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SUMMARY 
The Msuperconducting solenoid magnets which form the central cell of 
the MFTF-B are being designed ari fabricated by General Dynamics 
for the Lawrence Livermore National Laboratory. Each solenoid coil 
has a mean diameter of five meters and contains 600 turns of a proven 
conductor type. 

Structural loading resulting from credible fault events, cooldown 
and warmup requirements, Ltd manufacturing processes consistent 
with other MFTF-B magnets have been considered in the selection of 
304 LN as the structural material for the magnet. The solenoid magnets 
are connected by 24 iniercoil beans and 20 solid struts which resist the 
longitudinal seismic and electromagnetic attractive forces and by 24 
hanger/side supports which react magnet dead weight and seismic 
loads. A modular arrangement of two solenoid coils within a vacuum 
vessel segment allow for sequential checkout sad installation. 

The underlying philosophy behind the design, analysis, and 
fabrication of the central cell solenoid tnagncu has been the selection 
and application of techniques, features, and manufacturing processes 
which have been proven on the MFTF Yin-Yang magnets. 

1. MIRROR FUSION TEST FACILITY 
The upgraded Mirror Fusion Test Facility (MFTF-B) at Lawrence 
Livermore National Laboratory ILLNL) will be a Tandem Mirror 
Plasma confinement system that will be used to address physics issues 
that cannot be addressed in smaller scale machines such as TMX. The 
MFTF-B facility will use 22 superconducting coils shown in Figure I to 
provide the Tandem Mirror confinement field. Two Yin-Yang magnet 
pairs (one of which was recently completed by LLNL) 40M apart, pro
vide the end plugs for the plasma confinement region. Transition coils 
transform the elliptical flux tube (plasma fan) exiling each Yin-Yang 
pair into a circular flux tube entering the central cell region where four
teen solenoids provide the required uniform field. A C-coil at each end 
of the system provides the required field distribution through the addi
tional A-cell barrier region. The MFTF-B coils are identified in Figure 
I. The magnet system is divided into east and west segments and coils 
are numbered consecutively starting at the center of the system. The 
physical parameters for the solenoid coils (SI-S7), transition coils (Tl I. 
Yin-Yang Magnets (Ml, M2), and A-cell magnets (M3) are shown in 
Tabic I. 

2. DESIGN REQUIREMENTS 
The major design requirements for the MFTF-B solenoid magnets are 
summarized in Table 2. Essentially, the magnets are required to pro
duce a maximum one Tesia central field (uniform within r l r i at the 
plasma surface) within the restrictions imposed by LLNL space alloca
tions, power supply and cryogenic system limitations, and magnet 
stability requirements. In addition, the potential MFTF-B operating 
modes may require that the cumins between adjacent solenoids be 
varied up to 15ft through the use of trimming power supplies to pro
vide a gradual ramping of the field in the central cell. Therefore, the 
coils and their structures are designed for operation in any steady-state 
mode within the limitations of the current levels required for the I Tesia 
condition and ihe I5 r« adjustment capability. The system is reauired to 
be designed for 1,000 magnetic cycles spread over a ten-year operating 
life. 

The coils are squired to have a minimum 2 5 S margin of safety on 
both critical current and cryostable current at their normal operating 
current levels. The stability margins accommodate current peaking dur
ing fast dumps of adjacent magnet groups iTl) (Ml, M2) and (M3). The 
coil insulation systems are required to be designed for 1,000 VDC be
tween the coil and ground to provide additional safety margin over the 
maximum predicted value of 400 volts. 

Figure I. General Dynamics is responsible/or the design andjabneanon of IS 
ofthe 22 ittv MFTF-B eni'i 

Table I.. FTF-B magnet parameters. 

Major Minor Swoop Amp Pott Coll 
h * w feohit Anglo Turn FltM CnoOWCHM 

Ca» OwtHy |M) M IDoeJ (MAI ITotU) |M » Ml 

A-cM 2 6.25 0.49 27 5 8(17 8 07 p 709 X 0.44 
Tnnnten cod 2 2.50 1 50 65.0 367 4.49 0.538X0.204 
Soured col ' * 5.0 Ht NA 1 38-1.84 2.95 0.163X0.336 
Vin-Vang 4 2.5 0.7. 75 7 25 7 02 0824X0.326 

Table 2. Sole/to:, magnet requirements. 
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The requirements for neutral beams, beam dumps, diagnostics, 
cryogenic systems, and radiation shields limit the space allowed for the 
solenoid, coils, and intercoil structures. The maximum allowable width 
of the coils, which are spaced at two-meter intervals, is 0.25M l*.84in.). 
The space available for intercoil structure is approximately a (0.4 x 
0.3M) box at 90-dcg intervals around the coil. In addition, the max
imum module weight is limited to 60,000 lb, 

3. SOLENOID DESIGN CONFIGURATION 
Three different solenoid coils are contained in MFTF-B. All three con-
figurations are layer-wound coils with 25 turns per layer. However, 
variations in total required current result in different numbers of layers. 
Solenoids Sl-SS. east and west, have 24 layers (600 turns); S6 has 25 
layers (625 turns); and S7 currently has 21 layers (525 turns). Figure 2 
shows a typical Sl-SS coil cross-seciion. This figure is consistent with 
the S6 and S7 coil designs with the exception of the number of turns and 
case height. 

3.1 CsMaenr aid tiuMo* 
Key technical data for the conductor whirh is used in all solenoids is 
shown in Table 3. The conductor consists of a small (3.02 x 1.83 mm) 
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G-10 CR combined with 6 layers of 0.12 ram (0.005 in.) Kapton tape 
provide a minimum double-ground insulation barrier at all points. 

3.2 Col WWiit 
The coils are layer wound with 25 turns/layer. At the end of every layer, 
approximately 6.3 mm (1/4 in.) of shim material is installed between the 
last conductor turn and the sidewall ventilated insulation. The last turn 
is then ramped over to the sidewall and up to the start of the next layer. 
Because each conductor length is two Layers (785M or 2,570 ft.) long, 
splices occur at the end of every other k-yer and always at the same side 
of the conductor pack. A typical conductor splice is shown in Figure 3. 
The stabilizer is cold welded together and the superconducting inserts 
are overlapped. A splice bar is soldered over the entire length of the 
splice to increase the splice strength and provide enhanced cryostability. 

The entering lead which connects to the first layer is routed into the 
coil through a machined pocket in the case sidewall (Figure 4). A larger 
copper stabilizer (7.6 cm x 0.64 cm) is used in Ihe transition between the 
external leads and the first-layer conductor. The stabilizer of the basic 
conductor is soldered into the large stabilizer and then terminated. The 
superconductor is continuous and is routed through the larger stabilizer 
to the external splice. The larger stabilizer reacts conductor tension loads 
and accommodates the radial movement of the external leads. 

Figure 2. Solenoid coib use proven design concepts. 
Table 3. Solenoid conductor data. 
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Figure 3. Solenoid spike provides structural and electrical continuity. 

copper/NbTi monolith soldered into a copper stabilizer. The stabilizer 
has an aspect ration of 2.5:1 and is fabricated from 1/4 hard OFHC 
copper. The conductor configuration was selected because it has good 
structural integrity, is easy to splice, and because its similarity with 
previously successful conductors, combined with conservative design, 
allowed us to avoid complex heat transfer testing. The conductor is 
layer wound with the long sides parallel to the radial direction to im
prove heat-transfer capability. 

The layer insulation is 1.5 mm G-10 CR. It is punched with a 
chevron sloi pattern (6W« open) to encourage helium flow away from 
the side walls toward the center of the coil pack. The turn insulation is 
also 15-inm thick C-IO CR and provides 70*» wetted area on the sides 
of the conductor. Against each sidewall. a 6.3 mm thick (1/4 in.) turn-
lo-ium type insulation is used to enhance ventilation and to reduce the 
effect of the walls on the conductor heat transfer capability. The thick 
insulation also reduces the possibility that an end turn in a layer might 
slip past ihe layer insulation-

Thick insulation is also provided against the inner bobbin. This in
sulation is 9.5-mm (3/8 in.) thick with 6.3-mm (1/4 in.) slots machined 
into one side to provide additional helium ventilation in the high-field 
region. 

The space between the outer layer of conductor and the outer ring 
of the case is filled with slotted G-10 CR. The slots provide ventilation 
during operation and allow helium to flow near the outer ring during 
cooldown. This insulation provides support for the coil pack and limits 
coil displacements during operation. 

Solid G-10 CR and Kapton tape are used to provide electrical in
sulation between the coil and the case. Two layers of 1.5 mm (0.060 in.) 

InnEp HWQ 
Figure *• Solenoid coil entering lead has a large stabilizer. 

Col S m c n r t — The solenoid cases are all-welded 304 LN stainless 
sted structures. Each case is assembled in three subassemblies: The 
winding bobbin comprised of the inner ring and side plates and two 
IfJOdei outer ring segments. The S1-S6 case material is one-inch thick 
and the S7 case is 1.5 inches thick. 



The " U " coil bobbin was chosen to simplify case assembly and to 
provide good lateral support during winding. Closcoul welds are 
minimized and arc located where there is reduced possibility of damage 
to the coils. 

Each coil, except for the S" solenoids, is welded into a two coil 
module (Figure 5) to facilitate assembly and installation of the MFTF-B 
systems. The current plan is to completely install each solenoid module 
and its associated shields and cryogenic lines into a short vessel module. 
The completed vessel modules will then be assembled to form the 
VIFTF-B central cell. 

INTERCGiL BOX BEAM INTERCOlL BOX BEAM 

I— 2.0M — J 
Figure 5. Solenoid coils are welded into two coil module:. 

3.3 Solenoid Support Structure 

Figure 6 illustrates the solenoid coil mechanical grouping. Individual 
coils IS1-S6) are welded into modules as previously discussed. These coil 
modules are supponed vertically and laterally from the vessel and con
nected to adjacent modules by adjustable pin-ended sinus that allow 
for precise alignment of the coils. The vertical and lateral loads on each 
module are transmitted directly to the vessel through four struts. The 
axial loads are transl'ered between coils through the intercoil struts and 
boi beams and eventually reacted through axial stmts into the vacuum 
vessel. The twelve solenoid! were split into three separate groups to 
minimize the longitudinal motion of the coils caused by contraction of 
the toils at 4K. The net l u l l loads an each set of four coils are transmit
ted 10 ihe vessel through four axial struts. The end solenoids IS") are 
hung independently from the other magnets for two reasons: The 
magnets are in the vessel transition region and cannot be installed as 
part of a vessel module and, by supporting S7 axially from the 
Ttansition/Yin-Yang magnet complex, the magnetic loads on the sup
ports lor ihe middle twelve solenoids are reduced. 

(£ SYSTEM 

' i W1—f fcd 
iEi»—«; 

1—py 

/ ; 
j 

T~T 
^0MM3PUC£S1 w — -

Figure 6. Solenoid mechanical groups isolate electromaxnetic loads. 

}.* Vipor-Cookd Lttdi 
The helium supply lines and return lines fot the middle twelve solenoids 
are manifolded in pairs so that there are single inlel and exit ports fot 
each coil module. The current leads, however, exit the vessel through 
separate stacks at the top of each coil 

Figure 7 illustrates a preliminary design of a typical current Icid 
routing from the magnet 10 the external current bus connection. The 
lead and bus assemblies must be capable of operating uncooled for ten 
minutes, must have a maximum helium flow through the leads during 
normal operation of O.I4g/s/KA, and must accommodate up to 7,5 
mm vertical and 12.7 mrr horizontal motion between the magnets and 
the vessel. The assembly between the magnei and the bottom o f the 
vapor-cooled leads consists of large, copper-stabilized NbjSn leads sup
poned within an eight-inch diameter stainless steel duct. The entering 
and exiting leads arc isolated from one another and supponcd by C-IO 
CR fiberglass plates which, in turn, are supported by the current lead 
duct. The duct has several bellows to provide sufficient flexibility to ac
commodate the magnet deflections. 

The vapor cooled lerds are based on the LLNL lead design fot the 
MFTF Yin-Yang magnet!' 1 III ihe case of the solenoid magnets, each 
lead consists of 26 stainless steel jacketed copper tubes brazed into cop
per terminal blocks at eacn end. Helium vapor flows through the lubes 
from bottom 10 top and exists into a helium return line at the top o f the 
lead. The helium flow rate through the leads is regulated in the helium 
return system. I T ' swagged stainless steel jacket on each of the lead 
tubes provides thermal mass to meet the requirement for ten minutes of 
uncooled operation. 

CURRENT LEAD 

PROTECTIVE 
COVEfl VCL 

1 

BELLOWS 

Figure 7. Solenoid current lead slack design. 
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4. COIL ANALYSIS 

4.1 Stnclwi) Analyses 
Up-to-date finitwfcment techniques, fracture analyses methods, and 
hand calculations are used to verily the magnet strength and reliability 
requirements. Three different finite-element models form the basis for 
the solenoid coil case stress analysis. A detailed quarter-symmetric 
model (Figure 8) is used to analyze all electromagnetic effects. A 
simpler beam-element model of a full-coil module is used to address the 
asymmetric seismic inertia conditions. The effects of cooldown 
temperature gradients are addressed by a half-symmetric model of a coil 
module. The maximum case stresses are less than 25 ksi. 

Figure S. Finite element methods are utilized for structural analyses. 

Solenoid coil pack analyses are performed using the STANSOL3 ' 
computer code developed at Oak Ridge National Laboratory (ORNL). ' 
The code has been used to analyze stresses and deflections for all nor- T 

mal operating modes and to assess the impact of winding gaps and coil l 

sponginess on these stresses and deflections. The maximum anticipated ' 
gap beiween the inner bobbin and ihe first winding layer is 0.10 inch. 
This corresponds to a maximum conductor stress of 23 ksi. Our s 

analyses also indicate that there will be less than 25ft variation in ' 
stresses and deflectitns across any given layer. Loads development for ' 
the solenoid magnets, and for all of the MFTF-B magnets, was a signifi- 1: 

cant task due to the multitude of possible operating and fault modes. ' 
To generate loads in a timely and useful manner, a matrix of detailed " 
EFF!4 loads was developed by LLNL. Coil self loads, and interactive c 

loads with every other coil, were calculated for each coll. These loads 
were then combined using a special CD post-processing program to pro
duce the critical loads on each coil. 

I 
4.2 ThtflMttyuiaic Amlvsis 
Extensive thermodynamic analyses have been used to verify tint the 
coils meet the MFTF-B design requirements. A detailed analysis model 
cf one half of a solenoid coil was built to assess the temperature ; 
behavior of the coil pack and case during cooldown. The analysis in
dicates that ihe coil and case cool to 5.4K in less thin 120 hours with 
maximum 100K iop-lo-boiiom and I5K transverse temperature gra- , 
dients. Analyses have shown, however, that we need augmented cooling 
on the intercoil box beams. 

Cryostability analyses have shown thai the solenoid conductor has 
a 25ft margin on cryostable current at its 2668A operating current. * 
Heat transfer data was obtained from the literature and from our 
previous tests on the General Dynamics Large Coil Program (LCP) 
Conductor and Cask Magnet Program System (CV1PS) conductor. 
When this data is correlated in terms of conductor orientation and in- 5 
sulation gap, it indicates that the MFTF-B solenoid conductor will have 
a minimum film boiling recovery flux of 0.22 W/cra^ for a 1.5 mm in

sulation gap. The joule heating in the solenoid conductor for the 2668A 
operating current is 0.13 W/cm 2 . Joule heating calculations include a 
20ft increase in resistivity due to radiation degradation over the 10-year 
lifetime of the magnets. 

Heat load calculations show that the solenoid coils meet the 600 W 
steady state maximum refrigeration load established by LLNL for the 
SI-S6 coils. The maximum calculated heat loads on S1-S6 include 201W 
for radiation; 100W for conduction through the supports; 53W for the 
vapor cooled leads; and 113W for neutron heating. LN2 intercepts on 
supports and radiation shielding on all structures are used to minimize 
the heat loads. 

The quench vent and emergency pressure relief system for the MFTF-
B central solenoids is combined into a large, 18-in. quench manifold 
with the rest of the MFTF-B magnets. The system can vent worst-case 
quench beating and expel helium from any of the west C-coil or central 
solenoid magnet groups and maintain magnet pressures below five at
mospheres and not blow the burst disks. The extremely remote 
possibility of simultaneous worst-case quench venting of all the magnets 
commonly vented to the 18-inch quench manifold can produce magnet 
pressures of about seven atmospheres. The solenoids are designed for 
this worst-case 7 atmospheric pr.-ssure. 

4 J Electrical Aiaiysk 
The electrical analysis of the MFTF-B solenoids predicted the current 
voltage and temperature behavior of the coils during magnet fast dump 
and quench conditions. The possibility of fast dumping or quenching 
different groups of MFTF-B magnets necessitated the calculation of the 
current/time behavior in all magnets in order to select critical .oading 
conditions. Several different magnet electrical groupings were analyzed 
in an attempt to minimize the induced currents and fault loads. Cur
rents were calculated for each magnet for various fast dump and quench 
conditions using a commercial circuit analysis computer code nlled 
SYSCAP'. For the current magna electrical grouping (EM3) (£M2. 
EMI) (ETI) (ES7-WS7) (WTI) (WMI, WM2) (WM3) the maximum in
duced current in the S7 coil is 600 amps and occurs when the transition 
coil is fast dumped. The maximum induced currents in the middle 
twelve solenoids are all less than 130 amp. The required 25ft stability 
margin at normal operating current provides adequate margin for cur
rent peaking in the middle twelve solenoids (loper = 2668A). Addi
tional stability margin has been provided in the S7 solenoids 10 account 
for the added current peaking in those magnets (loper = 2365A). 

Conductor quench temperature calculations were based on the 
assumption of adiabatic behavior. Our analysis has shown that for a 
maximum lead-10-lead voltage of 160 volts, the maximum conductor 
temperature is I56K. The current LLNL electrical circuit has max
imum of five solenoids connected in series with one dump resistor. The 
maximum voltage across the dump resistor is 800 colts and the max
imum coil-io-grcund voltage is 400 volts. However, the quench analysis 
is being refined in an effort to lower the dump voltage. 
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