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ABSTRACT

The results of recent tests with NbsSa and vllvb- Zg.gnoy wires show that
| ‘the eﬁp@iconductlng ciitical-cutriant proportics oi bogh r_im_tcriala are very promising }
in testo made with short namplea. |
'_ _At present, Nb-?r alloys have higher critical current densitics thm.n Nlcxo3
" in magnetic ﬁélda below 60 kgaums. Nb,Sn will go beyond 60 kgauss and has ro-
‘mained supercoaducting as high as 180 kgauss. Pulced dc tests on ohort wiraeo
of Nb-25 a/o Zr at {requencies from 1 to 1, 000 pps pve the same critical curremw
aa-th@ dc tests. |

Tests ‘with emall coils have not progressed boyond the 15-kgauss range.
A coil wound with Nb-23 a/o Zr alloy wire reached 7.8 k gauw-—n factor of 2 1/2
below the design point—but remained supe rconductina at thé’ 7 8 kgauoo platoau in
external fislds up to 70 kgauss., A coil of Nb Sa wire periormod as pradicwd at
90 amp and 8 kgauss.

The eﬁoxt now is to find out why short lengtha of superconductlng wire

have better critical-current properties than c_oilhed; long lengths.
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INTRODUCTiON '
~ In early 1960, auperconduct;lvity was not considered seriously by many

poople for laboratery magnets. Most of the research in applied duperconductivity
wae in the dcwelopmem of superconducting éacuum-ey#porate_d thin films for com-
puter use and for miniaturising electraonic equipmént. The n’up@rconducti'}iiy wo rk
w@w directed toward making thinge semaller, and very little effort was expondad
to;'vmrd making more powerful magneaté. The practical uoe for superconducting
;nagnets saemed far g.v;;ay. At thiz time, to name only a few, Autler at Lincoln
I&Mratoﬂ@m was working with iron-cored -nio&um-wlre magnets, ] and Boszorth ot al.
at the Bell 1 olephone Laboratories were examining the ma.gnetxc propertics of Nbs.m. 2
In August 1960. ceveral papers on aupercanductivity were preoented at the Cryogenlc
Enginecring Confer@nca. 3 |

We bégan some superconductivity atudiea.in mid-1960 on & pari-ttme basie.
Tho goal of this Qork was improv@msﬁt of the reéimtive propertiea of ahpef-
conducting metals, or a solution to the d.ltﬂcult problem of Mn&n@ thin-ﬂlm mgmew.

In Februarylﬁf this year me.l@r and his aanociatea at the Boll Lmbormory
mmsunced that the intermetallic compound Nbs&n remained uuperconducting in
magnetic fieldo as large as the 88 kgga\ms. and with curreat densities exceeding
100,000 amp/cmz. 8 The implications of these experimental rosulte to the Mvmncé

of high-snergy nuclear instrumentation were émormouw. It becamo possible to -

construet large supercenducting megnets which consumed almest reglible power
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and produced fields in the neighborhoo:d of 100 kgauae,.v F‘ield strengths previously
attainable only at great expense and in magnets of emell size were nc;w within
‘reality.

It was known that certain intermetallic compounds, notably Nb,Sn, had
very high critical fields and transiticn temperatures, but these materials were
extremely brittle and unsuitable for forming. The people at Bell Laboratories |
approached this as a packaging proble.m. They loade_d a niobi\.xm,tube,with powdered
tin and niobiuwm, then swaged and drew the packed niobium tube to fine wire Vand . N
sintered it at = 10¢0°C.

In April 1961, Arxp and i(ropachots.m the Bureau of Standards (NBS) in,
Boulder and Setterson et al. of ORNL observed superconductivity Ln’Nb3Sn in
| pulsed magnetic {icids. 6 | ‘ |

The 0.50~1;x;‘rr1~»diam 'NBS wire was ox_‘iente_& parallel to the applied magnetic
field, which reached a peak value of 185 kgausez in TMmgec, NBS reported currents
fror%x 23 amp “05 amia/cmz, based on core diameter) at 135 kgauss and 4°K to
5 arnp at 180 kgauss and 1.6°K..

OKNL oriented their 0.38~rnm;—diam wire samble both.parallel and trans-
verse to the applied magnetic field, which reached.a peak value of 120 kgauss in
2C to 150 usec. ORNL reported currents i‘rom 250 amp, in zero external field,
to 45 amp at 125 kgausé in their ﬁemt longitudinal aample.'v In the tranoverse
sample the wire carried 2 amp at 30 kgauss. The temperature was 4.2°K in both
cases., | | |

At the APS spring meeting in April 1961 in Wasmﬁgton. a niobium alloy
with 33 a/c zirconium was reported to be supercondu&img, again by K\mz‘lar
of the Beil Laboratories. ! The a(ivantage of this wire was that it did not require -
sintering, and therefore could be used again. In the présent state of the art,

pintered Nb38n wire can be woundonlyonce, baecause flexing it appears to d,amagé
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the brittle core. Kunzler's tests showed th‘;n_t the Nb-33 a/o Zr alloy had a
- critical temperature of 16.'5°;{ and an obaeryed cufrent density of 10‘ amp/cmz
at 80 kgauss at 1.5°K. The wire required §7% cold working to achieve this current
density. In the "as melted'f condition, the current density was only 5,00 mp/cmz.
In May 1961, 1. G, .Serlincourt,. R. R. Hake, and D. H. Leslie of Atomics
International announced that the current densiﬁy had been increased another order
of magnitude to 105 a\mp/cm.Z in a Nb-25 a/o Zr alloy. 8 The applied field was
pe?pen‘dicular to the sa.mplé in av field of 29 kgiuns aig4cZ°i(. The sample was &
strip 0.069 mmx0.38 mm rolled from wire, to increase the amount of cold work.
NbBSn wires {from 0.38-mm to 1.52-mm diam, snd niobium-zirconium
wire of 0.28-n1m and 0.51-mm diam and 25 and 33 a/o0 sirconium have been tested
at Berkeley.9 Critical éurrent measurements of 0.25 mm Nb-2§ a/o Zr wire
;have been nade with half-wave sinuscidal currents at frequencies of 1, 10, 100,
,and 1600 pps. We found no significant effect of the pulsed current on the propertiss
-of the wire. Several umali superconducting solenoids have aleo been tested.
This brief review doeg not include all the people, laboratories, or
companieé now Working on ap'plied superconductivity. To our knowledge there
are 17 laboratories or universities, and 19 roanufacturing companies that are
engaged in the deyelopment of superconducting coils or wire. Many other alloys
and éoinpound, binary and tertiary, have been tried, but we would need no others

for the precent if we could learn to apply those that already exist.
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Teots with Fmperconducting Wires

The appued field and critical current denaity characteristice of some

 Nb Snlo and Nb-25 a/o qu Zr alloy wires observod in tosts at the Lawrence

3

Radia’tioﬁ Labaratory are shown in Fig. 1. ';hese two sauperconductors are the
beoat avallable ot this time ancl.can be considered for rno;n laboratory magnets.
The current dencity io baced on the total wire diaxf.cter-with insulation (soe
‘Table I). Double zlass inculation iu zasumaed for the leBSn.wiros. and a heavy
coating of synthetic rc';in‘xu asgumed { v thg Nb-Zr wires. Coil-winding space
;fa.ct_orsz are not included. |

" The aainple is plaéed in lquid ﬁeu\xm. and an e'xterni,l meagnet is used to
give the desired applied field. The currént is épplied to the wire ‘aample from
;ui external dc power supply. When the critica;l current is reached, a resistive
potential suddenly appears across the sample. |

All of the data shown in fig. 1 were taken wi;h the wire submerged in a
helium bkath at 4:.291( in a m'agnetic ﬁeid applied transverse to the current in the

~wire teot sample. The critical field of the Nb-Zr alloye improved when the bath
R cooled to about 2°K, ohifting about 12 kgauss to the right.

Two sizea of Nb-Zr alloy wire were used to determine the effoct of cold
working. The 0.020-{n. —diam wire (0.31 mm) was colci worked in excess of
99.0%, and the .0.0IO-in. —diam wire in excess of 99.86%. Figure ]| shows that on
the basiz of this small amouﬁt‘of data there is not a significant difference betwoen
the 0.010- and the 0.020-in. —dizam wire. The differenéa betweaﬁ the two 0.020-in. -

diamm samples {8 grester.
’ {
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There are many variables of the wizre that can offect the rceults; for
exzample, the cold working, chemical composition, homogeneity. purity, dotaile
" of the manufacturing process, and the joining of the test wire to the sample holdar,
| The junczian of the superconductor to the sample holder must be made
| carcfully.. The experimental rosults of the wire tests can be affectod groatly
by thﬁ- Joula'-hcaung at the junction. A poor junction will heat excessively and
may qucmch the uuperconductor At high magneuc fields, motion of tho sample must bo
prevented to avoid eddy-current heating. Hoat trmmter characteristice, above

and below the ) pomt of liquid helium, and the apeciﬁc heat capacity of the

- terminal junction are also important.

The NbB&: data were ob@ained eatuei and had the additional variables of
core-td-aheaﬁx ratio, core composition, and sintering procedure. The Nb35n wires
were all eintered at 970°‘C for 16 hr in an éut-géssed, 'evacuatcé, and s=aled-off
quartz tube. | _

| - The slopes of the_ curves in Fig. 1 show that the iNb- Zr. ﬁlloyn arc suited
for magnets of less than 70 kgauss. The Nb3,Sn compound, on thve other hand, has
lower over-all currént densities, but it is necgasary for high-field magnets up to

possibly 150 kgauss.
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Tests with Small Solencids

Three small superconducting coils were vteated.‘ Two were wound with

3
of about T & of 0.023-in. ~diam Nb,Sn wire. The coll was wound on & l/@-in. -

Nb,Sn wire, and one with Nb-25 a/o Zx wire. The first coil tested wao made

diam steinleso steel spool, = 1/4-in, wide, and had 75 turns. This wire was
made at Lawrenca Radiation Laboratory and was simtered, after the coil was
wound, at 970°C for 16 hr in a quartz tube evacuated té leas than 10-5 mm Hg and
secaled before firing. No electrical insulation was uéed between turna. The wire
was made from a 1/4-in. —o. d. Xi/l&«in. - Z-m. -long niobium @heath.
packed in air with a woight mixture of 2.35 parts Nb to'l pru't Sn powdm' of oamaller
than 325 mech. The end was plugged with a Nb plug,amd the rod awag@d into |
0.025-in. —dlam wire.

The Nb sheath iz a superconductor at low ficld and therefore, to Btart‘
the coil, the superconductivity of the ahez}xth’mum be quenched without quénchiﬁg
the %3ﬁn core. The sheath was quenchedl with an external ﬁéld of as 8 kgouso,
Ag this ficld the Nb cheath becomes aa oloétrical inoulator relative; to the aﬁper-_
conducting Nb38n core. The ;urrcnﬁ was then applied to the coil {from a de e:&@rml
source in the usuzl manner. |

The coil did not make & magaetic f_iéld on tfxe ﬁrst attemp&. We had dic-
covered previously, on anothor sample, that a leaked out of tha wire core during
the vacuum sintering operation 2ad coated tho outer surface of the coil windings.

t iz posaible that the Sn peaked &x@cuy out of the sides of the wiro, because in

thic st2to of the art the corc doeo nst alwayo sty m tho conter of the wire during
the swaging process. (A cross soction of the wire oftea looke somowhat like a

spiral nebuls, so chown ia Fig. 2.} The &a may have combined on the outsido
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;:f the Nb sheath during sintering and formed the Nb3Sn compound, wl_ﬂch would
cause a high-field superconducting short circuit, |
The coil was etched in 2 solution of ZstOé + ZI{NO3 + HF, and then

produced its rated field of 7.7 kgauss at 90 amp (see Fig. 3). The wire critical-
current cﬁrve is plotted from the test data in ig. 1. The wire used in this coil
is the same ae that used in the critical-current test. The coil-characteristic curve
’ (BO = 70 1) i the straight line starting from gzero. The coil data .wex_'be obtained by
measu.remem. The magnetic field was measured with a 1/16-in. —diam search
“coil that was pulled vthrough the field, The coil .went normal at 7,7 kgauss. Howaver,
the ceil was in an @#tefna.l field of 9..5-‘kgmma, and therefore the Nb,Sn was in a
>re@ultm_at ﬁeld of 12, 2 kgauss, m&ée up of its own fleld of 7.7 kgauss at right
 angles to the external field of 9.5 kgauss; The resultant field curve for the coil
is the &amhed lin@; it intersects the wire critical curve near the test point. The
- wire in‘thira: coil p@rfoi-med the came aa it did in short sampleé.

| The second coil was also madé of Nbs&n with 265 ft of 0.015—diam wire;
its performance is shown in Fig. 3b. This coil'cperated at 23 amp and reached
a ficald of 12 kgaues; the resultant field on the wire was 15 kgau‘em; The design
, poi#t was 20 kgauss at 38 amp. The coil dees not have electrical insulation and
the rige ﬁ:im@ of the magnet is abowﬁ‘. three hours, .

- Although in principle the N'bBSm coils can be potted in a normal metal,
our future test coils will be tnoulated with Sin. to obtain a higher starting voltage

8o that the c;oil can be turned on {n & reasonable time.



| 8-  UCRL-9619
' The third cotl tonted was made of 89 & of 0.010-in. —diam Nb-25 a/o
Zr wire. The wire is @Mctrﬁcamé iﬁau&a&&&w&th a 0.003~thick epoxy coating.
The design pmm @f thic coil was 20 Bagzma@ at 78 amp, as shown on Fig. 3c.
On the first rus the coil r@&ch@& enly 17 amp and produced a ﬁeld of 4.4 kgausa.
An extarnal field from 0 ts 70 kgause was applied to the coll. The coil consistently
wentr normal at about 17 am.p,;‘ for au .ﬁéﬁéa. ap to approximately i?O kgauss;
above 7O kééu@@ the critical current of the vwir‘e diminished rapidly to sero, as
eﬁzp@;ted. The ceoil p@ffﬁ@rm&n&@ was disappointing in that the critical currents
expecéed from méasuﬁez&i@nm of shost eMpieé was higher by a factor of about
z1/2 |
| This result .did indicate, howewver, tﬁat the wire is a superconductor up
1070 Z«zgémzm | |
The dimensgions and coil characﬁ@riaticg of these three coils are shown

in ‘Table II. A photograph of the coils and a wire test sample {0 shown in Fig. 4.

Coil Design

The operating point of a coil is ét the intersection of the coil-chérac‘terimic
line and the wire critical-current cvu'rvel; as sho“}n in Mg, 3. 'ﬁ‘he coll-characteriatic
line can b@‘jcalcdlated; ‘buf_ a safety factor dependent upon a degree of ignorance
must be applied to the wire critical-current curvAe. |

The coil can be designed so that it has axial stacks of coiia. Thus cach
cofl s@ctio@ c@ be separately tested and selected for oétimum location in the cofl
aggembly. . The coil @ec-'t‘i.ona m.dy'be replaced if either the coile &evélop faults
or a better wire becomes available. |

A coil section can be furfher subdivided so that '@ach subsection c@ be
opermed near the critical cuw%ent. In this manner, maximum use can be made

11

of the wira. Thick coils, especially, will show a gain. .L@'ng thin coil
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assemblies may require only a single pair of leads for each coil section but
each section méy operate at a different current. How.ever., multiple leads may
ba doqired for coile made qi Nb35n wire that ca’:.mpt be used again once it has
been sintered. .

v?’r'eaeut coils are dx_'iven by an e#iernal current source that allows the
‘current to be controlled. As long as the wire size and currents are small, the
heat leék into the dewar ibé not a problem.

- Pereistent currents inay be desirable for so:ﬁe uses, ’i‘he_se coile caan
be started with an 'extcrnai current supply connected directly to the coil. A super-
'cot‘xductjing switch, which is simplyv a éupcrconduct'mg wire, is connected across
the coil terminals, and ¢an be held in the normal state vb‘y lo_ca.l heating or by a |
fnagnetit field. When the desirable current is reached, the heat or ficld is re-
moved and the wi‘ré e'g:itC‘n is anb'a‘fed to go Quperconductiné. The persistant current
vv.vill circulate in the coil. and the ezcmr.nal czjxr ;ent BOUTCE c:-.xn-th.&n be removed.

he vbele.'ctz"’cmagnetﬁ: pressure in a zﬁagnctic field is proportiﬁnal to the

square of the magnetic field, as expressed by P = ;."i-'z'/l.735, ‘where P isin
‘ 1b/in. ¢ and B is in kgauss. The soleroid may be envisioned as 3 pressure vesgel
with @ wall of thickness t = (IBZT’),/(1.7355) , where t is in inches, ¢oil radiuvs R
im'in inéhee. and the tensile streaé, S, is in 1b/ixxz. for example, a magnetic
ficld of 100 kgauss will have an internal pressure of about 6000 lb/inz._ A solenoid
designed with an average tensile siress of 50,000 11>/inZ i the coil and spool will bavae
a wall tmcknézs equal to 1/10 t":«é coil radiﬁa. Howeve_rv, the stressaes in the wirg,
é:pool, and potting compound Qﬂl all be different because ‘eacb material has 2
.different area and modulus of elésticity. Tensi‘on tests made at Boulder Mth
Nb3Sn wire showed that the wire wae still superconducting as the tension atress

'approached the ultimate. 12 When the limit of these dedigns is reached, so-called

force-free coile can be consgidared,
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.The question of safety ip_really the qqgsﬁiou of what happens to the stéred '
energy when a coil goén "uorrﬁgl" due to, say, "loaa,'of refrige’ratlcim.‘ The
| a.olution. as with conventional magnets, Is to dissipate ‘tl‘ze energy in‘a w#} that
does not destroy the coil. "1 his implies couverting the stored e¢nergy to heétiﬁg
6[ 2n internally located shorted turn,  Tha shorted turn might be the metal snool
that the -c'oiivi.a wmiud on and, in some deaign_s._also the dewar vea_sela or othér
components enclosing the magnetic field. If this te»ch.n‘ique can be. used, the
temperature rise in a coil of 100-kgaues could easily be less than 200°C, or an
absdlufe final temperature o_f -1009(,. The rate of helium evolution will be limit_cd
by filme-boiling coefficients to less than 10 w,/cmz. “#o this factor may be accom-
| tnodated by adequate venting. If fne coil th.ickhess is determined by t = (Y*ZYQ)/(l°73§ s),
and all of the anergy stored in the magnetic feld is converté_d to specific heat in the
coil aaaémbly; tnen the temperature rise, o1 oK. is conata‘nt. for all ficids and
‘ragii, and d_epends only upbn the specifi~ heat, c;'), and vt'.":ve density, w, ol the
rnaterirl and upon the design tension strees, S in the solenoid coil assembly’
(i.e., AJ = S/chp). The on‘ly‘ power required to operate a éuperconducting magnet
1is that required to keen the superconductor cold. When ap extermil.current supply
is used, power is not digsipated in the supcrcondqcting coil, but there is a heat
loss in the‘leada' between the current 'supply and the coil.

The refrigeration loes is the thermal-radiation and conduction losseo be-
tween, savy, liguid-halivm temperature, 4.2k%, and ambient temperature.  Hoot
can be removed at one or more intermediate temperaftures chosen se that minimum -

ref{rigeratien po;ver iz used. 14 Thermal-radiation shields are usually oporated at
Mquidomw@geé temperature in small systems. The thermal-radiation heat flux

for some inoulaticons iz licted in Table m m'. 16 _
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H@at is lost by conduction through the: coxl support; the current leadsy
refrigerant, vacuum, and pressure-relief piping. and the comnectimm to lquid-
| level and temperature indicators.
The refrige rator capacity is sometimes detorm&néd by the amount of time
desiréd to cool the coil to the oﬁeratlng temperature, The refﬂgermor may have
a high cool-down load and a low operating load. The coil assembly, if very
.heav’y’._a may require a large refrigerator to removo-th;a-apeciﬁc-heat within a
- reasonable time. However, thé dewar that uu-rround?s‘._.;he coil assembly may be
very efficiémt and have a very small heat leak. The refrigerasof would then operate
v_at a very low load, once the solencid wag cold and the magnet ﬁeld turned on. |
- The dewar aurroundmg the coil, the vacuum-inaulation cy@tcm. md the
refrigeration mystem can be mnd@ to Iit a wide range of coil designs bocause the
“coils will not. vary much in thichnasa. |
A 50-kgmwm auperconducting magnet, made with Nb-Zr zalloy wire, and
having & 32-in. -diatn clear opening and a coil height of 46" would have the following
characterizticeo w}wn superconducting wifes can perform in long lengths as they

do in short lengths. 4
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Deoign Summary

Mitregen use by magnet and r@vfx'iger‘a.tor

Inner radius of coil L . 18m.
Coil thickness | . o ©0.67 in.
Total coil height - | o ' | S - 56 in.

' Conductor height o , , o S 40 in.
Ampéreoturna o S _' | | o A' R 8.6‘(11()6
Current, constant f_Or all turns : S | - L - | j 154 amp
Wire diam with resin insulation . S o 0.022 in.
Current deneity | - o - S PR ~ 50,000 amp/c:mz
Turns - - ' o o v 56.000 : |
Weight ofwire | | 7181
Weight of coil assembly at 10,000 psi'qtrep_o - 4430 1b

’ Magpetic:ﬁeld - | 50 kgauos
Conduction heat loss, 4 to 77°K, 2 in.% area, 10 in. long, stn otl 5w
Radiation hoat loss, 10%mm Hg vacuum 4 to 77 °K, 100 a? 2,5w

Total heat loss at 4.2°k | - 7.5w
Refrigeration capacity at 4.2°K 50w

Heot copacity of coil assembly, 4to 77°K 37w-hr
Timo to cool coil, 77 to 4°K with 50w 45 min
Liquid-holium coil bath 250 ltera
Timo to liquify 250 liters 13 hr

25 ltero/hr
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Cost Summary’

‘Summary showing the potential diffarence in cost.

- Conventional ~ Superconducting

iron-copper magnet
| magnet -
Cotl - 4 250,000 250,000
Core | | 100,000
" Refrigeration, -50§ at 4. 2°k | - ~ 150,000
‘Power Supply, 7 mw 700,900
Initial Cost o | . : $1,050,000 . $400,000
Powér Cost? for & years 850,000
Initial Cost f)lue 5 years power cost _ $ 1.900.000 : $ 400,000

2Nb-2r alloy wire preliminary price of 350 per lb

2600 hr/yr, power cost G0l kw/hr
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Cdaclusioﬁ'f’v | I .

Two luperconducting materials . petform very woll in tesoto with wires 6 cm
lmxg Preliminary. results of pulaed &c mats on short wires of Nb-ZS a/o Zx at
ﬂreq\wmcies from 1'to 1000 pps give the came critical curramo as the dc tooto.

'In the throe small coils with wire lengths from 7 to 265 {eet. the reoulto wore
ecattered. Ono coil reached the critical current exp@cted; anothor was low by
a factor of about 2 1/2.

More coll teots must be made to d@termine the edect of wire lemﬁth on .
critical current. Leag timne reliability musct also be studied The basic bekmvmr
of wup@rcand\nctivnty in metals and the effects of componitlon. homo genecity,
tmpuritics, and Mrain are not yet wszll understood.

Wire of NbBSn er Nb-Zr alloy is commegcially available, but the wire io
ptill in the developmental state é.nd. can mt- be pux?chaaed with “coppor wirao"

'dﬂmmdamuty. P’urchaaera can not specify the wire completely, and ﬁxénuiacturérm
can not gmaramee the auperconducung prop@rtiee of the wire. Thc only roliablo
acceptance test . so far is to txy it. | ' v

The .present price of superccmductmg wire ‘r&hges from 100 to 400 & /ib,
or abous &w@ to eight timeo thc«s coot of Nb. Nicbium ia about as plenuiul in nature |
e mickel. | |

C:aporc@mﬂué'amg magnsts are not here yet. but if they are funéaménmny
fcasible they may develop faoter than tubbla chambers. 'I‘he Ei‘rst amau chombars

ro oporated in 1954, two yeam afier the discovery by Glaser in 1952, The 72-inch
Lubble chamber was first @p@ramd in 1959, almost 7 &@a_re after the discovory. '

The cryogenic &gp@cﬁa oibapercamducﬁmg magnets are routine eﬁgfmoeriég
p::a»hle@ﬁ. z.waa&..mrmc&l reaeaﬁ'ch has been accclerated @us’ing the past ten yoars,
and Kb alloys are avz}ﬂa‘.‘aﬂe ia lorgo guantitics. There io a general interost by
industry. The eflort now ic to 8nd ot wm; short lengths of superconducting v wire

" wave belier eritical-cusve propertics thaa celled long lengths.
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FIGURE CA!?TIONS
Critical current density versusg applied mmgnetxc field. MNb-25 a/o
Zr alloy hae high current densiti\.es below 70 kgauss, but Nb,Sn will
reach fields above 100 kgé-ums. |
Fhotomicrograph of early Nb3Sn-cored wire in Nb sheatb (0.025-in—

diam wire made ot Lawrence Radiation Laboratory and used in coil tests

plotted in Fig. 3a).. The Sn appeare to have been entirely converted to

NbBSn. Some nonconverted Nb—powder particles are visible in the core.
Ceoil pcrformance of three sﬁp@rconduﬁtipg c»ils. The coil characteristic

line is the meam.red gause/amp property of the coil. The resultant field

curve of the wire is the resultant ﬁeld of the extersial Nb quenching field

and the field of the coil. The teat operating peints are shown. The design

\operating point of the '\leSn coils is the mteraectxon of the resultant ficld

and the wire critical-current curve. The Nb-25 a/e Z.r coils do not bave
an external quenching field.

Small mup@rconducting coim and wire test ﬁmur@.

. Left to right: Nb35m coil made of 7 &t of 0.025-in—~diam wire (reachcd 12

kgaues at 23 a.mp). Nngn coil made of 265 & of 0.015-in. —diam wire
{roached 12 kgauss at 23 amp). Nb-25 a/o Zr coil made of 80 & of 0.010-in. ~
diam wire (reached 9 kgaue@‘ at 30 amp without an external ficld). Tho coil
was ampawcgnductihg gt 4.4 kgauss at .17 a}np ip external flelds up to 70 lignuac.
Wire test fixture 6-cm long supported in Micarta :md soldored to coOPpPSF

hlocks.
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Table I. Wire inoulation thickness assumaed in Fin, 1.

Wire . , Wire diam
diam " . with insulation
(in. ) {in. )
Nb,Sn double-glass insulated 0.015 ~0.021
0.021 0.030
0.023 | 0.034
0.060 0.069
Nb-Zr synthetic resin ‘ 0.010 0.0i2

0.020 0.023
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Table Hé%g“%il chamct%ca-; e
'~ Wire manufacturer = | LRL Kawecki | Wah Chang
Type of wire NbySn  NbySa Nb-Zr
 Wire diam, in. 0.025 0.015 " 0.010
' Wire length, fi° : 7 265 80
 Wire weight, 1b 0.012 0.174 0.059
 Coilfd., in. 0.125 0375 0.375
" Goilo.d., ta. 0.55 1.625 100
 Cotl m‘déh;, in. 0.265  0.365 0.375
‘_,.',"';\;ugber of turns 75 1014 430
."In&!\i-lation‘ | ,l None \' _ane Epoxy 0.003-in.
. _ B ‘ wall
. Calculated B=Ki 941 520f 3004
Measured B=Ki 704 5201 2601
Coilv'max current, amp 90 23 30
Coil max field, kgauss 7.7 12 7.8
" Ei:lﬁ:éml_quem‘:h field, kga.usg | 9;-3 9 0 to 66
- . Wiz’a re@uléam‘: field, kga_usé 12.2 15 4.4 to 70.4

= 0
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Insculation heat flux.

Ingulation type Temperaturs Heat

'~ range flusx 2 '

__CK) (w/fe%)
Vacuum 10”3 mm Hg 300 to 77 1.250
Vacuum, ® 107> mm Hg 77 to 4 0.025
Vacuum, > 1078 mm 1g 77 to 4 0.007
Multiple shield, 1/2 in. thick 300 to 4 0.070
300 to 4 0.025

Multiple shield, 1-1/2 in. thick

2incide-to-outside arca ratio = 0.9

Emigsivity = 0.05

-WW
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Fig. 1. Critical current density versus applied magnetic
field. Nb-25 a/o Zr alloy has high current densities below
70 kgauss, but Nb3Sn will reach fields above 100 kgauss.
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ZN-2865

Photomicrograph of early Nb,Sn-cored wire in Nb sheath
(0.025-in—diam wire made at Lawrence Radiation Laboratory

and used in coil tests plotted in Fig. 3a). The Sn appears
to have been entirely converted to Nb,Sn. Some nonconverted

Nb-powder particles are visible in the core.

Fig. 2.
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Nb-25% Zr coil

WC-34 wire,00l0in. diam.
Coil characteristic Bo=260 i
80 ft wire, 430 turns

Nbz Sn coil

NR- 10 wire,0.025 in. diam.
Coil characteristic B,=70 i
7 ft wire, 75turns

Nb3 Sn coil

KD -29 wire,00I5 in.diam.
Coil characteristic B;=520i
265 ft wire, 1014 turns

00 _, ! 100~ / 100
: |96di9m /
, | l%i 8ot 80 Taiom
Juot /
8diam 4 .

60 60

40 40

20 20}!

obd i ol 4+ v :
O 20 40 60 80 0O 20 40 60 80 00 20 40 60 80
(a) {b) (c)
Magnetic field (kgauss)
Coil characteristic —————
Resultont field ——————~———-- Coil dimensions oare in ‘inches

Wire critical current

MU -24327

Coil performance of three superconducting coils. The coil
characteristic line is the measured gauss/amp property of the
coil.. The resultant field curve of the wire is the resultant field
of the external Nb quenching field and the field of the coil. The
test operating points are shown. The design operating point of
the Nb_Sn coils is the intersection of the resultant field and
the wire critical-current curve. The Nb-25 a/o Zr coils do not
have an external quenching field.
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Small superconducting coils and wire test fixture.
Left to right: Nb,Sn coil made of 7 ft of 0.025-in—diam
wire (reached 12 kgauss at 23 amp). Nb.,Sn coil made of
265 ft of 0.015-in. — .iam wire (reached 132 kgauss at 23
amp). Nb-25 a/o Zr coil made of 80 [t of 0.010-in. —
diam wire (reached 9 kgauss at 30 amp without an external field).
The coil was superconducting at 4,4 kgauss at 17 amp in external
fields up to 70 kgauss. Wire test fixture 6-cm long supported
in Micarta and soldered to copper blocks.



This report was prepared as an account of Government
sponsored work. Neither the United States, nor the  Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report. ’ o

"As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.



