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Abstract 

Careful design of the toroidal-field (TF) and 
pololdal-fleld (PF) colls In a tokamak machine using 
cable-ln-conduit conductors (CICC) can result In quite 
high overall winding-pack current densities—even with 
the high nuclear heat loads that may be imposed In 
operating a fusion reactor--and thereby help reduce the 
overall machine size. In our design process, we 
systematically examined the operational environment of 
a magnet, e.g., mechanical stresses, current, field, 
heat load, coolant temperature, and cooldown stresses, 
to determine the optimum amounts of copper, supercon
ductor, helium, and sheath material for the CICC. This 
process is being used to design the superconducting 
magnet systems that comprise the Tokamak Ignition/Burn 
Experimental Reactor (TIBER II). 

Design Procedure 
The procedure we used to design magnets for 

TIBER II Is represented schematically in Fig. 1. It 1s 
functionally the same procedure for both the TF- and 
PF-system colls, although performance requirements and 
operating environments of the two systems obviously 
differ. 
Performance Requirements 

The most obvious requirement is the field to be 
produced, coupled with space requirements, which 
determine B and Jp a ci.. The size and geometry of the 
magnet are important because they impact mechanical 
stresses and the stored energy that must be safely 
extracted in the event of a quench. Tensile load 
parallel to the conductor axis must be considered 
because it directly affects the critical current of the 
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Fig. 1. Logical flow of the magnet and conductor 
design process: (1) input performance 
requirements, such as B m a x and J

D a c ^ (2) 
perform conductor optimization; (3) establish 
details of coil geometry; (4) calculate 
mechanical loads; (5) modify design of 
conduit/channel; (6) perform stress analyses; 
(4') calculate thermal loads; (5') modify flow 
path design, choose p. , T, , and m; (6') 
analyze fluid and heat flow; and (El, E2, E2', 
E3) evaluate design. 

In a CICC, the cable Inside a strong, 
steel sheath should be effectively Isolated from the 
buildup of transverse loads from layer to layer through 
the winding pack. However, transverse stresses 
internally generated 1n a single cable will limit 
performance of large conductors. Since cooling by 
forced flow of supercritical He Is chosen for CICCs, 
an estimate of the expected temperature rise resulting 
from heat generated by nuclear absorption or ac losses 
Is required. To begin the design process, we estimate 
each of the required parameters. These values are then 
refined by the Iterative processes indicated In Fig. 1. 
Conductor Optimization 

The heart of our magnet design procedure is 
optimization of conductor parameters, step 2 of Fig. 1. 
This part of the procedure Is handled by a routine 
called FLEXIPLEX [1], a flexible tolerance method for 
solving the general nonlinear programming problem of 
optimizing a multlvarlable function subject to both 
equality and inequality constraints. The inequality 
constraints are imposed by the operating conditions 
or by limits on the ranges of certain variables. 
The equality constraints result from the Interrelation 
of the variables by features of the conductor and 
winding pack geometries, by details of their 
fabrication, and by physical properties of their 
constituent materials. The objective function to be 
optimized Is the stability parameter ij (see Appendix), 
which varies monotonlcally with the stability marg'n 
provided by the CICC against any sudden disturbance. 
Stability should not be viewed as paramount 1n the 
design process. Rather, the constraints observed are 
of higher importance since the optimization proceeds 
only over the range of parameters permitted by the 
constraints that are Introduced by features of the 
magnets system design and operation. In the conductor 
optimization process, general CICC parameters such as 
fraction of steel in the winding pack, fraction of 
conductor Inside the sheath, fraction of copper in the 
conductor strands, strand diameter, and operating 
current ire calculated. 

Evaluation 
After the Initial conductor optimization 

procedure, the available stability margin is evaluated 
against requirements (step El, Fig. 1), which are 
largely dependent upon the application (see the 
Appendix for the relationship for estimating the 
stability margin from ij). The coil performance 
requirements, namely J„„,,, B m „ , or both, may then be 
increased or decreased, depending on whether the 
available stability in the optimized design exceeds or 
falls short of requirements of the design. 
Establish Details of Coil Geometry 

After the initial conductor optimization process, 
the space requirements for the winding pack are more 
clearly defined and the overall coil geometry can be 
better established (step 3, Fig. 1). In this stage, 
the more practical and application-specific 
requirements are Introduced. For example, we examine 
the requirements for coil cases, whether added 
structure to support externally Imposed loads will be 
needed, the practical limitations on the location of 
coolant connections and the length of flow paths, the 



location of current connections and Joints, shape 
factors, and required gaps or minimum thicknesses of 
certain parts. In other words, reality Is Introduced. 
When this stage 1s completed, the design process 
proceeds by separate and nearly Independent paths. 

Mechanical Analysis and Design 

In steps 4, 5, 6, and evaluation E2, mechanical 
loads In the winding pack are considered In greater 
detail, and the distribution of steel around the cable 
1s varied to accommodate these loads. Steel 
configuration 1s chosen Independently of the cable 
Inside, since we do not consider Its load-bearing 
capability. To achieve adequate support under 
nonuniform load distribution, we often depart from the 
simple, square conduit with a uniform wall thickness, 
which 1s a typical CICC design. A logical modification 
1s to add a heavy structural channel over a thinner, 
helium containment sheath (Fig. 2). The stress 
analyses of step 6 account for the mechanical response 
of the entire magnet system as far as possible. If the 
evaluation Indicates changes 1n distribution of 
structural steel around the conductor, we reiterate 
steps 5 and 6; 1f more steel 1s needed, new Input Is 
formulated to reiterate the conductor optimization 
process, most likely as a new constraint on minimum 
steel fraction 1n the winding pack. 

Thermal Aralysls and Design 

In steps 4', 5', 6', and E2', we consider the 
distribution of heat and modifications of the winding-
pack design to accommodate the distribution. Heating 
may result from nuclear absorption or ac losses 1n the 
superconductor; however, calculations to evaluate such 
losses ire beyond the scope of this paper. Geometry of 
the flow path may be modified to better accommodate the 
flow needed to remove the heat, while keeping the 
helium and conductor temperature within acceptable 
bounds 1n the critical regions of the coll. These 
modifications may Include varying the hydraulic 
diameter or the length of a flow path. Inlet 
conditions (p, , Tfl ) of the helium are also adjusted 
to achieve the most desirable temperature and pressure 
profile along the flow path for a given mass flow rate. 

Fig. 2. Model conductor 1n which the externa) sheath 
of the cable-1n-condu1t conductor has been 
augmented by a structural steel channel 
(dimensions 1n millimeters). 

The flow analysis of step 6' Includes all the effects 
of friction, fluid expansion, and kinetic energy 
variation In the fluid [2]. Hand's helium properties 
code HEPROP [3] as modified by Arp [4] 1s used to 
provide calculated values of p and T at any point along 
a flow path. If the evaluation of this part of the 
design process Identifies problems that can be 
accommodated by varying the flow or the state of the 
Inlet helium, we reiterate steps 5' and 6'. If changes 
to the cable geometry are required, we formulate new 
Input for the conductor optimization process. The new 
Input may redefine the most critical region of the coll 
(at least from the thermal prospective). Of course, 
the combination of requirements Identified 1n each 
analysis 1s examined (step E3) before the full 
reiteration is begun. 

We have described a process for designing large, 
high-performance, superconducting magnet systems for 
fusion applications. The process Incorporates unique 
features of the cable-1n-condu1t conductor design to 
achieve Improved performance and to simplify the design 
process. Examples of application of the design process 
to the TF and PF magnet systems of TIBER II are given 
In companion papers at this conference [12,13]. 
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APPENDIX 

Stabi l i ty Margin 

The stabi l i ty margin provided by a CICC 1s the 
amount of energy per unit volume of conductor from a 
sudden perturbation that can be absorbed without the 
conductor being quenched. This margin 1s determined by 
the effective heat capacity of the coolant at any point 
along the conductor and the temperature margin between 
the conductor temperature under normal operating 
conditions and the current-sharing temperature of the 
conductor. For force-cooled conductors in general, 
estimation of the stabi l i ty margin may require detailed 
calculations. For CICCs where heat transfer to the 
bulk of the In ters t i t ia l helium coolant 1s sufficiently 
good and rapid (see the constraint on current density 
for good heat transfer) , a relatively simple expression 
can be used: 

, * SHe T c 

Cu cond 

where 7 1s the stabi l i ty parameter (described below). 
The second term 1n the denominator accounts for joule 
heating 1n the conductor during the recovery process. 
Since i t is usually quite small, a very simple 
approximation is used, but one generally consistent 

with experimental data i f C = 50 x 10" 6 m2/W. The 
effective heat capacity of the helium over the 
temperature range T f c to T c s can be approximated by 

s A ! " Ute CP d T 

He " T - T. 

Stability Parameter 
In the conductor optimization procedure, we do not 

calculate the stability margin 1n detail for each 
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conductor configuration because the margin varies 
nonotonlcally with 17 defined by 

Maximum Pressure 1n the Event of a Quench 

V = 
condJ 

HT

C(».«) - v 
cond o-w v^r 

This relation 1s a d1i»en$1onles$ parameter constructed 
from the product of (T C J - T b)/T c and the ratio of 
helium to conductor volumes inside the CICC sheath. In 
writing the relation, we assumed that critical current 
density is essentially a linear function of temperature 
in the desired range and thus requires only the 
intercepts J c 0 and T for its definition. These values 
must be known as functions of field (and state of 
strain for Nb,5n) for the superconductor being used. 

Constraints on CICC Parameters 
Inequality Constraints 

Adequate Heat Transfer to the Coolant. As 
mentioned, the jiidlty of the estimated stability 
margin depends on heat transfer being sufficient to 
ensure that all helium near the perturbation absorbs 
heat uniformly. Empirical evidence indicates that, 
even with the initially stagnant helium, heat transfer 
to the helium 1n a CICC is adequate if J is constrained 
according to [5]: 

J < 

In principle, we must know the length and duration 
of the perturbation to evaluate the expression; 
however, its value is relatively Insensitive to L, and 
T „ . We routinely use 10 m and 1 ms, respectively. 
Maximum Temperature In the Event of a Quench 

In designs using Nb-Sn, we restrict the maximum 
hot-spot temperature in the event of a quench to 150 K. 
This limitation guarantees that strains due to 
differential thermal expansion cannot be greater in 
absolute magnitude than about 0.U, which is considered 
safe for the Nb,Sn superconductor 
sheath. The limitation on J as a 
related to CICC and other magnet system parameters 
according to the approximate expression [5]: 

f f 3 1 
Cu cond 

1/2 |[TC(B.£) - T b ] 1 / 2 ^ / 1 5 

n-W 
1/2 

1 1/2 1/15 . 
I 'Cu T H d w 

, | ^ . ( • - « , cond/ 

+ fr f' l2 cond l Cu/ Cu cond 3 
where 

]l/2 'J 
•e max ^He.init.v.He 'Cu dT 

/" Tmax ^ dT 

a CICC 1n the event of a quench depends on the sheath 
geometry and allowable stresses for the constituent 
material. In preliminary calculations, we assume a 
square conduit with a wall thickness that satisfies 
stress allowables under the operating electromagnetic 
loads. Membrane stress in the sheath from an internal 
nr^isure Is estimated according to an expression 
described under "Equality Constraints." The limitation 

then [6] 

J $ 
6.59 p" All f l / 4 

TCu cond 

7&r-'Cu 

1 - 'condJ 
..,3/4 H l / 4 

Sheath Stress Allowables. In the final design, 
the von Mises equivalent stress 1n a component must be 
less than 2/3 0 s h , defined as the value resulting in 
0.2* elongation offset. In preliminary optimization 
procedures, simplified requirements may be used to 
speed the design process. 

Equality Constraints 

Superconductor Performances. The following 
relations adequately predict the performance of MF-
NbjSn composite superconductors 1n preliminary magnet-
system designs: 

Strafn dependence of J c 0 and T £ [ 7 ] : 

Jc0<B'£> • W B > 0 " « l« l l - 7 ) 1 / 2 

. I " WU'-' i ' i ' - 7 )! °c2ro'v'l' "' 

['"B̂ DT 
T c(B,0 = T c m(B)(l - a l e l 1 - 7 ) 1 ' 3 

r,. B y « 
x [ Bca,(0)(l - aid 1" 7)] 

H B TT72 

Field dependence of the unstrained values J W 
T r m(B) = 18(1 - 0.036 B) . 

Jc0m< B> 
rilKl - 0036B)1^ „ 1 Q 6 

„l/2 

(These expressions yield critical currents achievable 
in state-of-the-art conductors using binary Nb~Sn up to 
about 12 T or (NbTi),Sn between 12 and 18 T.) 

Strain in the superconducting filaments at 
operating conditions: 

>Cu 



(The coefficient multiplying e s h agrees with our 
limited data base [8], but surely depends on various 
CICC parameters and must be explored more fully.) 

Initial filament strain resulting from 
differential thermal contraction of conductor 
components upon cooldown from the reaction temperature: 

Mnit. 

Hi, He ) Esh' - $...] 
F < W E s h A s h + E f11 f l f11 

."Cu.Au * "' bz,yAbz) 

(These where F(f H e) = 0.15 e»p[-(f H e/0.4r]. 
expressions reflect empirical observations of the 
dependence of the Initial strain of the superconductor 
conductor material composition and degree of cable 
compaction [9]. Since this data base Is also limited, 
continued verification of full-scale conductors will be 
required.) 

Copper Resistivity. Magnetoreststlvtty of the 
copper matrix 1s given by: 

'cu<B> = >>0[1 o.omWp0)*-ml (n(l«m) 

The zero-field value p0 must account for radiation 
damage, both that amount accumulated 1n the current 
operating cycle of a particular scenario and that 
retained from previous operating cycles after room 
temperature (or slightly higher) anneals. We predict 
p0 according to the following relation: 

'o = 'o.lnit. * 's 1 - exp p_W]|, 
where 

°rtnd " ] W°J>DJ 
and 

W D ) • 0.1 + O.le •1000D 

In these formulas, which represent constructions based 
on suggestions by Gulnan [10] and Sawan [II], we use 
p * 3.0 nQ»m and 1 = 720 nn«m«dpa . 

Maximum Quench Pressure. In preliminary conductor 
optimizations, we assume a square conduit and use a 
simple relationship between maximum allowable quench 
pressure and yield stress in the conduit wall; however, 
we apply a conservative safety factor: 

0.2 t, wall v.sn 
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Nomenclature 

In later I terations, the calculation 1s refined to 
account for the evolved shape. 
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"bz 
(m 2) 

"Cu 

"fll 

- Total cross section of bronze 1n the CICC 

• Total cross section of copper stabilizer 

in the CICC (m 2). 

« Total cross se 

the CICC (a 2). 



"sh 

B 

""Cu 

rtnd 

'fll 

• Total cross section of sheath material 1n 
the CICC ( m 2 ) . 

= Magnetic f ie ld at the conductor (T) . 

= Strain-free upper cr i t ica l f i e ld at zero 
temperature (T) . 

* Empirically determined constant relating 
recovery time In a CICC to a perturbation 
energy density and the wire diameter 

(mV). 
= Specific heat of noncopper fraction of 

the composite superconductor. For MF-
Nb,Sn, this amounts to an average of the 
specific heats of CuSn-bronze and Nb.Sn 
(J.kg" 1-*" 1). 

- Specific heat of copper (J'kg »K ) . 

- Mean specific heat at constant volume for 
He, taken as 3100 J « k g _ 1 . K' 1. 

= Specific heat at constant pressure for He 
( J - k g " 1 ^ " 1 ) . 

= Damage to the copper stabilizer of a 
conductor during operation (dpa). 

= Damage retained after a room temperature 
anneal (dpa). 

- Diameter of a superconductor composite 
strand in the CICC (m). 

= Young's modulus of a Nb.Sn filament (Pa). 

= The stability margin or energy density 
per unit volume of conductor that can be 
absorbed by a CICC without quench 
(J-nf 3). 

= Young's modulus of the CICC sheath (Pa). 

= Stored energy at full field (J). 

= Fraction of conductor inside the conduit 
of the CICC. 

- Fraction of stabilizing copper in the 
superconductor composite strands. 

= Fraction of helium inside the conduit of 
the CICC, cond' 
Fraction of damage retained by copper 
after a room temperature anneal. 

Rate of Increase of resist iv i ty returned 
by the copper stabi l izer of a conductor 
after a room temperature anneal 
(n1)«m»dpa ) . 

op 

I , . I 2 . I j 

J 

J c 0 ( B , e ) 

J c0m 

pack 

L 

^H 

S 
(m) . 

T C ( B . « ) 

T cm 

T c s 

' w a l l 

V D 

H i i 

(B 

V 

' 'He.init . 

• Operating current at full field (A). 

= Integral terms defined In text 
(A^s-V). 

= Operating current density Inside the 
conduit of a CICC (A«m ) . 

- Zero temperature critical current density 
over the noncopper fraction of a 
composite superconductor strand at field 
and strain (A«m ) . 

• Maximum of J • vs strain (A»m ) . 

•= Average current density over the winding 
pack (A«m ) . 

• Length of a flow path between connections 
(m). 

• Length of CICC receiving a sudden heat 
Impulse (m). 

• Maximum allowable, absolute pressure 
during a quench of the CICC (Pa). 

- External lateral dimension of the CICC 

= Bulk fluid temperature of the internal 
helium of a CICC at operating conditions 
<K). 

= Critical temperature of the supercon
ductor composite at a particular field 
and strain (K). 

= Maximum of T vs strain (K). 

" Current sharing temperature of the 
superconductor at a particular field and 
current (K). 

- Wall thickness of the CICC sheath (m). 

= Terminal voltage resulting from a dump at 
full field (V). 

Total relative thermal contraction of the 

treatment temperature to operating 
temperature (i.e. from 1000 to 4 K). 
Total relative thermal contraction of the 
sheath from the conductor heat-treatment 
temperature to operating temperature 
(I.e. from 1000 to 4 K ) . 
Stability parameter. 
Density of the Internal He In a CICC at 
the initial operating temperature and 
pressure (I.e. before a quench) (kg«m ) . 
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'Cll 

e1n1t. 

csh 

> C u(B) 

= Density of the noncopper fraction of the 
composite superconductor (taken as 8920 
kg-m" for NF-Nb,Sn composites). 

= Density of copper (taken as 3940 kg*m ). 

= Total axial strain 1n the superconductor 
filaments due to all effects. 

= Initial axial strain In the 
superconducting filaments after cooldown 
to operating temperature. 

= Axial strain added to the sheath of the 
CICC under the action of electromagnetic 
forces. 

= Resistivity of the stabilizing copper at 
operating field (fl«m). 

'H 

°bz,y 

"Cu,y 

"y.sh 

Saturation value of stabilizer residual 
resistivity due to radiation damage 
(n»m). 
Residual resistivity (n«m). A subscript 
"init" Indicates Initial, undamaged 
value. 
Ouratlon of a sudden heat Impulse to the 
CICC (s). 

Yield stress of bronze (Pa). 

Yield stress of copper (Pa). 

Yield stress of the CICC sheath (Pa). 
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