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The magnet systems for the current Argonne ex-
perimental power reactor (EPR) design build on the
earlier designs but incorporate a number of improve-
ments. The toroidal field (TF1 coil system consists
of 16 coils of the constant tension shape, with NbTi,
copper, and stainless steel as superconductor, sta-
bilizer, and support material respectively. They are
designed for 10 T operation at 3.7 K or 9 T operation
at 4.2 K. Two changes from earlier desiRns permit a
saving in material requirements. The coils are
wound with the conductor in precomprcssion and the
support material in pretension so that when the coils
are energized, the stainless steel experiences a
•treaa of 60 000 psi while the copper stress does not
exceed IS 0Q0 psi. Both the copper and NbTi are
graded, with higher current densities where magnetic
and radiation effects are smaller.

The ohmic heating (OH) coil system consists of a
central solenoid plus ton other coils, all located out-
side the TF coils for ease of maintenance. The NbTi-
copper coils arc cryostable and opera'e at 4.2 K.
The solenoid is segmented, with rines of insulation
between segments to transfer the ccnterina force from
the TF coils to an insulating cylinder inside She OH
solenoid. Locatinc the OH solenoid inside the support
cylinder plus raisinc the central field to 8 T, enables
the OH system to develop more volt-seconds than the
earlier desier.s, even though the plasma major radius
Is smaller.

The superconducting equilibrium field coils, also
outside the TF coils, provide the field pattern re-
quired for a D-shapfd plasma.

Introduction

The magnet systems for the *NL design of an
EPR have been widely reported;'"^ this paper focuses
on the changes which have been incorporated in the
1977 design and on some other ideas currently under
consideration. The overall design appears in Fig. 1.

Toroidal Field Coils

Parameters for the TF coils are given in Table I.
These are 16 colls of the pure-tension shape, with an

OH Cuils

]<; - EF Coils

Figure 1. EPR Magnet Schematic, showing TF,
OH, and EF coils .

* Work aupported by the U. S. Department of Energy,
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NbTi-copper conductor and cooled by pool boiling.
Th« coil i are designed to operate at 10 T and 3.7 K
or at 9 T and 4. 2 K. The TF coils operate in series
to eliminate the possibility of carrying unequal cur.
rents, which would produce large bending moments
and out-of-plsne farces on the coils . The reduction
in l i t e of the reactor from previous years reduces the
energy stored in the TF coil system from 30 GJ to 14
CJ, and also reduces the amount of copper stabilizer,
and stainless steel support.

Table I. Toroidal Field Coil Parameters

Number of coils
Coil shape
Superconductor
Stabilizer
Support material
Support cylinder

Coil bore, vertical
x horizontal

Operating temperature
Peak field
Fietd at plasma
Total amp-turns

Operating current
Turns per coil
Average current density

Inductance
Stored energy

16
Pure-tenaion D
NbTi
Copper
Stainless Steei
Fiberglass-reinforced

plastic
8.73 m x S.64 m

3 . 7 K ( 4 . Z K)
10 T (9T)
4.81 T (4.33 T)
115 MA-turns (104 MA-

turns)
60 000 A (54 000 A)
6 0 x 2
1540 A/cm (1390

A/cm2)
7 .9H
14.3 GJ (11.6 GJ)

ALUMINUM SHIELD
/ I2.5K-23.SK

OENSE GAS
COOLING TUBE

- S S T . BACKING

-COIL FORM

VACUUM SPACE
AND SUPERINSULATION

SCALE IN CM.
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Figure 2. Cross Section of TF Coil

The magnet model developed for nystems stud-
ies has proved useful in designing the TF coils. When
the plasma and blanket/shield space requirements and
a few other parameters are specified, the model cal-
culates the size and shape of the coils, and their com-
position.

Conductor and Coil Structure

The coil is trapezoidal in cross section, with a
central rib for support. Each half coil is wound of a
60 kA sheet conductor. The coil cross section And
conductor are shown in Figs, i and 3. The conductor
consists of a sheet of copper stabilizer *A irh mam-
copper and NbTi-copper composite wires stranded
around it and soldered to it. Stainless steel rein-
forcement is wound with the sheet conductor to reduce
the hoop stress in the conductor.

The allowable stress in the conductor is si>r at
1.04 x 108 N/m 2 (15 000 psi) to limit the str.ii:-.-
induced resistivity of the copper and prevent it :I'IMTI
yielding. If the stainless steel were wound with •! u
copper, at the same strain level, the stress ir. the
stainless steel would be only 1.8 x 108 N/m2 (26 000
psi). If, however, the conductor is wound in precom-
pression and the stainless steel in pretension, then
when energized the stainless steel will experience a
stress of 3.5 x 108 N / m 2 (50 000 psi); and only half
as much is required.

Because the field decreases with position goin;:
out across the thickness of the coil, the amounrs oi
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xxx xx
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Figure 3. Three Grades of 60 kA Conductor for TF Coil
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Figure 4. EPR TF Coil System Showing Access Be-
tween Coils. (A) 16 Coils, (B) 12 Coils
with Same Total Current

superconductor, copper, and stainless stcet required
per turn of conductor also decrease. Figure 3 shows
three representative grades of conductor. The num-
ber of grades used would be determined by balancing
the material and space savings of going to more
grades against the cost of making more grade to
grade joints.

The conductor was designed to be cryostablc at
60 kA, 4. 2 K. the rated field, and an effective heat
transfer to the helium of 3600 W/m^. A dynamic
•lability computation predicts that at 4.2 K, the rated
Held, and a perturbing heat pulse of 1.0 J/cm^ of
croi i section, the recovery currents of the three con-
ductor! In Fig. 3. would lie between 62 and 66 kA.

16 COILS
(•ITH lltOHl

4.5 5.0 5.5 6.0 6.5

RADIAL POSITION (m)

Figure 5. Variation of Field Ripple with Radial Posi-
tion with and without Iron, for 16 anrl i2
Colls

The conductor described here is inhcrcn'K* a dc
conductor. Its use requires that the TF coils be
shielded from the pulsed field from the PF coils.
Thus the design includes a high-ourity alumimjir;
shield, as described elsewhere. • ' Cihcrv. ise, a
different kind of conductor would he needed.

Other Considerations

Two additional ideas which have not beer. ir.c.T-
poratrd into the 1977 design, but which arc bci' . s u d -
ied, are an aluminum-stabilized conductor v ::'• a:-.
aluminum-alloy support material and the use ^: :>rrii-
magnctic steel to lower the field ripple. Calcv.l.Lr.on
with the magnet model showed that Hie coils ••.i;~j
aluminum would be 40°'o lighter and have manorial
costs 17?o less, but the coil thickness increased ;'i-im
0.63 m to 1. 19 m. The ohmic heating solenoid and
support cylinder would no tonuer fit radially ir.vard
from the TF coils; consequently, the whole reactor
would have to grow. In other words, the ecoroiv.-cs
of using aluminum and aluminum alloys in the TF
c o i l s c a n n o t b e a p p r o a c h e d f r o m t h e m a g n e t s \ = t o i n

alone, but require a study of the entire reactor.

Using ferromagnetic segments of the shici-1 o
reduce field ripple is also beinc studied. Fie urn 4
shows the improved access which could be ach:<--.•«•<) if
th« sixteen TF coils were replaced by twelve v. i• Vi thi'
same total ampere-turns. However, the fie If! rinnlo
in the outer part of the plasma (out to 6.0 ml is much
worse with twelve coils than with sixteen. If sccir.cnls
of the blanket/shield directly inward from the outer
leg of each TF coil were ferromagnetic, the ripple
would be reduced.

The effect of adding the iron, both for a 16-coil
system and a 12-coil system, was computed at the
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Rutherford Laboratory, using the magnet design pro-
gram GFUN3D. 8> 9 The results appear in Fig. 5,
For the 16-coil system, the Iron was assumed to be in
the form of a block 0.5 m x 0. 5 m x 5.0 m high inside
the outer leg of each TF coil; wiM 12 coils each block
was Increased by 16/12 in cross sectional area. Fig.
5 shows that i t 6.0 m, for example, the iron reduces
the ripple (com 1.3% down to 0.27° (or sixteen coils,
but only from 4.6% down to 2.9% for twelve coils and
the specified amount of iron. Twice the iron (not
shown In Fig. 5) reduces the ripple with 12 coils
to 0.5% at 6.0 m. In an actual reactor., the ferro-
magnetic material could be incorporated as part of the
blanket and shield system.

Ohmic Heating Coils

The OH and equilibrium-field (EF) coils are lo-
cated external to the TF coils, to facilitate installation
and maintenance and to allow them to be supercon-
ducting. The location of these coils is shown in Fig-
It and the principal parameters are given in Table 2-

The OH coils consist of a central solenoid and ten
additional coaxial coils. The central solenoid is be-
tween the TF coils and the central support cylinder.
This configuration maximizes the central flux core
area for a solenoidal OH coil to provide the necessary
volt-seconds. The OH coils are energized to give a
negative flux before the piasma is formed, then the
current in the OH coils is reversed, inducing a cur-
rent in the plasma.

Table 2. Polodia.1 Coil Parameters

A TO kA cable conductor suitable for the OH coils
appears in Fig. 6: the design Is a compromise between
the conflicting requirements of low ac lasses and full
stabilization. Thr 70 kA cable consists of 70 basic
cables wound around a backbone atrip about 1 mm
thick. The atrip, cither solid C-10 or a stainless -
•teel braid, provides support for the cable during
cabling and winding, and also withstands the hoop
force in the coil.

N K OFHC WIRES

SUPERCONDUCTING COMPOSITE
SOLDERED TO PURE COPPER WIRES

-THIM 0UPTAL C0ATIN0

-STAINLESS STEEL CABLE

— « . T B in .—

I000A BASIC CABLE

LIQUID HELIUM CHANNEL

Number of coils
Location

Superconduc tor/
stabilizer

Operating
temperature

Current density
Operating current
Total amp-turns

Maximum volt-seconds
Central field
Field at plasma
Inductance
Coupling coefficient

to plasma
Energy transferred
Inductive energy:

OH, EF, and Plasma

Conductor

OH Coils
Solenoid + 10
Outside TF

coils
NbTi/Cu

4.2 K
2

1730 A/cm
70 kA
82.3 MA-

turns
90 V-s
8 T
< lO"3 T
0.73 H
-0.25

1.75 GJ
3.75 CJ

EF Coils
12
Outside TF

coils
NbTi/Cu

4.2 K

1730 A/cm2

70 kA
45.4 MA-

turns
37 V-s
0.3 T
0.56T
0.94H
-0.175

2.30 GJ

•

I000A BASIC
CABLE

3-10 STRIPS OR SST. BRAIOS'

70 KA CABLE CONDUCTOR
Figure 6. 70 kA Conduifor for Pulsed

OH and EF Coils

-CURRENT LEADS
_ IN COAXIAL

ARRAYS

»C»Lt IN C<*

0 10 U K

Figure 7. Segmented OH Solenoid
and Support

Each 1000 A basic cable consists of six basic
strands wound around a stainless steel cable. Sen
Fig. 6. A basic strand consists of a superconducting
composite with six copper wires stranded around it and
soft-soldcrcd to it. The basic strand is cryostablc.

70



WMIK 1UJT

MtlH-TIMN
OQM.IM DUNHL a-w twin*

0 . * CH. THIM

0OWJUC1OH

Figure 8. One Ring o( Support Cylinder and OH
Solenoid Bobbin

Coll Structure and Support Cylinder

The proponed TF coil support cylinder ia made of
a fiberglass-reinforced plastic such a i G-10 or G- l l .
The cylinder is positioned inside the OH coil with ax-
ial support rings transmitting the load from the TF
coils to the supportfCylinder as shown in Fig. 7. Each
coll U 0.20 m thick, with'0.05 m between coils. Liq-
uid helium ia introduced tc the bottom of the coils, and
the gas is vented at the top of the coil. Both the Liquid
channels and the gas-venting channels are provided by
mlcarta or G-10 strips, about 0.6 mm thick running
radir.'ly outward, as shown in Fig. 8.

Liquid and gaseous helium flow as shown by thf
arrows in Fig. 7. The slots shown in Fig. 8 disperse
the gas. The rings will also serve as coil-winding
bobbins.

Equilibrium Field Coils

The EF coils are decoupled magnetically from the
OH coils by locating them all on the same flux line of
the OH coils, operating them in series, and requiring
that the numbers of positive and negative amp-turns in
the EF coil system be equal. Selection of the flux line
and of the coil positions along the flux tine is gov-
erned by engineering constraints. The currents are
chosen to produce the required equilibrium field con-
figuration in the plasma, using a free-boundary MHD
equilibrium code, but subject to the constraint of
minimizing energy in the EF coil system.

Twelve coils comprise of the EF coil system. An
elongated, D-shaped plasma requires more current
and energy in the EF coil than a circular plasma
would, but the required field pattern can be achieved
by EF coils outside the TF coils. EF coil parameters
aUo appear in Table 2. The EF coil system is de-
scribed in more detail in reference 10. The EF coils
use the same 70 kA conductor as the OH coils.

A. system of water-cooled copper coils ia located
within the blanket and shield. This coil system pro-
vides the S00 V, 5 ms voltage pulse necessary to

breakdown the plasma, and also provides the trim-
ming fields necessary to control the plasma position.
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