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1. Introduction

The Lawrence Livermore Laboratory is planning an upgrade of the MFTF-B tandem mirror facility that

will include enhanced plasma physics performance, along with the possiblity of doing nuclear component test-

ing in a central cell. The first design concept considered for this upgrade was labelled MFTF-B+T, in honor

of the tritium fuel. In the original concept, the central nuclear testing volume was surrounded by two high field

solenoids, which allowed high plasma density in the nuclear testing area, as shown in Figure 1. These solenoids

are required to provide a field on axis of 12 T, of which 2-3 T would be provided by background solenoids. The

12 T coils were physically close to the nuclear testing area, requiring possible neutron and gamma shielding to

protect the magnets.

The major options for the 12 T magnets examined here are the selection of normal, superconducting or

hybrid normal/superconducting magnet systems. The tradeoffs are those between the higher initial cost of

superconducting magnet system, the need for thick shielding of superconducting magnets, higher recirculating

power in the normal magnets and poorly characterized reliability of lightly shielded normal magnets. The size

and shielding tradeoffs among these options are illustrated-in Fig. 2.

The design concepts presented here are evaluated only for the first design iteration of MFTF-B+T, men-

tioned above. In particular, all concepts now being considered have made topological improvements in the

center cell, so that neutral beam power is no longer a strong function of choke coil size. This function was

strongly favorable to the use of normal magnets over superconducting magnets and its absence will be discussed

qualitatively in the cost comparisons.
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2. Normal Magnets

Two options for normal magnets are considered: an organically insulated, wound magnet and an inor-

ganically insulated Bitter plate magnet. Both designs have positively retained insulation, in the belief that

highly irradiated insulation will crack, but may be able to survive electrical stresses in a design with sufficiently

low voltage. Both designs are also constrained to operate at terminal voltages less than 100 V, in the belief

that the electrochemical destruction mechanisms in highly irradiated magnets require both electric field and

high irradiation. However, this constraint leads to very high current magnets whose bus and power supply

requirements will partially cancel the normal magnet's cost advantage over superconducting alternatives.

2.1 Wound normal magnet concept

A wound normal magnet concept, using organic insulation, was developed for the all normal option. The

normal magnet design is shown in Figures 3-6. Its major parameters are listed in Table I. The magnet has a

peak field at the magnet of 12.3 T, 7.46 MAT in the winding and an overall current density in the winding

pack of 2 kA/cm2. The total electrical power required for the two magnet power conditioning and cooling

circuits is 17.7 MW. The magnet is wound with 48 turns in two double pancakes with 12 layers per pancake,

as shown in Figure 3. The conductor concept resembles that of the TF magnets in JET, as shown in Figure

4. This conductor was selected because it is the largest known conductor with two internal cooling holes. It

thus lends itself to the high current/low voltage design needed for the intense irradiation environment, while

containing the recirculating water in a internally cooled concept that does not permit any contact between water

and insulation.

The cooling requirements of the coil are set by the need not to degrade the insulation properties or to

anneal copper. The cooling concept selected was to feed each turn from a top header and return at the bottom

of each turn through a bottom header, as shown in Figure 5. This concept allows cooling of an internally cooled

magnet with temperature rises comparable to those achievable with external cooing. A variation on this concept

is used below for cooling the Bitter plate magnet concept.

The high current joint concept is shown for the connection of the two pairs of parallel leads to the bus. The

joints are soldered with redundant shear pins, as is done in the normal magnet joints in Doublet Ill. Mechanical

rigidity is provided by by 6 high strength bolts for each of the six joints. All insulation is fully retained, by a
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steel case around the joint region, since the joints are made in a region with significant neutron and gamma

irradiation.

2.2 Bitter plate normal magnet concept

The Bitter magnet design is shown in Figures 7-14. The normal Bitter magnet with ceramic insulation is

sized as the insert coil in a hybrid magnet system. The background superconducting coil is of the same topology

(two grades, Nb.3Sn, internally cabled, externally cooled) as the all superconducting choke system discussed

below in the next section. In the hybrid magnet system, the normal insert magnet provides 5.0 T of the field

on axis. 5.0 T is provided by the superconducting background coils and the remaining 2.0 T by the rest of the

solenoid system. The rest of the tandem mirror system is moved back self-consistently in these designs by taking

account of the space requirements of the center cell beamline. This is the reason why the contribution of the

rest of the system to the 12 T under the choke coil is smaller for the two options with superconducting magnets

than for the all normal magnet. The overall dimensions of the hybrid system are shown in Figure 7. The Bitter

magnet insert provides 4.05 MAT with an overall current density of 1.32 kA/cm2 and a recirculating power of

5.2 MW.

A more detailed view of the Bitter magnet is shown along with the background coil case in Figure 8.

There are 26 plates in the magnets, with staggered electrical and hybraulic crossovers brazed from one plate to

another. Current is returned through the case, so that current leads can leave on one side of the magnet in a

coaxial strip,to avoid fringe fields in the plasma. It this feature is unnecessary, it would be easier to construct the

magnet with a high side and low side lead, with no return through the case.

The internally cooled Bitter magnet concept has the short cooling paths of an externally cooled magnet

design, while containing the water out of contact with the ceramic insulation. This magnet is considerably more

complex than a conventional Bitter magnet, because of the requirement that the ceramic must be positively

contained everywhere. While the complexity of the design suggests the posiibility of improvements in the

design concept, this design is, to the best of our knowledge, the only concept that has been defined for a high

irradiation, high field magnet, in which the insulation is retained everywhere, including the leads.

Neither the wound nor the Bitter magnet approach the ideal of constant stress polyhelical design. This is

not necessary for a 12 T magnet, but will become more necessary for an 18 T magnet, such as those used as plug
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magnets at the ends of the split central solenoid. The ideal polyhelical design should allow somewhat higher

fields, if a design solution can be found to retaining the insulation.

Figure 9 illustrates the internal joint concept, which is perhpas the most unique feature of the Bitter plate

magnet design. A crossover piece is prebrazed to the inner plate. The outer plate is laid over the crossover piece

and brazed to it. A sleeve, not shown, would be used to prevent braze material from entering the hydraulic

coolant channel, and for alignment of the plates. The crossover piece is shown as being initially welded from

two pieces, one of which may require final adjustments before welding for coolant hole alignment. As shown,

the crossovers, as well as the plates are surrounded by tightly packed sheets of ceramic insulation, which is in

turn surrounded by a steel jacket.

The Bitter plate internal cooling channel concept is shown in Figure 10. Water enters the plate from a

small internal header within the magnet case and exits after flowing through half a turn into a header at the

bottom. On the crossover side of the plate, water must flow into the adjacent plate in order to reach the bottom

header at the end of a half turn. Figure 11 shows the internal header connections to the Bitter plate cooling

channels. The header is insulated by ceramic powder from the Bitter plates.

Figure 12 shows the range of positions of the internal crossovers between Bitter magnet plates. Crossovers

begin at the bottom side of the magnet at the leads and move upward a plate thickness at every turn until the

far side of the magnet. The build is sufficiently low, however, that the crossovers can be stacked horizontally,

without requiring radial crossovers, which would be far more difficult. The internal cooling channels in the

crossover bars are also shown in Figure 12.

Figure 13 illustrates the leads with fully retained insulation. Each lead has its own insulation and sheath

about it. Since the return lead has been taken on two sides from the magnet case, it begins as a double lead

surrounding the forward lead, forming a flat shield about the forward lead and producing negligible radial field

in the plasma. This design answers the concerns about whether leads can be designed that are structurally well

contained. The open lead configuration of the theoretically more efficient polyhelical design appears to be a

likely source of magnet failure under intense irradiation.

Figure 14 shows the coolant penetration to the internal header. The internal header region is filled with

ceramic powder, since there are too many small radius bends to permit laying ceramic sheets in this region. The

feedthrough in this case is imagined to be an organic/fibreglass composite, but with ceramic sheet insulation

between the structural piece through which the hydraulic line is fed through and the coil case. In a design
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without return currents through the case, both pieces could be grounded.

2.3 Discussion

Three fundamental assumptions, based on our previous work in the area of highly irradiated, high stress

magnets [SC82], have driven the design thought behind the two normal magnet alternatives:

1 Any design with water in contact with an organic insulation will fail rapidly. Any design with water in

direct contact with an inorganic insulation is highly suspect.

2 All insulation, whether organic or inorganic, must be positively retained everywhere. Under intense

irradiation, bonds will fail and insulation will crack and/or powder. The only mechanically reliable insula-

tion design is one where the insulation has nowhere to go. This eliminates designs with solid, ceramic

spacers, no matter how high their yield strength or how low their swelling under irradiation may be.

3 Any magnet depending on strong, ductile materials for its mechanical strength will last a while before

neutron embrittlement ultimately destroys it. The rapid failure mechanisms - erosion, corrosion, photolysis,

electrolysis, photoconductivity and tracking - are electrochemical in their nature and are catalyzed by the

presence of electric field. Therefore, we have imposed as a design rule that the terminal voltge of the

normal magnets must be lower than 100 V. This leads to high current leads, bus and power supplies which

are considerably more expensive than a higher voltage design would be.

The Bitter magnet design was developed in the most detail in the belief that it might be the simplest solu-

tion to the definition of an internally cooled magnet with fully retained insulation. However, an examination of

the relative complexities of the Bitter and wound magnets does not really support this conclusion. The wound

magnet is indeed very close to the ideal of having its insulation completely retained and appears to be less

complex than the Bitter magnet. This is a reversal of the usual experience at high field magnet laboratories at

which a Bitter magnet typically costs an order of magnitude less than a wound coil with similar performance,

but the additional complexity required to prevent water contact with the insulation and to retain the insulation

is considerable, as illustrated in the drawings.

In both sets of drawings, the insulation is sufficiently contained that there is nothing that clearly indicates

whether the insulation must be organic or inorganic. The insulation compressive fatigue tests by Becker, in

particular, under intense irradiation cast considerable doubt on previous interpretations of the allowable radia-

tion doses on organic in sulations. These tests suggest that thin sheets of composite organic/inorganic materials,
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such as G-10, have enormously high lifetimes in compression, presumably because they have nowhere to go.

However, this optimistic assessment of the organic insulations in highly irradiated environments is balanced

against the ambiguous operating experience of highly irradiated magnets in accelerator laboratories, which have

included massive failures of magnets with organic insulation at DESY, as well as very high lifetimes elsewhere,

and against the knowledge that the domimant failure mechanism may be electrical and chemical, rather than

purely structural. Thus the need for field experience is clearly indicated, preferably with both organic and

insulation alternatives. The need to select a particular organic or inorganic insulating material appears to be less

important, although there is good reason to believe that polyimides with S-glass fillers should have radiation

life.

The discussion z bove has been a roundabout approach to the following conclusions:

1 A modification of the wound magnet alternative appears to be somewhat more attractive than the Bitter

magnet option. This modification would be in the direction of fully retaining the insulation.

2 If budgetary constraints permit, it would be beneficial to the D & T requirements of the mirror program

to build one of the normal choke magnets with organic insulation, such as a polyimide resin with an S-

glass filler, and one with inorganic insulation, such as spinel, magnesia or alumina. The relatively low

integrated fluerice of MFTF-B+T, in comparison with a mirror reactor, means that considerably less

downtime would be associated with the incorporation of this technology experiment with the overall

objectives of the machine than if field experience were postponed to a later machine.

3. Superconducting Magnet

The superconducting magnet option, also used in the sizing of the hybrid magnet below, is the Airco

Nb3Sn, internally cabled conductor, used in the Westinghouse LCP and M.I.T./Livermore 12 T coils. The

Airco conductor was selected because of familiarity with it as an advanced superconductor. However, more

advanced conductors, such as the internal tin Nb3Sn of IGC or the already developed 15 kA Nb3Sn ICS

conductor of Showa will also be considered.

The dimensions of the all superconducting magnet choke system are shown in Figure 15. The key

parameters of the system arc shown in Table I. The overall winding pack has an inner radius of 0.58 m and

and an outer radius of 1.18 m and a length of 1.4 m. The superconducting choke coil contributes 9.9 T to the

total 12 T field on axis. The maximum field at the superconductor is 13.1 T. The superconducting coil requires
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17.9 MAT with an overall current density over the winding pack of 2.05 kA/cm 2 . The winding pack shape was

selected to minimize the winding pack volume for a desired field on axis, with R, fixed. This is undoubtedly

not an optimal geometry for a graded superconductor with a strong field dependence of conductor current on

field in the high field grade. The algorithm for selecting the layer at which grading would take place accepted

the fixed overall dimensions and minimized the total amount of noncopper, designing to a fixed fraction of

critical current. Another weakness in this algorithm, is that it scaled the field with the layer number, because it

was written before an exact calculation of self and external fields in each layer had been incorporated into the

system model. Using Jiis algorithm, the minimum superconductor volume happened to be such that the low

current/high field grade carried almost exactly half the current of the high current/low field grade. Thus, it was

decided to make the ratio exactly half, in order to allow a single lead pair to provide current to both grades. A

more sophisticated algorithm for shape selection will be developed in the future.

The magnet cooling concept is the externally-cooled, cable-in-conduit concept adopted for the TF magnets

of Alcator DCT, which avoids the high cryogenic entropy generation associated with internal, force-flow cool-

ing. This concept is illustrated in Figure 16. In this concept, neutron and gamma losses are removed by

conduction to a small pool of boiling helium. The ICS conductors have a void fraction of 40 % helium, in order

to absorb sudden energy depositions in the winding during energization. The conductors are wound in double

pancakes and are sealed on both ends. The pool between double pancakes can be subcooled, in order to allow

higher critical currents. This concept is scheduled to be tested in the Fall of 1983 by the M.I.T./Livermore ICS

12 T coil. -

The critical current selection is based largely on the experimental work of Hoenig and Steeves [H082].

It is believed that the critical current at 13 T will be improved over that implied by the Westinghouse LCP

Final Design Report [WE80] because of two factors: the coils will be reacted after they are wound and the void

fraction of the conduits will be larger. The dominant strain in these magnets should be compressive due to cool-

down from the reaction temperature to cryogenic temperatures. The well-known strain-dependence of Nb 3Sn is

illustrated in Figure 17, in which an interpretation of the experimental data in Figure 18 is superimposed on the

curves published in the Westinghouse LCP Design Report. As can be seen (with difficulty), the curve of actual

strain at 12 T vs. void fraction generated by Hoenig lies exactly on top of the curve of critical currept vs. tensile

strain measured by Westinghouse. Figure 17 shows that, at 12 T the critical current is about a third higher at

40 % void fraction than at 32 %. The dashed curve on the bottom represents the expected performance of the
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Westinghouse LCP coil at 12 T. The additional degradation in critical current is because of the increase in the

peak compressive strain in the conductor due to bending during winding after reacting. Although Hoenig's data

does not include the design value of 13.1 T, it does include tests at 15 T, so the projected value for the MFTF-B

application is based on interpolation.

4.0 Stress Analysis

A simple stress analysis was done, assuming that the conductor is self-supporting radially and that layers

are unbonded and supported in compression against a stiff case on one end. The axial stress profiles for hoop

tension and axial compression are shown in Figures 19-35 for the normal, superconducting and hybrid coils.

The total axial and radial field in a normal magnet of the wound normal magnet choke system is shown

in Figures 19, 20 and 21. For all coils, the fields will be illustrated for a turn in the outer layer, center layer,

and inner layer of the winding pack as a continuous function of axial position. This is, of course, somewhat

idealized, since the the Bitter magnet has no layers, the wound coil has an even number of layers and all

concepts are discrete axially. However, the purpose of this calculation is to gain insight into the mechanical

integrity of the three concepts with a model which is sufficiently sophisticated to model the effect of the actual,

asymmetric force field, without modeling about hopefully second-order effects, which remain a topic for future

work. The self, external and total axial field of the inner, high field layer of the normal choke is shown in Figure

20. In this particular option, the asymmetry in the axial field is not very high. The radial field, however, is

almost equal in all layers, fairly high (up to 3.5 T) and antisymmetric about the coil axial center plane.

The axial stresses in the normal choke coil are shown in Figure 22. The worst spot among those analyzed

is in the center layer near the axial center plane, with a compressive bearing stress of -15.4 MPa. Stresses

are everywhere negative, indicating that each layer is attracted to the axial center plane of the mirror reactor.

Since the stress decreases toward the low-Z side, the Lorentz forces on the low-Z pancake must be away from

machine center, but it is forced against the inside wall by the other pancakes.

The hoop stresses in the normal choke coil are shown in Figure 23. The maximum stress analyzed is 81

MPa in the center layer-, near the axial center plane of the coil. The combined hoop and axial stress results in a

Tresca stress of 96 MPa near the center of the normal coil. If the filling factor of copper in the wound coil is 85

%, the hoop stress would be 95 MPa and the Tresca stress 110 MPa. This would be below an allowable of about

150 MPi for half-hard copper, implying that steel strip reinforcement may not be necessary.
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The axial and ridial fields in the all superconducting choke magnet system are shown in Figures 24-26.

The self, external and total axial field are shown in Figure 25, showing little asymmetry, as was observed for

the normal choke coil. The radial field is higher for the superconducting coil than for the normal coil, with a

maximum value of 5.2 '. The radial field is also nearly the same for all layers and nearly antisymmetric.

The hoop stress in the superconducting coil has a maximum of 200 MPa near the center of the inner layer,

as shown in Figure 27 The maximum axial stress of 39 MPa is in the center layer. An allowable bearing stress of

130 MPa would allow a fairly high stress multiplier in the inter-double pancake pool boiling channels. The peak

Tresca stress of 232 MPa in the inner layer, averaged over a conductor envelope, compares with an allowable of

about 170 MPa in 1/4 hard copper at 4 K and 540 MPa in the JBK-75 sheath, if 1/3 of ultimate tensile strength

is used. This could be marginally covered by the reference design, in which 45 % of the envelope is copper

or Nb3Sn (= 77 MPa, average) and 30 % is JBK-75 (= 180 MPa, average). Reduction of the peak stress, if

necessary could be acliieved by taking the contribution of the cold case into account, by adding steel strip or by

thickening the conduit wall.

The axial and radial fields in the superconducting and normal coils in the hybrid system are shown in

Figures 29-31. The radial field in the normal coil is reduced by about 50 % from its value in the all normal

choke coil. The radial field vs. axial position of the superconducting coil is now highly asymmetric, reaching a

peak of 3.12 MPa about a third of the way down the coil, axially, as shown in Figure 31.

The hoop stress, in the superconducting coil is reduced by nearly a factor of two, almost proportional to the

reduction in field contribution, in the superconducting coil from what it was in the all superconducting choke

system. The stress peaks towards the machine center at 117 MPa. It also peaks towards machine center for the

other layers. The axial stress in the superconducting coil is reduced even more to a maximum bearing stress

at the machine center side of -12.9 MPa, as shown in Figure 33. The maximum Tresca stress is now 129 MPa,

which is well within the allowable stress levels of the reference ICS conductor.

The hoop stress in the normal magnet is highest in the outer layer, peaking at 52 MPa near the axial center

of the magnet, as shown in Figure 34. The axial stress is more nearly constant than in the stand-alone design

and peaks near the center. The outer layer is pushed away from the machine axis, while the inner layer is

pulled toward it. It is not surprising that the fringe fields might be significantly different in a hybrid magnet

in which the insert coil has a significantly smaller axial extent than the background magnet, than in a stand-

alone solenoid. However, the qualitatively different behavior of the hybrid magnets indicates a need to calibrate
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the numerical solutions obtained here against results from a second method. This is now being done with the

implementation of a hree-dimensional, closed-form solution to solenoid stresses being developed by Bobrov.

The peak Trescai stress in the normal magnet in a hybrid choke system is approximately 58 MPa. Thus

it appears that the stresses in the hybrid choke system have significantly higher safety margins than in either

the normal or superconducting choke system. The superconducting coil would have 2.5 times the stress level

of the all normal coil and would be marginal with either a pure copper or with the current form factor of the

high strength steel (JBK-75) sheath of the present Westinghouse LCP conductor. The stress allowable, however,

would be higher for the superconducting magnet than for the nonnal magnet because of the lower temperature

and lighter irradiatiort level.

The stress analysis above cannot be considered to be definitive, since a number of other important factors.

must be considered in order to obtain the true stresses. In particular, the hydraulic channels in the normal

magnet designs remove about half of the axial bearing surface in the vicinity of the fittings, doubling the axial

stresses in those regions. Similarly, the bubble-clearing channels in the superconducting coil have the same

effect. On the other land, the assumption that the windings must be self-supporting is conservative, since the

cases or cowound structural strips can be used to increase the conductor strength. The interpretation of these

preliminary stress analyses is that all three of these concepts are likely to have high stresses in the conductors,

but that all three appear to be feasible. The highest safety margins appear to be in the hybrid magnet. A

possible reason is that the sizing algorithm, which minimized volume in the superconducting magnets and

recirculating power in the copper magnets probably has a bias toward more structurally conservative designs in

hybrid magnets.

5.0 Cost Trade Study

The relative system costs were estimated for the normal, superconducting and hybrid magnet systems. No

attempt was made to identify cost differences between the wound and Bitter normal concepts. A weakness

of this analysis is that the authors are not intimately familiar with the MFTF facility at Livermore. This is

particularly important when attempting to develop a realistic estimate of the cost auxiliary systems. This defect

should be corrected in the next design iteration. The costs of the various subsystems for the normal choke op-

tion are shown in Figures 36-38. The costs of the various sybsystems for the superconducting choke option are

shown in Figures 39-41. The costs of the various sybsystems for the hybrid choke option are shown in Figures
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42-45. In every case, the largest subsystem cost is that of the neutral beam systems. Much of this cost, however,

is independent of the ;election of the choke magnet system. The neutral beam system is estimated to be $5.7

M less expensive for :he normal choke system than for the hybrid system and $6.9 M less expensive than

for the superconducting choke system. This is larger than the differential cost of the magnets, including their

auxiliary systems. The normal magnet system was estimated to cost $3 M less than the hybrid magnet system

and $2.9 M less than te superconducting magnet system. The conclusion was that the normal magnet system

was significantly less e pensive than the hybrid and superconducting systems, which both had approximately

the same price. This conclusion would still hold, if the dependence of neutral beam system cost on magnet

dimensions were dropped.

With the linear dependence of beam power on incremental magnet length from machine center, the

tradeoff between capital and operating costs appears to be weighted in favor of minimizing capital costs, be-

cause the additional ncutral beam power in the case of the superconducting alternatives cancels much of the

Joule heating in the copper magnets. The peak line power was lowest for the all superconducting choke system

at 58.7 MW, which wa; lower than that in the hybrid system by 3.9 MW and lower than that in the normal

magnet system by 10 MW. This led to a differential utility charge, using rate structures provided by Pacific Gas

and Electric, of $70 K per year less for the superconducting magnet than for the hybrid and $200 K per year

less for the superconducting magnet than for the normal coil. This corresponds to approximately a 15 year

return on investment in the comparison of the normal coil with the superconducting coil for the magnet system

costs only, and a 50 year return on investment, if the differential in neutral beam heating costs are included.

This tradeoff may change drastically in the next iteration, if there is no magnet size penalty related to auxiliary

heating, or if the duty cycle of the machine is increased. However, when the desire to minimize capital costs

is added to the desire tc obtain some field experience with highly irradiated normal magnets, the first tradeoff

iteration favored the use of normal choke magnets to produce 12 T on axis.
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Table I

Performance Specifications of Three 12 T Magnet Options

Parameter

B,,, field on axis (T)

B., choke coil (T)

(choke contribution)

Bmaz, magnet (T)M

Ampere-turns (MAT)

,J (A/M 2)

RI (m)

R2 (M)

ZI (m)

Z2 (m)

hseld

Normal

12

9.3

12.3

7.46

20.0

0.16

0.61

2.55

3.23

0.0

Superconducting

12

9.9

13.1

17.9

20.5

0.58

1.18

2.85

4.25

04

Hybrid

Normal

12

5.0

12.5

4.05

13.2

0.16

0.63

3.08

3.82

0.0

Hybrid

Superconducting

12

5.0

6.34

9.37

18.2

0.723

1.13

2.98

3.92

0.59
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Table II

Cost Figures of Three 12 T Magnet Options

I Normal

Option Normal

II Superconducting

Superconducting

III -Hybrid

Normal

III -Hybrid

Superconducting

Neutral Beam System

Magnet System

Magnet Shield

Total

(M$)

46.5

4.67

0.0

55.8

(M$)

53.4

7.56

0.24

69.0

(M$)

52.2

2.65

0.0

68.0

(M$)

5.06

0.18
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