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MFTF MAGNET CRYOSTABILTTY* 

James H. VanSant 
Livermore Laboratory, University < 

Liverraore, CA 94550 
i f Ca I i f o r n f a MASTE 

Summary 

A pair of largo superconducting magnets wil l be 
ins ta l led in the Mirror Fusion Test Faci l i ty (MFTF), 
which is to tiegin operation in 1981. To ensure a 
stable superconducting s ta te for the niobium-titanium 
(Nb-Ti) conductor, special consideration has been 
given tu certain aspects of the magnet system de
sign. These include the conductor, j o i n t s , coil as
sembly, vapor plenums, liquid-helium (1,11c) supply 
Kystem, nnd current loads. Heat transfer in the main 
rnnsiderat ion; i . e . , the helium qual i ty and temper
ature arn limited so thai the superconductor will 
per fm'in A it is factor i ly in the magnet environment. 
Thcsi*1 l imitations are achieved by appropriate design, 
by providing adequate Lllo flow, and by minimizing 
heat loads. Helium quality in the magnet is limited 
tn less than 10 volX vapor. Current bus leads arc 
designed to be stable in the He vapor, and t rans i t ion 
current leads include sufficient mans for adequate 
llierma1 protect ion. Those topics arc rcviewed in 
this paper along with design descr ip t ions . 
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Stabilizer strut 

The Mirror Fusion Test Facility, currently being 
constructed al the Lawrence Livermore Laboratory, 
will have a pair of large yin-yang superconducting 
magnets to provide mirror magnetic confinement con
ditions for experimental fusion plasmas. The magnets 
are illustrated in Fig. I showing their geometrical 
shape and location in the MFTI* vacuum vessel. Ex
ternal dimensions of the yin-yang assembly will be 
7.8 by S.5 by 8.5 ro; it will weigh more than 300 t 
(660,000 lb). Each coil contains more than 25 km of 
Nb-Ti superconductor and produces a peak magnetic 
field of 7.7 T at 5775 A. 

A plasma fan will stream between the magnet lobes 
along the horizontal axis of the vacuum chamber and 
beams of neutral D + ions will be injected vertical
ly and horizontally between the magnets into the 
plasma center creating a 50-keV-average beam energy 
for 0,5 s each 5 min. To ensure a stable super
conducting state, the magnets will be shielded from 
these and other external heat sources. Also, there 
will be sufficient LHe flow to provide adequate cool
ing. 

The immensity of this project and the required 
environmental conditions makes attainment of adequate 
thermal control a formidable task. Thermal shields 
must be compatible with a 1.3-Pa (10 nTorr) vacuum 
pressure, a 2-T central raag"etic field, high-energy 
neutrons, and possible rapid discharge of the magnets. 

Further descriptions of the MFTF magnet are given 
in another paper presented at this symposium.* 

Thermal Isolation 

External surfaces of the magnets will be shielded 
by more than 312 m 2 of liquid-nitrogen (LN) cooled 
panels (Fig. 2). Radiation barriers will not be in
stalled between the LN panels and magnets because 
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*Work performed under the auspices of the U.S. 
Department of Energy by the Lawrence Livermore 
Laboratory under contract number W-74Q5-EN0-48. 

1. Schematic of MFTF magnets in vacuum vessel 
showing LHe lines, support struts, and 
curr >nt leads. 
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Fig. 'J. So. tinn viow of MF'fT magnet showing its 
construct i on and thermal shie M s . 

these panel? wil! also became ei beat source for per
iodic regeneration (evaporation of condensed hydro
gen) of the magnet surfaces. However, combined radi-
ation and conduction beat transfer from the LN panels 
to each magnet is estimated to be approximately 100 W. 

Eddy currents and resulting magcitic forces in 
the LN shields during a magnet fast dump operation 
will be minimized by using type AISI 3I6L stainless 
steel in their construction. This selection also 
permits small standoff supports between the magnet 
surface and LN panels and thus minimises conduction 
heat transfer to the magnets. 

The magnets will be supported by two hanger and 
five stabilizer struts attached to the vacuum vessel 
(Fig. 1). Intermagnet supports connect the two mag
nets together through their external rase structure. 
Conduction heat transfer through the struts will be 
minimized by constructing them of stainless steel and 
by including LN-cooled sections at optimum locations 
on each strut. Also, aluminum foil radiation shields 
will be wrapped around each strut. Heat transfer to 
each magnet from the struts is estimated to be ap
proximately 30 W. 

LN panels facing the plasma fan or neutral beams 
will be protected by uiter-conled panels. These 
panels will absorb up '.o 1 MW/m^ from the plasma 
and up to 10 MW/m 2 neutral-beam heating. They will 
also be a substratr for a Ti gettering film that will 
be deposited on the panels betore each experiment. 

The mean steady-state heat transfer rate to the 
rcagnet coil from external sources will be approxi
mately 4 W/m' 0 f coil bundle surface, or 168 W per 
magnet, resulting in 0.11 cm-Vs of helium vapor 
generation per m 2, or 4.6 curfs in each magnet. 
This vapor will flow by natural convection to vapor 
plenum regions, thus keeping the superconductor 
flooded with LHe. 

Conductor Cooling 

The HFTF supnrconduc tor is multifilament Hb-Ti in 
a copper matrix encased in a copper stabilizer. 
Internal cooling passages allow transverse and axial 
flew of helium through the conductor and also in
crease the heat transfer surface area by more than 
two-fold . F.1 re 1 r ical inr.ul ati on between conductors 
consists of J.3-mro-t)nck HEMA C-ll buttons between 
turns and I. (i-mm slotted G-ll -hcets between layers. 
Thin design permits two-directional crossflow of hel
ium on the outside nf ill" conductor. The overMl 
poro-ity of the coil is approximately 0.32, and the 
estimated hydraulic diameter fnr LH- flow is 3.2 nan. 
The conductor is cooled to les*-. than 4.5 K by LHe 
poo! boiling and natural convection through the coil. 

The symmetry planes of the magnets are oriented 
at 45° for the most effective LHe ronvr-ction. Hel
ium is supplied to the lowest point of each coil and 
an out let 1i no is connected at t he highest poi nt . 
The l.He flow divides between the*;.* two points, a por
tion R0'fiR through each half of a coil. 

A plenum r,p,lcr i r. included at I he top and hot I nm 
of each coil near thn supply and outlet ports, as 
illustrated in Fig, 3. These plenums are 6 cm thick 
and constructed of fi.5-mm thick layers of G-ll having 
5- by 37-mm slots alternately u tented 90° to each 
other. They provide a 50% bearing surface for the 
conductor and n 0,5 porosity f>ii- helium flow. Both 
plenums distribute flow entering and leaving lh'1 coil 
and the top plenum .il.no provi i("\ a space fnr vapor to 
flow outside the coil so the r.induct or will «]w.iy» be 
1 i quid-cooled. 

OutrM-moHl turns of the conductor in the outside 
flat areas in tin* 1m'pe rndiusi regions of each coil 
are supported by beveled G-11 backing blocks. These 
blocks support magnetic pressures of nearly if) M'n 
(2900 psi) and also provide adequate space for helium 
flow. Longitudinal and cro 'low channels are in
cluded, as illustrated in F 4, so that vipor can 
migrate upwards through the channels to the plenum. 

The conductor has been experimentally and annly-
cally evaluated to verify cryostabi1ity in the MKTF 

magnet 2-5 These studies indicate that the con
ductor will recover to a superconducting state if 
driven to normal conduction. 

Each coil will have 60 conductor joints, which 
will bfe a small heat source. Superconductor joints, 
made by a cold welding method developed at the 
Lawrence Livcrmore Laboratory, •* have less than 
I0~8 il per joint. The joint is soldered into a 
tapered copper bus-bar that gives added mechanical 
support and increased heat transfer area." Also, 
space is provided around the bus for LHe convection. 

The MFTF magnets are designed to permit well-
distributed LHe flow and migration of vapor so that 
the conductor will always be sufficiently cooled to 
maintain cryostability. 

IlDli . Circulat ion 

Important to the thermal control of the magnet is 
an adequate flow of LHe. Vapor generated in the coil 
by various heat sources must be carried away so that 
heat transfer will not be inhibited. A 10-volX vapor 
limit has arbitrarily been selected for helium qual
ity to ensure cryostability. This can he achieved by 
proper design of the circulation system. 

A schematic of the LHe system, shown in Fig. 5, 
illustrates the lengths, bends, and altitudes of the 
transfer lines, the Dewar, and the magnets. Note 
that the magnet inlets and out Lets an approximately 
16 and 9 o, respectively, below the LHe Dewar. This 
configuration permits thermosiphon flow between the 
magnet and Dewar. A major portion of the LHe heating 
occurs in the magnets; this condition results in a 
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Fig 3. Jacket around magnet cail showing dimensions 
and locations of helium plenums. 
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fferonce in the return and supply 
nduces flow. 
rate and quality related to heat load 
configuration were estimated by a 

analysis of a flow model.' An 
ng method was employed so that the 
fleet variable properties and two-
ts. Cumulative contributions of 

nd gravity to steady-state flow 

magnet is assumed laminar because the 
based on the hydraulic diameter is 
Consequently, ft ictional pressure 
magnets was estimated using the 
factor in the following modified 

where L = length of flow path, T = tortuosity factor, 
d = hydraulic diameter, H = mass flow rate, 
p = density, A = area of coil cross section, 
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Fi.fi. 4 . Conduc to r and s u p p o r t b l o c k s in out s i d e 
l a y e r of l a r g e r a d i u s r e g i o n oT magnet 
c o i l showing c h a n n e l s for h e l i u m f low . 
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F i g . 5 . Schemat ic i f p i p i n g 
UJc to HFTF m a g m a s . 

Vacuum vessel - ' 

Otln methods fo r 
a s suming p o r o u s 
* r c a l s o t r i e d bu t 

wore used to 
s y s t e m . Flow 

y n o l d s nnrobi'r i 
s more than 10 

•t - porosity, and ,. = viseo-i-" 
calculating pressi.TP loss, such a: 
media and multiple orifice models 
gave unrealistic results. 

Conventional engineer ing moth* 
estimate pressure loss in the pip 
was assumed turbulent because the 
*10°, However, this pressure los: 
times the magnet pressure loss. 

Surprisingly, stat ic head difference between the 
supply and return lines in thp LHe Dewar has the 
greatest effect on flow. This can probably be at
tributed to the low viscosity of LHe. Reducing this 
head by 0.5 m causes the flow to more than double. 

Based on the flow analysis, a selected diameter 
for the transfer lines is 6-in. (15-cm) NFS sch-10 
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pipe. The calculated LHe flow rate using this size 
pipe and an ".acimatcd system head load of 460 W is 
mare than 350 g/s per magnet. Corresponding mean 
vapor quality is less than 4 volt (0.7Z by mass J at 
tin? top of the magnet and Jess than 20 voltZ flowing 
into the Dowar, These values .ire considered con
servative and satisfy our design requirements. 

Maximum helium temperatures in the magnets are 
expected to occur near the helium inlet where hydro
static pressures are highest, Lite from the Dcwar 
will be 4.35 K, but piping arid magnet heat leaks 
could cause the helium temperature to reach 4.50 K. 
The minimum transition temperature of the super
conductor in the MFTF magnet is 5.0 K resulting in 
0.5-K difference far heat transfer. Cryostability 
studies indicate this is acceptable.2-4 

Current Vy\Aj* 

A pnir of copper bus conductors with super
conductors wilt carry current from the vacuum vessel 
wall !o each magnet. The BO conductor.* will normally 
be in LHe t hot they are designed to he superconduct
ing in vapor flow. If the UW. level in the current 
load pipoa should he depressed, the leads will bo. 
coolod by cold-end conduction and by controlled vapor 
flow, A h.-iat transfer analysis! of these teada has 
provided n design that should gunranteo cryostability 
for all operating conditions. By using 2.5 * 7.5-cra 
(1- * 3-in,) QFHC copper conductors having s residual 
resistivity ratio greater than 150, a Nb^Sn super
conductor and 0.4-g/s vapor flow per lead at 6000 A, 
the vapor-cooled length can be over 4 m, which is 
more than sufficient. 

The portion of the leads penetrating the vacuum 
vessel wall will have a temperature transition from 
.approximately 5 K in the current lead pipe to 300 K 
outside the vessel. They are designed to use near* 
optimum hf'iutn flow and to have a sufficient amount 
of therraai mass for safe operation. These are ac
complished by using concentric copper and stainless 
ateel tubes. Each lead is expected to be constructed 
of approximately 60 copper tubes 0.25-in. o.d. 
(6.35 mm) by 0.025-Ln. wait (0.64 ram) by 60 in. long 
(1.5 m ) . Ea'-h copper tube is encased in 0.31~in.-o.d. 
(0 mm) stainless steel tubes. This design gives a 
mass ratio of stainless steel to copper of approxi
mately 2:1 and should permit approximately 20 ffliii. of 
adiabatic operation at 6000 A before a fast discharge 
of the magnets must be initiated. 

The effect of the stainless steel on the lead 
electrical resistance is small and can be shown by 
analysis. Equating joule heating in the lead to con-
vective cooling gives sn expression f«r the lead 
length in the following fors; 

Ik p" 
C \ Ac P 3 (3) 

where m is the helium mass flow rate, Ae is the hel
ium enthalpy change, I is the lead current, A c and 
A s are copper and stainless steel cross section 
areas and p" is the electrical resistivity integral 
written: 

*-J>(J) (4) 

Th<> r a t i o ^/% * 100 and the selected area 
r a t io A 8/A c is 2. These ra t ios resu l t in the 
lead being approximately 2% longer than one without 
atainl«»ss s teel* 

An analysis of beat t ransfer in an inactive com
posite lead re su l t s in the following expression for 
U!e boiloff r a t e : 

Ail 
9. {£• 

where e e y is the enthalpy change for evaporation, 
and It is the thermal conductivity integral expressed 

(6) 

where IQ and tj .-trc the two end temperatures of the 
lead. The boiloff rate for our selected design is 
approximately 0.11 g/s per lend, and the inclusion of 
stainless steel affects the boiloff by less than U%, 
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