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Summary )

The equilibrium field (EF) coil system for the
Argonne Expcrimental Power Reactoer (EPR) and the methods
by which it has becn designed are described. The number
of coils, their placement, and the currents in them are
fixed by considerations of the trade off between the
stored cnergy in the coils and the closcness with which
the required magnetohydrodynamic (MHD) equilibrium can
be matched. The bulk of the cquilibrium field is pro-
duced by superconducting ceils outside the taroidal
field (TF) coils. These coils arc decoupled from the
ohmic heating (Qit) system. Normal conducting coils
just outside the vacuun chamber are ilso prowided for
fine control. The amount of D-shapedness of the plasma
croas section is found to be limited. The reference
design EF coil system configuration is described, and
the internal configuration of the conductor and impli-
satlons of the EF coil system on the reactor burn cycle
and on tha driving system costs are discussed.

General Procedure

Rofercnce Equilihbrium

In arder to determine an EF coil systerm, w-
enco MHD equilibrium is first chosen, The eg wria
used in thesce studies arc determined by fixed _vundary
MHD calculations as described in Refs. 1-2. These cal-
culations depend on the choice of plasma parnmcters.
One of the morc important of these parameters is 3,
the ratio of the plasma pressure to the toroidal mag-
netic field pressure. The reactor power increases with
B¢, but so do the requirements on the EF system. The
achievable values of 2, for a reactor are not yet anwn
but are expected to be roughly 7% for the Argonne EPR.?
To be conservative the coils are designed for g, = 8%,

Among the outputs from the MID calculations is the
flux function, ue‘t(R Z) = 2*RA.(R,2), far the required
EF field, (A, is the azimuthal component of the exter-
nal ficld vector potential.) The flux function for the
fixed boundary calculations is ounly known inside the
piasma, and it is the purposc of the EF coil system to
match this flux function as accurately as necessary to
taproduce the desired plasma shape and other plasma
parameters,

The locations of the EF coils are subject to a nume
bar of constraints: it has been thc Argonne philosopuy
to place the EF coils outside the TF coils. The prin-
cipal reason is thzt maintenance of these coils after
the reactor becomes hot would be extremely difficult if
thuy were inside. Placed outside, they ure casily
raisec or dropped if it is necessary to work on them.
Usc of superconducting EF coils is zlso facilitazed by
a position outside of the TF coils. Additional diffi-
culties are that the space inside the TF coils is
crowded, access to other components is impaired, and
initial fabrication is much morve difficult,

A second constraint is that the EF system should
be decoupled from the O system., [Since the twa must
be operated with differcnt time variations, large volt-
ages would be indticed in cach other if they were
coupled.) Decoupling is done by placing the EF coils
on an Off flux line, connccring them in series, and
requiring that the total current in them add to zero.
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A third constraint 1s that the EF coils cannot be

- placed too near the TF coils since they produce an

undesirably high field on the TF coils. In thc present
design the centerlines of the LF coils were kept
approximately 1 m away from the TF coils.

There arc other positions the EF coils cannot
occupy as well. The neutral beam ducts prevent coils
from being placed too near the midplane on the out<ide,
and the OH solenoid prevents coils from being placed
too near the major axis. Spuce must be loft betsesn
two coils near the top (and hottom) outside o ullew
the vacuum ducts to penetrate.

Trimming Coils

The EF coils are expected to provide the bula of
the required field., It is felt, however, that thesc
cails may be too far from the plasma and may be too res-
tricted in their location to provide adequate fine con-
trol for a probably sensitive nigh 4, plasma or to pre-
vent tendencics of the plasma to move, For this fine
control the initintion-trimming (IT) coils arve used.
These coils, which are also necessary for the carly
plasma startup, are segmented, normal copper conductars
located just outside the vacuum vessel. The necessary
currents (<0.5 MA) in these coils are sufficiently ==all
that they do not affect the reactor power balance. They
are sufficiently shiclded to prevent undue radiation
cnhanced resistivity, and they can be anncaled. They
would be feed-back controlled to maintain the plass
position and to provide any fine tuning not provid
the EF coils. The EF coils are designed, houever,
if the IT coils did not provide any of the reguired
equilibrium field.

Mathematical Method

In order to find the required currents for fixed
positions of the EF coils, the following quantity is
minimized as suggested in Ref. 3:
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where voxe n is the desired flux function given at N
points, nal,...,N; w; is the acrual field due to & EF
coil pairs at (Rg, *2), ksl,...,K. (\n cxpression for
¢n is given in Ref, 1.); r is a parameter which Jeter-
mines the relative importancc of the first (field crror)
term and the second (stored energy) term; and  is u
Lagrange multiplier associated with the constraint that
the currents add to zero.

The inductance matrix, L.., is calculated as
follows: 4
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and K(k) and E(k) are the complete elliptic integrals
of the first and sccond kinds, respcctively. The self-
inductance terms depend on the coil size, (a; is the
minor radius of coil i.,) Since the coil size depends
on the curvents in the coils (The current density ts
assumed fixed.), it is necessary to iterate the proce-
dure until consistent sizes and currcents are obtained.

By varying the quantity, r, a better (or worse)
match to the desired ficld can be obtained at the
expense of increascd (or decreascd) stored energy.
Experience has indicated an average rclative error of
£0.4\ in tho flux function is necessary to pravide an
sadequate match to the plasma boundary and other
paramcters.

N\

The optimun FF system i{s found by changing the
coil locations and number of colls until the lowest
stored energy is obtained for a given error (near 0.4%).

Argonne EPR Reference Design

EF System Configuration

It is generally felt that elongated plasma crass
sections with gutwardly pointing D-shapes are benefi-
cigl to the achievement of high .,. ‘These configura-
tions tend to have more highly shaped required external
fields than the circular cross section cases,' An
example is shown in Fig, 1. It is ecspecially hard to
produce the field near the upper, inside part of the
cross section with coils far from the plasma and with
no coils to the lett (in Fig. 1} of the plasma (because
of the TF coils and Oll sotenoid). (It can also be
noted that these fields should alse be unstable to
vertical excursions since the J x B force has an upward
component. The vertical positioning would have to be
feed-back controlled via the IT coils,.)

A typical required external field for an

Fig. 1.
. elongated D-shaped plasma, The major
sxis is on the left. This cross section

hes x = 1,65 and d = 0,50,

1

Pigura 2 shows tho atored energy versus field error
curves for threo elongations (x « height/width = 1,00,
1.30, and 1.65) and two D-shapes, (d = 0 is elliptical,
and the plasma becomes more U-shaped as d increases.
The actual relations are given in Ref. 2,) The curves
for d = 0.50 {the value:far:thc cross. section in Fig. 1)
ave off the graph_to the top, for all three elongations.
It can be seen that the nxgher elongations require more
stored energy and: .thit there’is a’limit to the sharp-
ness:of -the. D-shape that can be formed with a reason-
able EF system located outside the TF coils.
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Fig. 2. Stored energy versus ficld ervor, illustraz

the relative difficulty of obtaining clo
D-shaped equilibria, The d = 0.50 curve.
off the graph: All cases have an aspect ratio
of 3.5. Typically, an crror of *0.4% is suf-

ficient to match the plasma parameters.

are

The Argonne EPR Reference Gasign? has « = 1,65 and
d = 0.25. The D-shapness, d, was limited hy the above
considerations. The EF system paramcters for 3, = 8%
are summarized in Table 1. Figure 3 shcus how closely
this configuration matches the 8 7% reference value
if the currents are all reduced ﬁy 0.95, The "actual®
boundary was calculated using a slightly modified ver-
sion of the Princeton free-boundary equilibrium code.
The inducrance and decoupling of the EF and OH system
have becn verified independently by more accurate ficld
calculations using the distributed current in the actual
coil configurations as shown in Fig. 4.
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Fig. 3. The plasma boundary duc to the actual EF coil
systom compared te the desired boundary for
8¢ = 7%. The EF current is 95% of the design
value.
TABLE 1. Coil Conflgurntions
(The numbers given are for cofl pairs,
one above and ono below the midplane,)
NI Conductor
R H &R Az (MA- Length
Coil (m) (m) (m) {m) turns) (A-m)
1 2,04 5.38 0.48 0,25 -4.2 %4
2 2.38 5.62 0,48 0.25 -4.24 63
3 3.00 6.00 0.40 0,50 7.14 135
3 4,80 6.05 0.88 0.50 15.56 1069
s 8.05 4,27 0.43 .50 ~7.61 385
6 9,59 2.3 0.8 0,50 -6.61 398
Total: 0 1504
Superconduct . oils

are

The EF coils are cryostable with NbTi superconduc-
tor and copper stabilizer.

They operate at 4,2 K and
~ooled by pool-boiling heliun,

rent is 70 kA, and the current density is 1730 A/cm?.

8-10 STRIPS OR SST. BRAIOS™
'O XA CABLE CONDUCTOR

Pig. 5.

The aperating cure

Fig. 4.

A cross section of the Argonne EPR showitz the
EF coils (crosshatched), the IT coils iblaca),
and the OH coils (X).

The 70-kA conductor, shown in Fig. 5, is designed
to be cryostable and still have low ac losses, It zon-
sists of 70 basic cables wound around z backbons <t:rip
of solid G-10 or stainless steel braid., Lach tu<i:
cable, in turn, consists of six hasic strands of ¢
and NbTi-copper composite wound arsund a stainle
cable. The basic strands are individually cryos::hi <,
The coils and conductors atre.described further in Rer, 4.

PURE OFHWG WIRES

SUPERCONDUCTING COMPOSITE
SOLOERED TO PURE GCOPPER WIRES

THIN GLYPTAL GOATING

STAINLESS STEEL CABLE

I000A BASIC CABLE

70~kA cryostable conductor for the LF coils.
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Resctor Implications

Tha coll design described above is based on the
external fiold dhtubunon m:eded hy the plasm at

ma in MHD equlubnum.,
cycle the required -ficld’is™a.
pressure ‘and ‘current, Burn cycle
type described in Refs. 2 and 5) determine ‘the currents
and voltapes: in the EF coils as a function of time,

For the:EPR with the EF coil design described above

and using a tygxcal startup sccnario, it takes a maxie
mum powver, P2SX, of about 1,6 GVA to run the EF system,

The EF coils are driven by a thyristor~type
rectifier-inverter power supply opcrating out of a
superconducting encrgy storage ~oil. The cost of this
supply (=40 MS for the above value of PZ.",}X) is one of
the major costs of the driving system, and minimizing
the EF power supply cost generally dictates the choice
of startup time and other parameters of the burn
cycle. To first order the valuc of PPN scales
linearly with the maximum stored encrgy in the EF sys-
tem, Thus, the optimization design process described
ahove, which minimizes the stored energy, is critical
in reducing the overall reactor costs.
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