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SUPERCONDUCT]NG MAGNET- AND CRYOSTAT FOR
A SPACE APPLICATION'

W L. Pope, G F Smoot, andL H. SmlthT
I

Lawrence Berkeley Laboratory and Space Sciences Laboratory
‘University of California, Berkeley, California

and.
C. E. Taylor

Lawrence Livermore Laboratoryi, Livermore, California

INTRODUCTION

Most terrestrialhigh-energy particle experiments have measured par-

" ticle momenta (energies) with magnetic spectrometers because they are ac-

curate and simply, calibrated. Cosmic ray experiments at the top of the
atmosphere were unable to use such devices until recent years, because

weight and power requirements render conventional magnet systems im-

 practical fvor.'balvloons and satellites.

~ By 1963, superconducting technolo‘gy could produce reliable magnets.
Professo'r Luis Alvarez then suggested that light-weight, high-field super-

conducting magrletic spectrometers could be applied to hig'h.-energy cosmic

ray experiments. lF'urthermore, the magnetic spectrometer provides the

dnique'. means of meashring the sigh of the cosmio _rays', thps permitting
the separation of electrons and positrons and of nucle_i aod antinuclei.

- A few years later . the Alvar‘ez group at Berkeley dev_eloped a blalloon-.'
borne single- c011 superconductmg magnetlc spectrometer 'A description

of this apparatus and its first f11ght has already appeared[ ] Since that

TThls work supported by NASA Contracts NAS8-27408 and NAS9-7801.
Presently-at Science Apphcatmns, Inc., Sunnyvale, California.

IAn AEC- supported Laboratory



flight .th‘e spectrometer has been reflown_ for long'er eacposure'; Encouraged
by these initial scientific and technical succe'sses‘ We have designed, built,
and flown a second-gen_eration superconducting magnetic- spectrometer to
» sea.rdhfor antimatter, t,o' Ameasure the abundance and spectra of the highly
charged co'smic ray nuclei, and finaliy to 'separate 'electrons and positrons.
- ’i‘his technique has yielded such a rich dividend of cosmic ray mea -
'.suremen'ts, it has only been ‘natural to look forward_to the exploitation of
superconducting magnets in satellites. |

We have built and tested a. prototsrpe superconducting _coil designed

for an orblting magnetic spectrometer Wlth a one-year mission. This coil

~ has been 1ntegrated into an engineering model cryostat currently be1ng fab- .
ricated by the AiResearch division of the Garrett Corporation in’Torrance,
California. In August '1974 when” the cryostat is completed, we will trans-
_'fer it to the Johnson Space Center~1n Houston Texas, and conduct oper— '

‘ atlonal tests on the entire system |

Bec’ause of the high reli‘ability and .long‘helium storage time require-
. ments of orbital missions, the performance characteristics of the magnet-
cryosta‘t system are of vital int‘e.r'est to everyone who may ultimately use a
superconducting magnet or cry’ogenic sy‘s‘tem in a space application; Here
We-di’scuss the design an_d test lriistory ot the satellite coil and trace its evo-
lution :from the .fir st- and 'second-genera.tion_ balloon-borne superconducting
.'magnets. These ma.'gne'ts _ar'.e"-of particular initerest because they have been
successfully operated in -fi_eld conditions. ' The cryostat—mag‘net currently
'bein.g fabricated represents (exce'pt for shell weight). state-of-the-art aero-

- space engineering.




SPECTROMETER CONFIGURATION

Figure 1 is a schematlc drawmg of our de31gn for an orb1t1ng mag-
'netic spectrometer. A charged particle traversing the ‘'spectrometer is de-
flected through. an angvle' p'ropo‘rtional to the'line integral of themagnetic
field _(f"BxdT)_“and inversely proportional .to its momentum per unit charge.
The spectrometer consists of three major systems': (1) scintillators to de-
.fine the entering beam of particles.'and to measure their charges', (2) spatial
_detectors to measure the trajectories and thus deflection angle, and (3) a
" superconductmg magnet to prov1de the deflectmg field.

-Our group- has acquired considerable skill in building p-r‘evious super -
condu_cting magnets of the same .generic type for i»zvsfe in balloon-borne ‘spec-
trometers, and these magnets have performed ek-tremely well during launch
and flight. The cryostats for t‘hese balloon gondola magnets, however, ‘were
small and rugged and did not requlre extremely h1gh thermal performance
' because of the short duratlon fllghts The magnets were charged and the
‘current made pers:.s-tent prior to launch.- |

In the satelhte cryostat the magnet must be mtegrated in such a way
- that 1t can be charged remotely in space w1th limited power, prov1de .a very
.strong..external magnetrc field but a 11m1ted fringe f1e1d, operate in any at-
tltude, transition non- catastrophlcally, have a net torque in the earth's
’f1e1d of Iess than 0 .05 ft-1b (the torque on a’single coil would be about 50
-ft-1b), and do a11’ this reliably for a ye-ar_.w1th a limited dollar a.n‘d.welght
budget B | o | |
The magnet conswts of apalr of relatively large yet compact coils con-
: nected in series and mounted m's1de'the cryostat with one coil as near to the
spatial _detector a'rr_ay.as possible.. 'The. near coil provides the field to de-

flect the cosmic rays. The other coil is arranged with an opposing field to
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cancel the dipole interaction Wiph the earth's rhegnetic field, -so as not to in-
fluehce spacecraft gu_idence" and attitudecpntrol, andv to decrease the mag-
netic fringe field out‘side 'the spatial detector regien, so as not to affect other
experlments too severely |

The effect1ve field in the spatial detector reglon falls off quite rapidly

With'axla-l distance from the near coil, so:1t is extremely important to min-
imize.".the' distarj.ce between the near coil and the inner near edge of the spa-.
tial <le_tectors to insure a sufficiently high f%xd_f to measure accul'ately the
higher energy events. This, of eburse decreases the eff'ectivene.ss of the
cryostat thermal protection system and reduces cryostat and. magnet life-
times. For example, increasing the coil—-to'—det-ector-distance by one inch and

-vvadding s."”third vapor—éooled» shield might lls.Ve incre;ased the cryostat life-

: tim‘e by -'an‘oth‘er' 10 .tAo. 12%, | with a very mo.d-best vyeight increase, but would
reduce the number of ‘a.cc.ura'tely-vrheasured,l very-high-energy events by
209,. | .

Siﬂlilerly, relatiyely flat cfyostall heads dec‘rease' the coil-to-detector
distane_e, making available the very bes'tar.eso.lutioh,_ which is concentrated

in the h'igh—field region near lhe coil, Flattening the heads increases their
_Weight' put allows: _la.rgerA—diameter coils. to be used which, 'fdi_ a.'given weight
of wireb-‘ j.procluce a larger f‘_ﬁxd—l_'> ih the spatial detector region.

The stlffness of the cryostat pressure vessel and vapor -cooled sh1e1d

. suspens1on system also 1nf1uences ‘the coil- to detector d1stance Our flber-

glass pressure vessel supports cannot simply be 'desi‘gned with tensile o

stress cri-teria to' minimize cross..se.ction' and thus heat leak;.. because the
e‘lastic fnodulus is too low to keep launch load factors or vibration am-
plitudes tolerable. Also the desigrler cannot add arbitrarily large clear-
ance between . the multilayer insul-atiorl and the shells to avoid MLI

compression. We conducted a study of these and other factors
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_to maximize the [Bxdl” and exposure time for a given overall weight of the

magnet and cryostat.

DIAMAGNETISM OF HELIUM
(Spel;ation .of ‘a superconducting magnet in a weightleés environment
. poses a unique opevra.t'iOnal.'difficulty not ‘ex;c‘ounte.re‘.d in the laboratory.
Helium is diamagi_xet‘ic and is the,ifefore repelled by magnetic fi}e_lds.l

The magnetic force on a unit mass of a substance with magnetic sus-

ceptibility, x_, is

where B is the magnetic field strength. For helium Xy, = - 0.47 x107® dynes/

(2]

gram Xcm/gé.uss _ T.yp-iéal values for the.: surface ‘of' the satellite coil are:
| B = 7§'kG and .VB = -40 kG/cm So the magnetic .body force on the.. helium in

. the vicinity of' th.e‘cv:oil is:
. -F. = 330 dyne.s/gra,r‘n[. 2]

vThis force corresponds »to'va'boﬁt o'x_ie, third .,th.e. act:ele;-ai;ion of gravity at the

: e'arth"sA‘s;urface‘.:‘ | -

In" normal Ia;‘bor"a;t:bz;y situations a véry moderate 1iciui<i heliul;nnlevel',
“about oné centime_t:er. m 'l.:his c-a.se:,. has sufficient head to maintain contact
with the ’.rnagnet.‘ | On ax; ,O‘rbitiﬁg satellite thé' oniy ’fo‘,rces' acting to keep the
liq'uid'h.éli'um 1n cio_nta'c‘t with the coil are isur.'face tension .a»_nd accelerations
of the spacecraft. - For this coil,._'surfa»c,e, tension and diamagnetism become
- comparable for disi:aQ‘nces from the rﬁagnet larger tﬂan about 100 cm.

- A supercritical cryostat qbﬁld maintain a ma"gnet. in the superc‘o‘nducting-'v
mode. Howe.v:e‘r,' bécause 6f.th-e'helium sﬁéceptibility, stratifi.cation and re-
d‘ucedr ﬁeat transfer during charging could be a _seriAc.sﬁs problem. In addition,

. the required tank pressure control system would be overly complicated.
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A _spongé,»pr wick tyﬁe enclosure .coulbd‘ be built around the coils to ,
~insure liquid contact aﬁd to 'provi de ref_rige'rafi_on through the helium' s
latent Héat of Vapor‘ization. Liquid helium ha’,ﬂs a very low surface tension,
< 0.4 dynes/cim, so such an enci.osure mﬁst be very dense and would thus
~add appré‘ciable weight- to the system. |

€0

K Our superconducti‘_n'g magnétic spec-trometer.ex_periment was located |
at one end of the 'space.craft* to r_nini‘mi’zze;z the magnetic shielding required
on the spacecra;ft control moment gyrboscopes’ ana to allow other experiments
with highly field-sensitive equip‘ment l;o,be at the vopposite end. In this ori-
entation the cryostét-magnet is far enough from the spacecfaft center of
‘mass to _ﬁse spa'cecr'aft rotation to settle the fluid.

Once the magnet is charégd the di_’é’tma’.gnetiéﬁ of helium can be used
advantageously to extend the.cryostét lifetime. Siniply placing the vmou.th
of the ‘ve‘nt near the magnet, where the,'prbdﬁct of magnetic field and field
gradient are méximum, results in phase separal;ion and iniproved perfor-

" mance, ‘v;Fo'r tiqe cryostat d‘escrilsed below'the'operational lifetime for vapor

-éxpulsion is about 25% longer than for liquid expulsion..

| CRYOSTAT
. ‘When we »lpropo:sed our expérimentvto NASA_ for the High Energy
Astronomical O'bser.va’to.,ry (HEAQO) series of ‘scier;t'ifivc flights[_ 3] projected
for 1975-1977, cryogenic refrigerator de-veloprrient was not yet at the stage
to warrant serious con_sidération‘ because of limitéd' lifetime .reliability.

We proposed that the magnet could be sustained for a year. in an efficient,

hard vacqum shell, helium_ cryostat designed to survive the rigors of launch

“In JanuaAry 1973 the HEAOQ satellite program was redirected and our exper-
iment postponed indefinitely or until the space shuttle missions.

_"]‘
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and to meet the_physlcs requirernents. "Thve cryostat fluid was to be sub-
critical heliur_n_." At th_at time yarious fluid ‘phase control devices (not in-
cluding ‘id.iama_gnetic .separators) -had heen st‘udied and ground tested, but
NASA had not yet: flown 'either a subcriti.cal hellum' .cryvo:stat or a super-
conducting rnagnet. In a'ddvitio'n _we de'cided not to include shields cooled by

secondary solid or liquid cryogens, such as therliquid nitrogen in our

_secoud—generation balloonfborue cryostat, but instead we would simply em-

ploy vapor-cooled shields to take advantage of the refrigeration provided by

the helium as it warms from 4§K to its 'exit'te_rriperature.- o
After initial cryogenic feasibility studies by Ball Brothers[ 4] , We

developed a relatively sophisticated computer.deSign.prog'ram for high vac-

uum and multllayer msulated, subcr1t1ca1 cryostats with mu1t1ple Vapor—

‘ cooled sh1elds.' Because of the 1nf1uence of the cryostat de51gn on the over-
_ all spectrometer perfor_mance add1t10na1 programs were developed to study

- the rc'ryostat-rnagnet-detector interfaces. A 2900 1b flight cryostat magnet

system design was generated[ ]

ln May '1972 we put Garrett AlResearch under contract to de31gn and

bulld a thermal model cryostat 1dent1ca1 to the proposed flight cryostat ex-

cept for shell thlckness and contammg only one superconductmg c01l Flg-

ure 21is a photograph of the thermal model cryostat as it. ex1sted in Febru-

ary 1974 durmg the initial sh1e1d f1tt1ng operatlon - This 93.5 inch long

'cryostat has. a 72 inch outer diameter and contams about 950 lb of liquid

helium ‘with a ~ 5% ullage It"has high: vacuum and multilayer insulation

and two .040 inch thick alummum vapor cooled shlelds The innermost

13

-vapor - cooled shleld acts as a boiler, or external thermodynamxc phase sep—

arator.,v in a 11qu1d expulsmn mode. .
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The -AiR'esear.ch,cry.rostat ha._s a relatively. stiff array ef 16 fiberglass-
epo:ry band supports ‘between. eight equally spaeed attach points on a central
outer shell girth r1ng and four attachment points at each end of the pressure-
vessel. The supports are roughly 27 inches long with a total cross- Sectlonal :
area of about 1.36 1n2.‘ The band supports are preloaded in tension to about

70 000psr to insure a relati\.rely'high stress after cool-down. ~With a flight ~

'welght pressure vessel and two c01ls, the cryostat minimum ax1a1 natural

' frequency would be about 29 to: 30 Hertz, which would keep maximum load

factors below 10 G's on a Titan IIIB launch. The supports are mechanically

and thermally connected: to the vapor-cooled shields to intercept .some of

the conduction heat which would otherwise flow directly to the pressure

vessel.
The pressure vessel is to_be insulated with one_ layer of low-emittance

foil,' whereas the inner and outer vapor-cooled shields are to be wrappe'd

with 40 and 120 layers respectively of 1/4 mil double-aluminized Mylar with

a4 mil thick Dacron net spacer applied at a layer .density of.about 66 layers/

inch max1mum The thermal protectmn sy stem annulus is 4.50 1nches

everywhere except at the spat1a1 detector end where the c011 is mounted.

.Here the m1n1mum annulus d1mens1on is 3.0 1nches on the axis between the

torrispherical heads, ‘which approxima‘te 2/1 ellipsoids.

: long Fill vent line, ‘and a 150 ft 1ong'shie1d hea‘t exchanger line. The shield

it

~ shell,

‘The cryostat has a"1,00 inch long stainless steel frll line, a 142 inch

line starts at a tee approx1mate1y 61 inches from the pressure vessel, in -

_the fll]. vent 11ne on the boiler sh1e1d is wrapped in serpentine fashion over

the - shlelds, and termmates at the tank pressure regulator outside the outer’
. . ; .

All instrumentati'o-n to the cryostat pressure vessel is contained in

either the fill line or the fill-vent line, thus eliminating the need for cold
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'vacuum- tight electrical feed- thiroughs.

Table Iis a more'complete :description.zof the-prbtotype satellite coil.
Here we also have included for comparisons, details_of the coils 'frono our
two balloon- borne spectrometers .The sa'tellite coil was originally vcround
'and tested W1th 1'1 608 total turns (96 layers) of NbTi twisted multicore wire.
This coil developed shorts on cool-down and was damaged after transition‘s
- at currents up to 107 amps ‘ It was rewound u'sing some new Wire and a dif-
ferent coolmg passage des1gn whlch ‘eliminated axial coohng passages
Th1s existing coil has fewer turns simply becaus.e we ran into a bad batch of
wire while rewmdmg,'\ and there was 1nsuff1c1ent tlme to obtam more wire
~without ser1ous1y affectm’g_the cryostat schedule. |

Several kef'.features can be "noted in the coils described in Table I.
These features are malnly dictated by requlrements of the apphcatlon such
.as: 1) hxgh field at the wire and high current den31ty[ ] . 2) moderate size
weight and stored ‘energy,r and 3) relatively low current. The coils are also
.ru_ggedv_and ‘reli'able. .

If a small region in thes.e highrcurrent,—dens.ity ’coils.-tra_nsitions to nor-
rnal con’ductivity.because of loss:of cooling, excessive currerits, wire move-
mehts,‘ etcv. R the. Wire- will heat very rapidly. Unless the current is quickly
reduced, local overheating can occur. T.}:iese‘c'oils have very high~inductance '
be'cau'se of the requirement for '1ov_v'b current, ‘This makes rapid coil discharge
to an e_xterrxa-l‘load, such asa series resistor; 'impossible because of the high
vvoltage's required. 'Tbherefore, in cvase of accidental di:/scharge, most ,of the
. magnet-ic‘ eneréy ruust be dis‘sipated as Joule heatingiwithin the coil windings.
It is importarit to design the coil -so_.that any local "hot;(spot’; or normal region

will cause the entire coil to become normal in a time which is short enough
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to prevént local v-‘overhéa‘tinvg. This will 'ré'sult_vin‘_ rriqst of the magnetic ‘en- |
érg? being dissipated nearly uniformly throughout the windinés. The spread
of a normal region thr‘o_ugho\ut é. coil is a complex pi;dcéss" to analyze, be-
cause it involves hee;.t conduction_aci'oss layeré, aloﬂg the wire and turn-to-
turn, ‘heat transfer by heiiurﬁ in the windings (which has kcome: ‘heated and,
the‘i‘féfo’re, pressﬁrized)_, and by Joule heaﬁing caused by short-cifcuit' currents
w’hi.c:.h' may flow between turns dﬁring rapid discharge. The.latter effect is dﬁe
to the use of a semiconducting ma'térial fof tur_n-turn. insulation. We do not |
know the details .o.f the trahsitior} process in" the coils.. However, measure-
ment ofv aischargjev cha_i'acte'fistics shows t_ha;t” at design current, these coils
becb_me normal in .le.ss. t‘haﬁ about one second;' and that the energy does dis- - ,
sipaté nearly uniformly 'throughdut the windings.

T.his design philosophy results vin a system Wh’i‘c’h is ""passively' safe and
does not need an active protection system. If these coils were constructed to
be more Stable, for exa.rhple by using a béttér dooling geometry, the rate of
.”going—n_ormal“ mig‘ht.'be_réducea"fb:.o'a degree which would .cau's'e the coil to be
damaged on di.écharge. - Thus it is desirablé to have the coils just stable
enough to permit prédictable and ‘reliable charging and op'era_,tion',. but unstable
to 1argé distufbances'. | - |

The first two‘ mégnéfé built have beéh used vsu_.cce.ssfully on a: t;)tal of
six. balloon ﬂig.hts- over a period of three &ears and in only. one instance ré—
quir,red rebair or rework., The first cryosi:at had to be febu_ilt after its first
flight due to d'amége onAland‘ing impact, and for | still unknown’ _feasons the coil o
..could only reach currents up to 80 amps after the éryqstat_was rebuil_tifc.)_r its
second and third (iast) f-lights; o

- The, second ﬁagﬁet is. so stable that it'qnce remained persistent through
the pa;‘aéhute opening shocks during desceﬁt and mountain-side landing even
though much of the gondéla; shell was severely da.mabged on impact (at acceler-

ations substantially greater than _5.G's).
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The second coil has been driVeu normal without damage 10 times from
currents between 104 and 117 _é.mps.' The rewound satellite coil is virtually

identical to the second balloon coil in'all pertinent details except overall )

B physical size. This coil has been made persistent three times at currents

between 100 and 140 amps but has not yet been driven normal; instead, it

 was discharged through external diodes. Because we had to deliverthe

coil to AiResearch for installation in the thermal model cryostat within a

month afterv rewinding, we didn't want to risk damag’ing:the coil by going

- to higher currents at that time." The design ‘current v'is 120 amps.

In addltlon to measuring overall thermal performance and coil chargmg
behavmr, one 1mportant objective of the tests (to be conducted at Johnson
Space Center in the fall ‘of 1974) is the measurement of transient pressures

and the associated fluid losses in the cryostat as a result of induced magnet

,transitions at various s't"ored .e_n'ergy levels up to about one megajo‘ule and for

- at least” two fill 'fra'ctiOns This 1nformat10n is d1ff1cu1t to’ acqulre analyt—

ically because of the as sumptlons that must- be ma.de about f1u1d mixing, but
it is relevant to the pressure vessel design pressure and therefore the
weight, of s1m11avr, future devices. Trans1t10n pressure-rise is seldom crit-

ical in the design of laboratory coil cry-o‘sta_t-s,‘ because 1t is usually-not diffi-

“cult to build in a suitable low-impedance vent; however, in an orbiting

superconducting magnetic spectrometer cryostat, it is necessary to contain

-a transition with minimal fluid loss so that the magnet can be recharged and

the experir'rient continued. The thermal model cryostat pressure vessel has

been statically tested to 1.05’ psi. at room temperature and should be able to

withstand about 1 50 psi at 4K,
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PERSISTENCY SWITCH
‘Power is ll.imited inv..satellites .and béllooﬁs; ‘thévrefore, rather than
_ supply.currenf: continﬁo‘usly to the magh.evt' from ah external source we have
chosen to comple.tée‘the. sup.erconducti:ng circuit inside the dewar and keep‘ the
magnet charged with a péréistenﬁ current, _ Howéver, to charge or discharge

i s'“: necessary to be able to open and close the supercohdﬁcting

the magnet 1
cilfcuit. We:%fiéc.;:omplis};l this by lising a section of superconductor called the

‘ 'persistency. switch,! which can be switched from its sﬂperconductiﬁg to
norméiéresisﬁan‘ce state by means of a héa.tef. This switch is mounted in
pa.ra.l.lel fvith the coil in the coil-charge lead circuit.

D’e,sirab.le c_:haraéteristics of the _.persistebncy- svﬁtch for these high’
inductance coils are: .1.) relatively high reéistance in the normal state in
order to minimize cur.rvent in“'the switch dﬁ_rin-g--chérging of the coil (about
10 \;olts maximum is requi're.d- to charge these high-induétance coils in times

- of about one hour)v; 2) low switch induétance in order to minimize: energy

stored in the switch, stray field of the switch, and switching time. A copper- "

nickel matrix compoéite'wire wé.é chosen to provide the high normal-state

_ resistaﬁée with a one-£§¥one matrix-to-suioerconductbr ratio for electrical

v. sta_bility. Half of the suﬁercbnductor ‘turns are reverse wound to keep the
switch indﬁctance-low; The pe.rsistency :.switch., w_hi_éh is alwaysbcc-mn‘ected
a‘cross the c‘oil"tverminalis, .is designed to carry the coil current during a dis-
charge without ovérheating, vassun'iving that it Wiil be driven normal at the

same time as the coil. Construction details and measured characteristics of

the corhpleted switch are shown in Table II, ‘V - - : - S o

The switch is very stable; It is feasonably well insulated thermally.
. When the applied~-Voltage is above 0.25 volts, enough self-heating occurs to

prevent recooling to sup‘érconducting temperatures. Since the coil is charged

&<



13-

in the range of 'one to si:tvv'olt.s th'isi means the -heater is not needed during |
charging, except to 1n1t1a11y heat the sw1tch unt11 it becomes normal,

These per31stency sw1tches have been tested repeatedly to 150 amps
and occa51-ona11y_ to 200 amps at zero field. The balloon switch and m_agnet :
have be‘-en kept pers-is't-ent -several _times ‘at» currents over 110 ’amps for a
couple of weeks at. a time with no failures andn'o measureable current loss
(less than 1%

It is important that there be no appreciable current loss due to either

. the sw1~t_ch or magnet for_ two reasons. First we want to maintain the high

- magnetic field for one year. Second, since the sate_lhte coils would each

contain about one mega-j'oulﬂe, a significant decay rate would generate too
much heat within the cryostat. A maximum loss rate of the magnetic field
energy of about 10% per ':jr-ear is _tol_erab'le_for“ maintaining required exper-

imental accuracy. This would increase the crybstatheat input by about 2.4%.

- Persistency Switch Details

The per'siste'ncy' switch is a 4. O inch long by'2.‘-5 inch outer diameter
solen01d of superconducting wire 1nterwound with two separate Manganin

wire heater coils. One heater is for redundancy The c011 form is a 1. 75

inch outer diameter Micarta tube With 0. 125 inch thick- walls.

The superconductor is 509 turns of. Kryoconductor No. 32 which is a
0. 030 1nch diameter Nb Ti multicore superconducting wire 1mbedded in a Cu-
Ni matrix wi-th matrix-t_o-superconductor ratio of one-to-one. : This wire has .

500 Nb-Ti filaments, one twist per inch, an_d is insulated with Formvar.

" Two layers of superconductor are wound in a clockwise direction and two

layers in a counter-clockwise direction. Each layer of wire is insulated

with two layers of 5 mil thick glass cloth., This construction allows ‘enough |
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cooling when Jimmersed in iiquid helium tobe stable. Yet, only a srﬁall -hréa.Atw

_input is required to keepv“ the supefconductor above tﬁe transition temperature
of about 9° K. |

Each side io,f the switch is c,on.nec'ted to the'.coi'-lv' by a éingie strand of the
Kryoconductor No. 32 plus two pgrallel strands of Kryoconciuctor No. 157
(Nb—Ti éorﬁp’qsite with a~cpppef-to-superconductor ratio of 1.8 to 1, 180
filaments Wlth three twists per inch and copper oxide insulation) soldered

together with indium in a compact three-wire bundle.’

6
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CHARGING CURRENT. LEADS

- A very important reason for using émall'—diameﬁer supércondt\;.cting..

‘ wire in these coils .is to minirﬁiié the coil cﬁrrent and, therefore, to min-
imize the steady state heat 1e'akAdue to the magnet charging leads. While
using lzal.fger wire or ribbon could have r'educed winding costs significantly,
the charge leads would have to be larger to carry the increased current nec-
es..sary to prbdﬁce ‘the safne magnetic field. We ‘do not disconnect the
leads after charging, since complete thermal dis‘c'onnectiont is much more

| complicated an operation than electricai ‘disconnection and we want to main-
tain high system reliability and magnet p-rote‘ction." Also, 100 ampere power
supplies are much mére feasible than 1000 ampere power supplies in satel-
litéS» and in thle field during balloovh flighf op(.e_ra’t'ions.

vThere"are fo‘ur'i_'nsulate.dcharge leads (two a_fé spares) about; 3.6meters
long which run down the ’inéide of the fill-vent line to the pressure vessel,

: 'fhe innermost 1.5 m of the leads is- cooled by's.teady .state boil-off from

' the cry'ostat before it is routéd to the vapor-cooled shields. The lead cross -
section tapers‘:aown in three steps.from'#iéAWG copper (1.5 m long) at the
\;var_m end, #20AWG high purity ddpper .(1'5 meters) in 'th.e middle, . to the
final section of 0.8 mm diamete-r superconducting wire of 1.8/1 twisted Nb-Ti
mull'ti.corve 0.6 m long.

'We have measured the zero-current heat lleé.k from the four chargé
lea'ds.in.a vapuum-jacketed tube, which simulates the fill-vent line, as a
functio‘n of the helium vapér coolant flow rate. Thén_ using ouf cryostat de-
sign program, we determined the baseline cryostat vapor expulsion flolw rate
A .and found that the four .charge leads will .contrib'ute\.‘a st eady state h.eat leak
of 0.110_ Watts directly to the pressure vessel. - The addition of the magnet

charge leads and instrumentation increases the cryostat vapor expulsion
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mas’s flow by 14%, ev'eri. .though they repre‘éen.t 42% of the final 'dirgct hea.t
leék to the pressure \}essel.. | |
We ha;ve tAested .the. cur‘rent-carryihg cé.pa-ci-ty'of the leads and found

- that a coolant mass flow rate of ébout 2.5 kg/hr (.5.‘5. lb/hr) . is required to o
prevent thermal instability at 130 amps. This flow can be established by
| several methog‘i‘s,b including: 'controlling the discharge pres.sure of the vent
tube, or contr’ollmg the vapor pressure of the helium by using an auxiliary
heater in.com:};,{-;iétion with other heat s_ouré»és such as eddy—currént heati’ng.‘

Details of the charge leads may be found in the companion pape'i-[ 7] .

 COIL TESTS—DAMAGE TO THE FIRST SATELLITE COIL

In the first winding of the satellite coii; the wi‘gpping details were
slightly different than for the two prlev‘ious”c;oils.‘ These ‘deviatic.)ns from
previous practice were made ‘to see what influence a wicking systerﬁ, similar
~ conceptually to what might ﬁltirn‘étely be used on a supercon’ducting ‘fnagnevt
in a subcritical é‘ryostat iﬁ ,Zer'c;-G',s, would have on the overall cﬁarging
and operational characteristics o:fvthe coil. |

 After iﬁi‘tially winding two layers of fi'berg'las's‘ cloth on the 7079—T6v

aluminum coil foi‘m,_ we fir,st wound a layevr of superconducting wire and
- then added a layer of Mylar strips, 0.50X 0.0075X3.75 inches, followed by
‘t\";vo layers of fibergl#ss cloth. We repeated this proc’eés-for each of the
96 layers. There wére 0.'12-vinch-wide; gpaces between the Mylar strips to
provide for increased axial fluid cvirculat'ion between wire layers. In addi- o
‘tion the coil had a liquid wicking system installed in the radial cﬁov_otlingﬁi
slots in the textolite _co*iI end spacer. ‘
The wicks con.sis‘tevd of ten twisted strands of ordinary cotton string

(kite string) installed in each of the 180 radial slots in the uppermost coil

end spacer. The string extended. from one end of the slots (innermost wire
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layer) to the coil outside diameter'and then vertically' downward to the bot -
tom of‘the licinid helium test ves.sel The upper ‘slotted end spacer was
chosen for the location of the wicks for the first test; we felt this locatlon
‘would produce the most '51gn1f1cant_ negatwe' 1mpact on c011 vent1ng during
,charging. |

We wrapped'th _1ayers of 15 mil diameter stainless steel safety wire
a'ronn-d_ the out.s_ide of -the coil to keep the last layers in place. Outside the
safety wire we added 105 turns of #29 gage copper wire, which we call a VI'B
- skensor, as an induction loop to measure the time rate of change in the mag-
netic’ f1e1d |
| 'On the first attempt to charge the co11 the power supply voltage was
E set at 5.00 volts and we noticed a peculiar periodic osc111at10n on the B sen-
" sor (see Fig. 4) whose freqnency' increased with increasing charge voltage.’
_ .In‘add'ition the rne'aSured coil self tnductance was .about 135 he‘nries; (roughly
| 10% lower than _itsj predicted value'). After about 30 minutes of charg'ing the
coil at 5 volts,. it '-‘é.ran‘s»itioned_at 71 arnp-s and decajed 1n about 4 ee'c.

‘The magnet was charged again at 5.25 volts and then made persistent
at‘50. a.rnps for about one 'minute;' The charge voltage was reduced to 3 0
'volts and the magnet was. charged to 100 amps and made persistent. At 3. 0
: volts. the B co11 oscdlatlons pre.vmusly noted dlsappeared and the measured
' inductance was 150 henr1es as or1g1na11y pred1cted

After. about 4 m1nutes we: continued charglng at 3.0 volts and the coil trans-
. itioned at 107 amps. . After th1s the coil was transitioned ten times at currents be-
‘tween 10 and 52.6 amps using various charge voltages between “1.0'an‘d 5.0 volts.
' The peculiar B osc‘illatio'ns were present during the whole 1atter period and the
coil was particularly sensitive_to charge voltage above abont 1.0 volt.

.. ‘V.Ve disco'ntinued the. test, allowed the coil ‘to.warm to room temper -

ature; and removed it from the test vessel for examinationh. No visible
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superf-fic'iali darﬁage was: e\:r_'id.e'r_xtL 'i'he coil resistaﬁce was _nieasured and
founci to be 1204 2, 5.89 le-ss tha_n'lthe i278 Q rhea_sured at the end of the wind-
ing opération.‘ | | |

We removed the B coil, the saféty vwi.re,and' then the 96th and 95th
layer of the coil. The 95th layer of wire was visibly burned in a small re-
gion (apprdximately 15 turns wide by 0.3 inch long), and centered between
twb Mylar strlps at the top edge of the coil adjacent to the éoil lead-in wire
(which was 1mbedded in a milled shot in the texfolite end spacer and sep-
’aravted.from thé outermost turn by the fiberglass cloth). T.he 94th wire layer
‘showed'nc.> visible s_ién's of overheating. |

.At that .timg it appeared quife possible that all .that was wrong ,Wi_l:h'the
coil was the £wb -shc.>'rAte."d outerrﬁost layers which existed ‘at the beginning of
the test. We .spéculate_d that the short oc'c{;rred between the last tﬁrn of layer
96 (a soldered splice joint) and the ~first_tur.n of layer 95 due to fracture of the
giasé cloth between layers‘ as the Superéonducting wire redistributed itself
when Ehe sr‘n‘azll.ér diamgte.r stainles; steél‘saféty wire la.yer-s were installed.
The _fi'berglaés~ fractured presumably at the .cvoilv 1ead—in wiré slot simply be- .
cause this was 't_he only jagged edged discoﬁtir_niity of its kind in the two texto-
lite e.znd‘spac.ers... | | | |

Wé remade ghe coil lead-out splice at the 94th layers, rewound the
stainlés's steel safe.ty wife and B sensor, and installed the coil in the test
.vesse.l for another test. During this second test the coil exhibited similar
failure .s;ymp’toms to V_those‘ on the first te st.

We warmed and unv'/ound the coil completely, all the while inspecting
it for damage. We found several defective areas Wifh the following features:
'thé o{rerheafed a.réasv-were_ adjacent to the uppermost coil ‘e‘dge (the wick side)

at splice t:evrrn.ina,ti'ons .and the glass cloth showed evidence of prior fracture.
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FINAL COIL TEST-REWOUND SATELLIi’E" COIL .

It 1s well known that glass'cl-\éth will e‘a'sily vfrac,ture when folded par-
allel to the weave. We. fcun.d that \;ve could largely. twércofne this inherent
© limitation of folding fracture simply by 'cuttin'g the clcth sp_acer on about a
45° bias and not applying high wedging forces while pressing 'th_e wife into
place at the ‘end“_of each layer. | L

We also found t‘hat we could improve the splic_e jointsb by reducing the
joint 'Iength' to about six inches less' than a full tﬁrh to allow the insertion of
' gradua.lly tape;re-d endvfillers. We placed these 'I;eflon wedges at the ends
of each p1ece of the superconductor and the ends of the two turns of mono-
fllament nylon flshlng 11ne lnterwound with the spllce lnstead of indium
we used ordinary 50/50 Pb Sn.softv solde,vr and noncor:_roding flux to make .-
Ehe splice joihts. " | | |

| .Wi_th the time that was <availab1e to- rewind and 'test the coil 'bonly one

test Wcﬁld bebvpessible.‘ Much of the wire had to be reused and because
se’veraI ‘bare _sﬁota' had developed in the OJ;IdG it had to be strlpped and re-
coated by the ;rnanufactur'e_xz'. Although' w.e could not »definit'ely sayv-that
_e.ithex.‘ "the My,la‘_'r' s-trips"'be'tweer.x l'a'}‘rers-.or the wick s;rste'm contributed to
the. .earlie»r faildre‘s,‘ fhe'se welre 'departure_s ,frorh pr"eviods proven tech-
.n‘ique'sv and were 'eliminat-e'd..' It is 'pcs'siblle that the well ventilated coil, with
Mylar spaces ‘between each layer was suff1c1ent1y more stable than the non-
vent11ated coils, that it resulted in uneven d1s51patlon of energy when dis-
charging. This may hav.e contr1buted to »the damage which occurred,

A‘multitude ‘of oth-er construction details were exec‘uted ‘as caref'ully‘
as ‘p'ossible I.nstrumentatlon and ‘control features were meroved and ex-~

‘panded and documentatmn was roughly tr1p1ed over prevxous coils,
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After this careful rewinding we tested. the coil again and it performed
well, even the usual small flux jump activity observed on the B sensor was

virtually nonexistent. -

CONCLUSION AND RECOMMENDATIONS |

Large supercondu.c__t'ing coils with low but persistenf currents have
proven them5e1§e$ to be i‘uggéd and reliable in our mobile bailoon-ﬂight op-
eratibns. ~We have des_igned a similar type maghet—‘cryostat-system for a
satellite exper{;ﬁe:ﬁt which we believe can operate satisfactorily for one
' year in orbit. | |

There are 't\x-/o modifical;-ions in the coﬁstrucﬁio’n of these coils that
we are éonsi;iering. We would avoid using glass cloth as thé spacer in the
coil if another material such as Dacron proved to have adeiqu'ate stiffness. -
Recent develdpmé:nt‘s in potting techniques for supé;conducting COils[ 8] makes
a potted coil also appear é.l;-tract.ive. Thev potted structﬁre provides electri-
: cal isolation and holds the superconducting wire rigidly in place, which
should p_z.'ovide. improved charging stability.

The pot;tirig matefié.l r_emain.s._ in contact with the superconducting wi‘re
.and is nbt repélled like”the.di'amégne_tic liquid helium. Although longer
charging timesvmaky Be _fe-qp.ired b_e'.c.ause of reduced heat transfer at the wire,
operation in zero G's would be a much smallef e;ﬁtfapolation from laborétory
test conditions tﬁan te_a-sts‘ of 1iqﬁid~-—>cooled windings in one G. -

Superconductihg maghétic spectrometefs are vé.iua.ble nev.v instruments
for .cosmic} ray reéea’.rc_h-iﬁ spéce wh--ich undoubtedly will be aboard future
Spéce Shuttle flighﬂts[ 9] . Iriforrn‘a_l';ion gained through operational and bper'for-
‘mance testing of the thermal model cryostat—mag.net-systemvdescribed cén

play an extremely valuable role in the design of such future systems. :

Ly
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- Table I. Coil Parameters

Second Balloon

First Balloon

:':Original design called for 80 layers in outer region, but we ran out of wire (see text).

Coil Satellite Coil
(1973) Coil (1972) Coil (1968)
Quter diam., Db {ecm) 8;4.5 ) . 63.34 600 +
Inner diam., Di {cm) 68.2 : 35.06 30.0
Length, L (cm) 9.52 ) 8.05 6.35
Total magnet wt. (lb) "330 e ' 230 215 D
Total amp turns “1.43x10% 1.73x10° 1.43x10°
Apparent current density, J,(A/cm’) 14,600 15,200 . 15,000
Max. operational current, I (A) 110" 17 105 (80) ¥
Design current, I0 (A) e . 120 120 110
Max. des. field @ wire, Hm (kG) 70, s : 70. 78.
Stored energy (MJ) .78 .821 .264%
Meas.  inductance, L (henries.) 1419.5 _‘ 120. 65.
Mean useful magnetfc line integral 5.0 5.4 , 4.1
([Bxdl) (kG-m) .
Operational life with one cryostat >1.0 yr 4 days :
filling (vapor expulsion) ‘ (w/]..N_2 shield) 1 day
:::Ma:é. operational current not yet determined (120 A est.); TBD in Fall 1974 at JSC.
**Based on existing coil (86 layers) at 140 A current.
IOnly 80 A achieved after cryostat rebuild (see text).
Superconductor type Nb-Ti, Cu-clad Nb-Ti, Cu-clad Nb-487% Ti, Cu-clad v
Trade name '"Kryoconductor' "Kryoconductor'!
Mé.nufacl:urer Magnetic Corp. of Magnetic Corp. of National Research
.~ America. America . -Corp.
Number of filaments ‘ 180 180 1
Copper;to—superconducf.or ratio ' 1.8/1, "1.8/1 ) 3.0/1
Wire insuiation {turn-to-turn) : Cu Oxide (Ebanol C) Cu Oxide (Ebanol C) Cu Oxide 3
Layér-layer insulation, 0.2Zmm gla.ss 2 layers 2 layers 2 layers
cloth . : .
Winding tension (1b) 7.0-9.0 6.0-8.0 15,
Splice length, turns 0.94 . - . 0.98 1.98
Total turns 10285" 14886 12989
Coil region Inner Middle Outer Inner OQuter Whole Coil
Turns distribution 880 . 947 8538% 1787 13,099
Layer distribution 8 8 70" 20 128 172
Wire diameter (mm) .890 | .B12 .762 .890 .762 762 -
Twists per inch 3 3 -3 3 4
"
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Table II. Persistency SW'itch_Détails

A, Construction

Lafer l\lIo." | | Material . " No. .of Turns._
7 1 3 _ Superconductor A '.128
‘ | 2 “ | L #30 'Manganin | 133 Pri‘mary heater
3 ' - Superconductor 127.5 |

REVERSE WIND SUPERCONDUCTOR

4 i Superconducftor _ o127
5 ~  #30 Manganin 132 Primary heater
6 : o Sup_er-condudbr 1726
7 ' E - #33 Mangani.n' ‘ 13.0 auxiliary heater

4 B. Measured Properties

‘ o - L .. Resistance (£2)
Component o . - 290K 77K 4° K

n

Superconducting switch ~ 57.7  43.3 10 (~10°K)
Prima_.ry'heater.: o 641 - 573 . 360 :

“Auxiliary heater . 335 347 . 200
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FIGURE CAPTIONS

Fig. 1: Orbiting superconducting magnetié spectrometer for measuring

- cosmic r;ays as proposed for the high-energy astronomical obser-

vatory,
LEGEND: o

= Trigger scintillators ‘
: ‘stf)"atia.l detectors
= >anti—coiﬁcide‘ncé shield
supercbnducting 'lcoiI
= oppbsing coil

= coil support tube -

m o " H U oW
on

= He cryostat vacuum shell

I = cryostat pressure vessel

J = vapor cooled shiellds (multilayer insulaﬁed) |
.K : :  ‘suppo-rt. girth ring and spacecraft mouni;

L = spa._c'ecr'aft mount ring

M = photémult'iplie‘l« niagneéic'.shi‘eldsﬂ. -

Fig. 2: i{llz’hot:égra.ph of the thermal model'cAr‘yo'stat taken in Februai'y"1974
T } o T

L . .
;as the vapor-cooled shield segments were being prefitted prior to
3 .

('cleaning for final assembly. The trunion mount allows the tank to
'be rotated about a horizontal axis for inverted testing. (Courtesy of

Garrett AiResearch Ma.nufactufing Division, Lo_s Angeles,‘ California.)
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F1g 3: Photograpﬁ éf .the préf:otype .siaté‘.llite' ‘éperconducting coil. The |

1 B | © . outermost 'wi:re layers are'wr_'app'e‘(;l_with one layer of Mylar é'héet.
. Edge cqolihg is provided-‘by the 180 rédiél _»élots milled into

v ‘ Texvtvc.)lite coil end ‘Spacvers. v |

4 Fig.. 4:. B sensor response for coil with shorted turh57 This is how the

response appeared after the initial transition; before that,only 4
and 5 volts showed this effect. Note that the period decreases

‘with increasing magnet current.

o
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Fig. 2 XBB 744-2155
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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