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1,1-METER 30RE, 3-TESLA TEST FACILITY

R. MNelson, D. Cornish, J. Zbasnik, S. Sackeet; and C. Taylor
Lawrence Livermore Laboratory, Univeraity of California
Livermore, California 94550

Summar:

The design and fabrication of a 1,1~m bore super-
conducting coil for an 8-T facility at Lawrence
Livermore Laboratory are discussed. This facility will
provide the backing field required for teating large
mul«ifilamentary NbJSn coils ae part of the super=

conductor development program at Livermore. The magnet
meadures 1.85 m o.d., 48 1,5 m i{n Jength, and is
solenoid wound in four separate madules. Total cold
weight of the assembly {s 18,000 Kg. A NbTi super-
conductor is used throughout with a gradaciou of
current density within the magnet ro provide complete
cryostatic stabiliry.

The prelinminary design of a large 1500-A
aulcifilanencary N’b35n {nsert magne: is also included.

Together, the backing cofl and insert magnets are
designed to produce a 12-T central field in a Q.4-m
bore. The "equal area" theory of cryostaric stability
is applied 1n the design of both magnet systems and
ig discussed {n detafl.

A large open~mouth cryostat is used and measures
2 m in diameter aund 3.7 m in length. Details of
Dewar design and the refrigeracion requivements are
inrluded.

Intreoduction

The superconducting maghet Eroup at Lawrence
Livermore Laboratory {LiL) 19 now engaged in 3
auperconductor development project that will ultimately
allow the construction of the large magnets required
for future conctrolled thermonuclear react{on machines.
The project began two years ago im cooperation with
three U.S. firms rto produce a multifilamentary .\!basn

supercunduc:ing material suitable for use in a 12-T
magnetic field.’' 1In addition to the nigh field
requirement, the final conductor must carry a3 high
current, 10,000 A or more, allow bending in either
direction (unlike rhe presemt-day tape), withstand
the mechanical atrain of winding and magnetic loading,
and also exhibit a current deusity that will allow
cryostatic stabilization of the conductor. To date,
short lengths of 1000-, 3500-, and 10,000-A material
have been produced with variations in filameat size,
heat treatment, and stabilizing technique, Full
characterization and optimization studies are
proceeding on these conductors. A long length of
1000-A superconductor was wound into a coil and tested
at design current.? This was the first in g series of
coll tests and the results were very encouraging., It
is a reauirement of cthis development program that the
materials produced operste reliably in coil shapes
and eizes required fur magnetic conf ‘nesent in fusfon
regearch apparafus. As sn initial step, we are now
deeigning a test facflity ihat cam accomodete a variety
of superconducting coils in fields up ro 12 T. The
facility will consist of.three subsystems:

1. A NbTi backing coil capable of fields ia excess
of 8 T, complete with power supplies, control
equipment, and protective sysiem.

2, A Nb,Sn insert that will bocst the central

field to 12 T ana 1s complete with all accessory
equipment,

3. Cryogenic equipment that Includes the main
cryostat for the facility, helium and liquid
nitrogen (I.NZ) transfer lines, additlonal

helium recovery equipment, a 5000-2 helfum
storage Dewar, and an additlonal coid box.

Coil Design

The voil design described here is prellminary
and {3 sub‘ect to minor modifications.

Baeking Coils

The backing coils are designed to be fabricated
irn faur sectiony using a NiTl superconductor that will
be graded according to field stremgth., Four separate
cofls are preferred to a single unit primarily for
eage of handling, flexibilicy in operation, and
simplification of the quench protection system.

Figure 1 is a schematic diagram of thesec coils installed
in the cryostat wath the first gemeration of Nb35n
inserts in che bore.

When operated at design current, the backiag
voils will generate a magnetic field in excess of 8 T
as shown in the field plor in Fig, 2,

The backing coils are solenoid wound with a
superconductor havirg an aspect ratio of about 3 eo 1.
Table 1 is a tentative specification for the three
levels of zaximum field. Because of the size of the
cryogenic syscem, the bath temperature was taken at
4.6 K to allow for some overpressure, The safety
factor on critical current is obtained by specifying
the conductor current at 5 K, l.e., at 0.4 K above
che bath temperature.

Vopor-ccoled {eads
Thermol plug
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Fig. 1. Schematic diagram of high-f{ield test facility.
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Table 1. Conductor Eor backing coils.

Fig. 2. Magoetic field plot of half of test facility,
with backing coile only.

-2~

Conductor
3
i Conductor speciiicarion A B c
Maxizum £ield (T) 8 ] 3
Current at 5 K (&) 1000 1000 1000
Conductor size (m) 2.9 %81 2.9 x 8.1 2,3 % 7.0
e Resiativicty Tatio in zero field $150/1 $1s0/1 f1s0/1
e 3 Nb-Ti filament’dlameter (mm) 0.1 0.1 0.1
e Twist picch (mm) 50 50 50
Insulation Nil Nil Nil
Total lergth (ft) 30,000 139,000 38,000
Approximste wetght (1b) 4,21 x 10° _ 1.825 x 16° 3.66 x 107
Total conductor weight (tonne) 11.7
SRS 7 SN The stability eriteria have been based on the
S5 )\1 ‘\Ij\\\\m:“/ "equal areas” theory of Ref. 3, This theory assumes
/”/' 4§ ////,/ % that the twe ends of a normal region are in the
e == nucleate boiling regime while the normal region ls in
= film boiling. Because of the shape of the complete
heat-transfer curve, there is excess cooling capacity
at the cold ends; therefare, heat flows from the
normal region alang the conductor to the ends, A
Stable condirion can exist where the excess hear in
the warm region just equals the excess cooling in
the cold regions. IE the heat generation in the
€ wire 15 then slightly reduced, the nucleate boiling
© region propagates inward from the two ends, and the
! whole length returns to nucleate boiling. With a
3 composite conductor, the conditions are not quite
5 80 simple because the joule heat generated in the
32 copper decreases as the temperature of the conductar
falls below che critical temperature for the ambient
field and current density, and current begins to
cormatate from the copper to the superconductor.
Figure 3 shows the heat~generation curve for the
8-T conductor operating at 1000 A and also shows a
typical heat-cransfer curve Eor bare copper. The
joule heating has been adjusted to give equal areas;
this results én a limiting heat-transfer rate,
q = 0.27 Wem". The heat-generation curve can be
Axis——01— & i : 18§ caleulated fairly accurately. It is more difffculr
h) 10 20 a0 40 50 60 7 to predict the heat-transfer curve, whlch depends
Axial | h upon many factorg such as conductor surface con—
xial length ~ em dicions, conductor insulation, surface orientation,
Center and cooling-channel dimensions, The amall temperature
1 E‘l bl 8 T mak h f
ine margin available at nakes these facrors more
2 BMIN = 5,442E - 01 critical than at lower fields. Although a layer of
. BMAX = 8, )24+ D) conventlonal enamel insulation on the conductor can
List of contour values follow For contours 1,5, 10 etc. inprove Some of the heat~transfer characteristica,
B the temperature drop through the {nsulation would
; 1 1.000E+00 45 4.500E+ 01 be prohibitive at 8 T.
M 5 5.000E+00 50 5.000E+01
+ . +
:g ;"gggg_* g} 2‘3 '2 ggggi_ g: Because the preceding heat~transfer calculacions
20 2'000E+01 &5 6'500E+01 do not take iuto account conduction to a neighboring
25 2‘500E+(-l 70 7'000:1_ 0 turn of cold supercouductor, they are prebably some-
30 3.000E+ 01 75 7.500E + 01 what peasimistic. On the other hand, because the
35 3.500E+0) 80 B.000E+ D1 cooling channels are relatively long (35 cm) and have
0 4‘000E+0' " a radial depth of only 1,6 wm, if a large portion

of a section were to go fnto £ilm boiling, the coil
would probably quench. The design is thus a
reasonabla compromise.
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Although th: conductor shape and amount of
stabilizer have been largely controlled by stability
consideratione, the tresulting protection character-
istics seem to be acceptable., The total atored energy
of the backing coil is 60 MJ. If the coil is quenched,
the initiation will be detected, and the four sections
will be discharged into four independent circuits.
Under these condirions, the quench parameters will be:

Maximum voltage per section 320 V
Maximum temperature rise 300 K
Discharge time constant 90 s

Each section of the backing coil will be wound
on its own stalnless-steel former, which will be
complete with side flanges. The formers will be
designed to prevent the application of the entire
axial force of the end coils to the center windings.
Bracing between the NbJSn insert and the backing

coils will withstand asymmetric loading caused by
construction tolerances and possible fault conditions.

Fault conditions have not vet been fully analyzed,
but computer codes exist to do this. In assessing
the order of magnitude of the problem, we have
estimated that the out-of-balance axial Force caused
by the current falling to 90% of the full vslue in
one of the Inner backing coil sections is 30 tonne,
which is not excessive.

¥b,Sn Coils

The .\'bJSn coil has been provisionally spiit

into three concentric sections, each on {ts own form.
Besides having most of the advantages oustlined for
che backing coil, this division offers the following
added advantages:

1. Thepe sections can be examined in more detail,
Sectiona can be modified or changed more easily.

2. Alcernative materiala can be tested under coil
conditions at a fraction of the cost of 2 whole
coil set.

*
The Nbgsn coil design is based on the AIRCO

3500-A conductor with added copper stabilizer. A high
current density {8 desirable in this winding because
any iocrease {a cail diameter will increase the size
and cost of the cuter coil. The inoer diameter aas a

are available for cooling. With l-mm-thick insulating
"buttons” similar to those used in the Baseball
experiment between turns in the layer, and 1.6-mm=thick
cooling channels between layers, the overall current

denaity is 2650 A/:mz. Splitting the coil into three
sections, each with its own former, further reduces
the effective current denaity.

One of the advantages claimed for the conduztor
configuration in Fig. 5b is that the quadrant in
which all the superconductors are embedded can be k.t
on the inside of the bend radius in the two planes
of bending in @ yin-yang geocmectry. This has the
effect of moving the neutral axis of bending outwaris
in both planes so that the tensile straim on the
superconducting Eilaments is reduced and the compressive
strain is increased. Because the maguetic load is
always tensile along the conducter direction, such a
configuration reduces the net tensile stress in the
conductor. This is desirable because the Nb,Sn

filaments are believed to be less susceptible to
damage when subjected to compressive rather than to
tensile strain,

We have taken advantage of th:is faccor to reduce
the insert bore to 40 cm and, as shown on the field
plot in Fig. 6, the full field of 12 T should be

obtainable with the 2650-Alcm2 current density
mentioned above, The actual strains and the degrada-
tion they cause are now beiug checked on short samples,
and the resules will be known before the conductor is
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lower limit imposed by the strain characteristics of Fig. 3. "Equal areas” criterion for 8-T Nb-Ti conductor
the NbjSn. The “equal area” scability theory is (origin = 4.6 K, T, = 5.8 K).
used again and, as shown on Pig. 4, requires a
q = 0.35 Wen®, This is larger than the q of 0.27 W/em?
chosen for the NbT1 colls; however, the Increased 0.8 LA I DL B
magnetoregistivity and higher conductor current both ~ Cooli 4
cake it more difftcult to achieve with a similar £ h ngr- ish
overall current density. § 0.6 choracizrishic —
The proposed conductor (Fig. 5a) has copper, in ] Heat generotor a
which cooling channels have been machined, soldered x 0.4
to one wide face of the conductor. All four sides =2 I E
of the cooling channsls and SO% of the external surface 5 0.2 .
F Y
o1 ) o 4 1
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Reference to a company or product name does not N

imply approval or recommendation of the product by Temperature difference — K
the Universicty of California or the U.S. Energy
Research and Development Administration to the exclusion Fig. /. ™"Equal areas" criterion for 12-T NbSSn conductor

of others that may be suitable.
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Fig. 5. Conductor configurations.

fabricated. Samples of 3500~A conductor have been
made specifically for this purgose because the emall
quantity of conductor made previously was used for
ericfcal cutrenc measurements.

The maximuz hoop etress of ahout 20 x 10) pal
will occur in the outermost of the three coll sections.
Young's medulus, measured at Toom temperature, Ls

approximately 20 x 106 psi, Thus, the strain of about
0.1% 18 small compared with that caused by bending.
To minimize compression of the I(nner layers, min{mum
tension will be used during winding. M.nimal com~
preasion 1s advisable for two reasons: compression
caused by bending 1s already high and may be a
linmiting factcr; and any compression of the iraer
layers as a resulc of ctension in the outer layers
increases the tensile load on the outer layer when
the coil 19 energlzed.

Joints ia Superconductors

A problem to be overcome in all large super=
conducting coila is that of joints between conductor
lengths. The maximum conductor length Ls determined
by the capabilities of the fabrication planct, which
wsually limirs the piace weight to not more than
600 1b. The NbTi1 conductor for the backing cofl w~ill,
therefore, be supplied by 300 to 600 separate lengths.

Many of che joincs must be situvated in the coil
winding. Considerable cost Aavings can be made by
joining the zoaductor at any point rather than by
trying to control tbe conductor length so that the
joirts are positioned st predetermined points.

Preliminary resulte of the development work
corried out jointly by LLL and the Battelle Columbus
Laboratories on explosive joining techniques look
promising, and we propose to use this technigue
far the backing coil,

%

The )olning problem also exists for N'bJSn
conductors fn general and, in parcicular, for the

insert for this test facility.

The present estimate
{8 that the conductor can be supplied in seven lengctha,
wmeaning two joiats in each of the three sections.

The

higher current and the brirtle nature of the finished
conductor add to the difficulcies of making sacis-
factocy joints for a N‘bJSn winding. The explosive

technique might, however, again offer a amatisfactory

solution.

Because the conductor (s cryostatically

stabilized, a Joint carried out on the reacted

saterial might be satisfactory,

The other poscibility

1s o join the material explosively prior to reacting.
Ve propose ro esplore both possibilicies for this

project.
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14 5.600E+ 0% 29 1.160E+ 02

Fig. 6. Magnetic field plot of half of the test
facility, with Nb-TL backing ceils and

“"38“ insert colls,
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Cryostat

The cryostat that insulates the magnet system
in its liquid helium (LHe) eavironmment is a double-
walled, atainless-steel vessel 2.1 m in diameter and
3.2 m long. 1t £3 open to the full internal diameter
at the top, thereby allowing the magnet system to be
completely assembled prior to being lowered into the

cryostat. Both a LN,-cooled heat shield and "super

insulation” are used to vacuum insulate the walls

aud bottom of the cryostat. The 0.7-m~thick insulating
plug sugpended from che cover plate is a laminated
aasembly of foar plastic and heac shields.

The cryostat s designed co fir the existing
Pit in the floor of the cryogenic laberatery.

Heat Loads

The heat load on the sysctem 1s comprised of
radiation and conduction iato the cryostat and joule
heating of the curreat leads and normal joints in
the superconductor. Table 2 {s a tabulation of the
calculated values. [t has been vur experience thac
our predicted values are generally higher than those
measured on cryogenic apparatus; therefore, no
countingency factors are included.

The figures in Table 2 represent the maximum
heat load on the sysrem when boti magnets are
operating at full design currents of 3500 A on the
Nbasn magnet and 1000 A for the NbT{ magnet. Under

these conditions, the LHe boil-off rate 1s 80 £/h.
When the system is not operating but {s sustained
at LHe temperature with the liquid level below the
bottom of the current leads, the heat load should
be about 30 W (or a boll-off rate of %3 &/h}.

Refriperation System

The refrigeratoc/liquefier must [unecion in
three distinct modes to fulfill che requirements of
the magnet system.

1. It must Elrsc cool cthe 18,000 kg of super—
conducting magnets and scructure from rcom
temperature ro the operating temperciure of
4.6 K.

2. It must supply LHe or refrigeratlon at operacting

temperature and at a rate to compensate for
the maximum hear load with a ressonable reserve
capacity.

3. It must be equipped with the necessary heater
and valves required to warm the system back to
room tezperature.

To meet these requirements, we have specified a
simple, Claude-cycle, helium refrigerator with LNZ

Table 2. Calculated heat loads on
the cryogenic system.
Heat load
Source (W)
Radiation
{through Dewars) 2
Conduction
{inaer shell) 13
Conduction
(top plug) 11
Current leads
(Nb-T1 magoet) 5
Current leads
(Nb3Sn magnet) 20
Normal Jloints 4

Instrumentation leads

Total: 56

precooling and a slingle turbine expander equipped with
gas bearings of the BAC design.

This svstem is
capable of 100 £/h of LHe or 320 W of refrigeration

at 4.6 K, It has the added advantage of greatly
increased refrigeration capacity at increased tempera-
ture, in this case 2,4 kW at 40 K. This capability

is a necessity in cooling a large mass.

A 5000-2 LHe storage Dewar is included as part of
the refrigeration Syastem. Its primary purpose is that
of a thermal flywheel; however, it also serves -5 an
efficient means of storing the LHe from the test
facility ervostat when the system must be raised to
room Lemperacure.
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