ihe applied fiel-d,"

C,ii..t¡J" L = H

,¡lrere J^ is ihe cr-i tical- cu-rrent d-e¡rsi t,r,- (lx/cvr2c

contrast ,ri ih 'uh; f i elC- incì_e¡:end_i,.nt pelietratíou

in
'fha
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relation (10) for the Type I superconductor (or type II supei-

conductor uncier the figld *"r)_.'For a critical curreat density

of 104 t/cn2 the above "qo"tior, 
giu"t18 a penetration d.epih of

ap_oroxinately 1 mm per KG r'¡hiIe.the penetration depth from the

-q -¿r :relation (1i) is 10 ' to 10 - cm.
l

' The i-nportance of this formation, bett'leen HcI æd HcZ, is ',,hat

the critÍcal- field of these filanents is much Sreater than that

of the bulk su^oel.coniuctor. But the flux penetratj-on i-s allorved.

at fields far belol'¡ the critical field H.r. The properties of

the Type II superconductors found applicatj-on in the sulerconCuc+-ing

solenoids.
:

The first vire for superconducti-ng raagnet nade of NbrSn rvas

developed by Kunzler and his coIlea¿;ues at the Bell Telephone

Laboratories in 1961. Some characterj-.s-Lic effects which abosè <ìuring

the 'development of th.-. supercond.ucting solencicis are the fo11ct'ring.

Á,s the current is increased for the first tirne the co-i1 v¡i1f

rrquenchrr i"g. return to the nor.rcal state at a value of cur:'ent

far:below the va-Lue expected from aeasurerûents on short sa.r::ples.

Secondly the current does not reach it,s expected critical cument

and this phenomenon is called ndegratiationfr. Both of the above

effects are cured ty "opp"r 
plating exd a conbination of polyeste¡

and epoxy insulation of thc= r¡ireo

Another pecularity is the phenomenon that the field produced

rlses j-n. a serj-es of small abrupt steps v;hich are knoi';n as trflu:<

Junpstt. Also in sone superconcucting coils the current required

to trq¡enchtt the coil ca¡ be made to increase b.v repeatedly cycling



(iE)

lhc ci-irL:ent .îroil ze¡o lc l jte qu-enchi n,j ìi alLt e " Titi s bel:rav-n oul,

is i-inoun a-s t't"r-itrin,." 
u

Geni]r.a.l I ). tÌtere a-r'e d--i f f ei'cnt a-,oproaches tr: -uh¿ aj:ove pi'cb1 ei::s

i'.'lii cjr þ¡l p L,o sol!-e :het-n.



In the e>rpori i;renb, i n orcle,i' j:o Le si i,ne err:oï' -i nc.uceci by

'f he supei'conclu,cting sol snçil- ( i.¡i:¿rge ef f ect ) we replace i,he

speciinen '¡j-ch a s¡nall coil (sii;ru.lali;o¡' coil) oi r:.rÌrich we, know l,he

e:raci na-gne lic lioncnt fron th,e current whj ch jlesses ihrough ii;"

Tire repl o-cen.nt C-ocs not change r-nany i-Ìiii:gs in Lhe cryostat,

as it Ís shown in figure 11" The ccpper r.od I is replelced by

ano'cher shorter j.n l-eng'ch beca,use r,¡e 'i-o not use a tirerr::oncter"

The ro,j- encl,s vith two d-isli-sha.oed- trsr¡¿]f6v,rsrr Z in the midd-le

spa.ce oÍ' l¡hich i-is cl.-i areter is i/ZZ of an inch. 'ithese rtsl',r¿-l]e1r;grr

hol-d- -i;he siniul a'l,or coiI S whi-ch is -.rou,ncl- on bhe :'oci cli-rectly.

This coil consj-sls oî 2r!C0 iu-rns of C"OO2 of an inch c-ij-arneLer'

copper' uire ancl- i'¡s length is * of a.n inch. f ts e;rterior i,i ameter

of 7.1-l iiin is alrnos'b equa-l to the insicl.e diareter of ihc fube Ii

(vi.iiroui tou.ching i:L) f cr be'uter" in,fu-cti ve cou*ol-in5. The coil

is aligned. so t,hat its a:<is -coincid-es wj-'uh ihe coiämon a.xis of the

pick-up co-i 1 a.ncj, lhe solenoíd-, a-ncl ij-s center is the cotll¡ton cu'n'ter

of the 1a-utcr two"

The ci rcuii of this coí1 ani- j.is conneciion to ihe measurlng

syste:l is sho','¡n ín fiS. L2" Its circr;ì t is conneciei to the

sel-ecior suli tch T so tlia'¿ t.hrou,;h thc poi:entio¡äeter r¡¡e ca,n fi-ni"

the exact cu.rreni i" I'rhich passes through :'-i. Ti con:isLs cf a.

ba-utery, a varie-Ì¡] e res'i s'tance R air,i. tl".,o stani-ard resisla,nces R.,

and iì. of I oir;n e.nii 10 ohill resirective'ly (ihe fe-ci thai ìre use¿

t',vo d-epcnds on the abil-ity of tb,e po'centiolletcr io reac- r¡ol- baSes

up io li-rO raV) 
"
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usi ü' -uhe va.¡i e.ì:le re si s l,a.üce iÌ re can change iht; cu_rren¡ i"
r-.|-s,s-i ni tÌrr-ot-l¿h '';he coil- a-ncÌ c oÌtsect LtetltI;r Lire ïta-6ne'ri c r¡roinen,¿

of it" i.'herefc¡c. fo¡' ci,i íÍ'e¡'eni r,'al-Lr-es of cur.r-en-u i 
" 

*" iajle
different vaJ-u--es of voftage v¿B (across ih: terininars A anct_ B)

anò- conssquenii-y c-if f e:'e::-i; va.l-u,es of Íntegraì;or vol tage out,;out vo.

ïie i-neasur.e the cu_rrent i" ì:5' :neasu¡j-ng the vol-uage acr.oss the

sta-nd-arc .i:esista.:rrce R-, or. Iì, r'¡iih ilre poientioiae.ber p (posiÌ;ion

3 or l¡ of the sel-ec'co¡ slv-jtch T),
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llhefeÍ'Ore a t'z¡-'¡,''., !,../ ^.r.ihe i:rag¡etiC flutX ,cenei:r.aijnB. the
picir*up coif per troÌïent is ì;he ¡esuj_t cf th; expulsjcn of a par_t

of t'he fl u":< fro¡n -bhc soJ-onoic- r,¡i.i.en i-i is supercon,r.u,c-;-ingè



oiscussror,i

coil) penetrate the pick-ìtp coil anC

The relation betiyeen the nagnetic

coil ancl the nagnetic moment ¡o of the

the soleno j-d (not superco nciuc ting ) .
I

flux Cp utràfo.ed by the pick-up

specimen is given by the

At roon tenperature ihe nagnetj-c lines of the specinen (or the

'
ll
ì

I
i
I

I
-¿

the pick-up '

i t. But since

ugh the linear

elati-on U(= f(is)

"ì

of

1

ro

r

lr¡

tig

h

o

!h
he

e^)

W
ngt

ter

i .s
tt

I', -v( l1+
It@;æ

t e.+ {,e'+,
., 1 ùhe Ie

Esl_ce d.t_ame

ies Vo and

yt riie.expec

linear relation

n'here :n:'is the number of the ,;_turnS.,,

çoi1 e:rd 1 and b the inside and ou

Ô *A m are reiateC to the quantit

relation" (6) ani (t5¡ respectivel

to be linear too.

Ï/e have a.ppliea -"he rnethocì oi least squeres i-n order to d-ete;.nine

the deviaiions of the experinental points fron the straig'ht line anC

the resu'lts for room tenperature are tabulated. in table If. As r.ye

see the roa-ximurn d.eviaiion from the straight line tr 6vl - -0. 25? nv

¡¡hich gives a nraxinlum deviation of ma8n..:tic no¡rent equal to$ro = r2.Jox1o-4

emu of ma5netic mornent.

The main source of error durin6 our r"u."urements r,¡as this incluced.

by the electronic noise v¡hich influenced the measured values of the

outnut V of the integrator. The error lvas estiraated equal to 0. 2 nVvvv¿¡aqvvs vTl

for room tcnperature aniÌ O. ? av for heliun tcrapera."ure. gor both

neasureüents '"his error is no greatcr than 1Íí of the measured value

of irnpulse voltage.

Eence, for roon tenperature, the ma6nitucle of the

.À (--

deviations of

.i::l:,!F. _!Í:7ry:î:irrr-ìa!. 3 
-

: -:, :a:i. i .. r ir;:"iì:,rt : ': ; ,tt -'¿ '- ::!



(ic)

i,he exÐerilten';e1 poinis (as thi:y are sl-rou¡r j-n Lable If ¡hoç ,ch¿-t

the;r can easily be ju.siif-ì ed- as e:r1rei'_-r_iä:nts,L ert,or.so

lior hel iit:n icinÞei.atut e,,;lie.i:. ihe sol-eno'i d, i s suÐ,3ïcor-riiu,c,crn6,,

Ð- Þari of -ths i:iagnet-i c fhi:i of the spe c--Lrlen (or. the coil. repia.crng i-u)

"--oln ihe soleiroid. and, Þenet:rates i i onl y in a denLh l,-L,l YÁijUI-i-dL;. -lI - --_,

ihe r¿a.lue of v¡hich dejrencs on the v¿ùu-e oí thc freri: anrl, it i s

girren by lì:r,:: relc.-uion (Ìa)" s-i nce ,,¡ie are inl,ereslecì j.n differ.ences

of nagneti c rno;rent this c-ces not inf lu-ence ilre l-',,nça-rì ty of i,he
Irele-LionVo=f(is).

Bu,'i; the rel ation (12) is valid .¡ith ilre ::estr-ict,i on tha,t t.ne

rnagncti.c I i nes ou,tsj..i-e of tbe sLr-!oe;rconcl',rcto¡ a::e 1ri..::.i-l1-el io j-.t.s

õu.-r:fa.ce, soiletl:.'in3 ;'h; ch coes noì; Ìrap_1:en in ou.:: case, on tiie ccnirar-;,

the läagnetic f ie-l"C -oenetT'a'res ihe supei:concj.uci;orr s sur-f ace i n

dif f erent an¿il ¿s"

i-'lie resir,lt s frOl:t 'the a.T¡þl i ca.ti on of thi: ürethOcl, of I eas.L,s squ_¿l-t es

-f o tes'¿ fþ6 I i¡¿r.:.ari t), oi' ì:he r.el aÌ;ion Vj - f (i") for ]ret iuin teilirer*

atu.¡:e are 'tabul a,.bed" i-n i,a-bl e fII and iho pl-ot oi tÌre rieviabions of
the clif f eren-c points a8ainst ilre vatu-es of ,/j Ís shov;n in fiE. L. 

"IJ

r;Te see that for '¿he first value of curt-ent i" = 3.825 nA we have

a- cievia-iíon SUo = 2,185 rnYz of large¡ ma.gni-Luo.e tha.n,chese ,;hich Í,o11ov,,.

''l'Je bel-ie rre tire-'t this I a.rge d.erria-iion r,,,as: caused, by tiie exlteri irrental-

trray iit. i';hj-ch'ul:is va.lu-e ïJas obta-'i necL, irihi-l,e'uhe circuii 1tâs ooen

{i= = o) i'¡e close.l. ii in a ue-nual lray by connecting iwo ter.nina.l-s

anij- thc cu¡r.en't i" = J"821 llV pa,ssecl ì;hf.oì-t¡jh. On ihe ccntrar;, i:Ìre

otl:er- va'jules ol cu.z'r'ent uere obtained, -cy usil5 a var-i aL.ie iesista_ìlce"

The cievj-at.'-ons of ';ltc other poin'cs fol--l-ct¡ a re¡ìnla-r cha-nge as is
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shown in ii¿" li. ;3u,'c -ì ü sJ:i.l-e oi iÌr-Lr; regr:-Ia:ri'c;.'no conc-lnsions

can be d-ei.j-veci about ihc e:racl relation be -L'.¡een til ¿,nC i.- e-ni"

co;-tSC.tU.e;r bl,v i-t¿ii:eci: ih: i:iL6iletic f'1U:r c:rcl ose cl b;' ih: 1ic':-u.il coi 1

¿:.rrd. 'cìre ina..gneiic iiromeni of ih: süta.l l- coil (or: speci rnen) ';hen bhe

sol enoi d, is sUÐeycond,u.cting beCaUse ihe r¡alu.es Of '';he I ¿.s', fOur'

experii:renf arl poi nbs lie i n ';he range of ihe e;rpcri ilental error

,.,;hi1e lire f-syi¿.1-ì ons of 'bi1e firs-u ihree (exce1:i ihe firsi one) a-Te

very closc 'lo '¿hi s ra-nge"
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