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lutroduct fon

The poloidal cofla for STARFIRE consist of
three systema:

field (CF) cofls, The EF coils arv supercons
ducting and 1!e ocutside the toroidal field (TF)
codls. These coils provide the bulk of the
equilidriuz fleld necessary to keap the plasaa
positicaed fn the vacuum chamher vith the do-
sired cross sectivnal share and pressure and
current distributions, Having these cells out-
side of the TF coils requires that they have a
larger stored energy and larger currents but
eascs the assexbly, raintenance, and relfadilicy
of the cofls. The STARFIRE 0H system i rela-
tively sz=all cozpared to tokazaks In whivh the
current is entirely ohzically driven, It is
designed to provide sufficient {lux in the
early startup Lo raise the plasza current to
the point (1-2 MA) where the rf current drive
can take over.® The OH systen produces no
fi1eld in tue plasca and so does not affect the
plasza equilidbriux field. In addizicn, the OH
systen is magretically decoupled from the EF
systea in order that the charging or discharp-
ing of one systen does not induce voltage in
the other, The 04 svsten is set at caxisuz
current before startup and decreases to 2ero
current during the carly part of the startup
ceopared to the EF systes which starts {ro=
zero current. The CF coils are dezountable
copper toils located just outside the blan~
ket and ahield and inside the TT coils.

Trese colls are designed to help with the
plasza fnftfation, maintain equilibrium in

the event of sudden changes in the plasma
pcsition, and to preveat and control distup~
tions. The current in these coils tan be
changed zmuch faster and core casily than that
in the external EF coils, The locations of
these coils in STARFIRE are shown in Fig. 1.

% Work aupported by the U.S. Department of Energe.

(1) equilibriua fleld (EF)} coils;
{2) ohnie heating (OH) eoila; and (1) correction

Wi~ -
Nes OH 1-3
- Chig £F 41
)

lle;

Toloidal coil locations,

Fig. 1.
HUD Equilibrium

The reference magactohydrodynanie (MHD) equi-
libriuzm, which the poleidal colls help provide and
raintain, has a skin current uistTihution with a
total current of 10 MA. The cross scction is
roderately D-shaped with an clongation of x = 1.6,
The torcfdal average beta is 0.067 and the polotdal
average beta $s relatively %Ligh ar 2,71, The
safety factor 15 5.1 at the limiter and 1,2 at the
ragnctic axds. The najor radius is R = 7.0 ., the
aspect ratdo is A = 3.6, and the toroldal field on
the center line is Bey = 5.8 T,

EF and O Coil Current DNeteizination

The EF coils must produce the required exter-
nal ficld of the refercnce MiHD equiltbrium, (Thim
required field is the total ficld of the equilib-
riuz ®inus the ficld of the plasma current ftsclf.)
In order to do this a tentative set of EF coil
Yocaticns 18 chosen and the currents in the coils
ate calculated so0 as Lo vuke a least squares fit
to the cxternal ficléd calculated from the MHD
eyuilibriun. The cnergy of the =F sjatem ia

MSTRRANTN OF TIHS DOCUMENT IS P IMTED

<% .



aimultancously minimized to the extent that the
error of the least squares fit does not exceed a
value of 0.4%7, (This value has deen found from
experience te adequately reproduce the equilib-
rium and the plasma boundary stape.) The merhod
is described in derail in Ref. 2. The coil lo-~
cations can then be chosen to be those which
have the lowest stored energy for the given ac-
curacy of fit, subiect to any engineering restric-
tices on the coil placement. The method can be
further conszrained to detercine currents such
that the EF and the OH systems are decoupled;
that 1is, the mutual inductance, MEF-O , 1s neg-
11gibly small, The stored energy of the STAR-
FIRE EF system 1s completely ninimiz~d in the
sense that 1f each of the colls were moved a
snall diszance, but not closer to the TF coils,
the energy would increase. The distance (v 1 m)
from the TF coils s necessary to reduce eddy
current losses and reduce stray fields which
would effecrively lower the usable peak field

in the TF coils,

The OH system 1s designed in & sizilar way
except that the least squares fit 1is oade to
zero field., In this wvey the OH field produces
no perturbations to the EF field {within the
accuiacy of the watch) all over the plasma re-
gion. The OH system exergy is also cinimized.

The OH gystem provides 25 V-s to the plasma.
If more flur vere required, additional similar
coils could be added in the center column. The
EP systen provides 80 V-s to the plasma in ad-
dition to that supplied by the OH system, bu-
on a different tize scale.

The locstion and currents of the EF and
OH coils are given in Table 1, and their design
characteristics are shown in Teble 2.
Table 1. Equilibrium-Field and Ohmic-Heating
Coil Locatious and Currents

ot f My (o) (m (taetumsd

07 Coils

1 104 78 180 126 -13.82

2 92 90 341 72 -9.08

3 600 25 914 72 ~2,51
E¥ Coils

4 92 90 65 30 ~11.35

5 106 78 487 126 13.82

6 527 66 914 72 6.69

7 1397 86 535 90 -10.89

Table 2. Ohmic-Heating and Equilibrium-Field Coil
Paraceters
OH Coils EF Coils
Superconductor/Stabi- ¥bT1/Cu NbT1/Cu
lizer
Stability Cryostable Cryostable
Cooling Bath Cooled Bath Ccoled
Operating Temperature 4.2 X 4.2 K
Cperating Current 100 kA 100 kA
Average Current Densiry 1400 A/em? 1400 A/cm?
Total Amp-turns 51 MA-turns B6& MA-turne
Total Aap-ceters 600 MA-m 2500 MA-m
Peak Field 80T 4.5 T
Maximum dB/dt (Normal "
Operation) 0.6 T/a 0.2 7/8
]
Stored Energy (Self) 1.1 6J 10.0 GJ
Self-Inductance” 55 mH 500 oH '
Myge
Mytual Izductnnce with -0.15 oH _0.49 o .
Plasoa t
Mutual IEductancc -0.024 wH

HEF-OH J

*
Based on equivalent parallel current of 200 KA.

Forces on EF and 04 Coils

The 6ix OH coils and eight EF coils all exert
magnetic forces on each oiher. 1In addition, the
plasma exerts magnetic forces on all the poloidal
coils. Because the plasma, OH coil, and EF coil
currents all vary differently with time, the time
developmen®. of these forces is rather cemplex.

The plasma current builds up gradually over 7 min.;
the EF coil current builds up over the same tice,
but not with an identical time profile. The time
development of the OH coil current censists of
gradually driving the current to -I, before plasza
initiation and then driving it to zero at & con-
stant rate for 14 a. For calculating the forces on
the colls, the following simpiified time histories
were assumed:

Ion = Lo (t/14-1) 0<tec 14
-0 t2 14
I, =1,0.015¢ ’ 0stc 20
= I, (0.00175 t + 0.265) 20 £ £ < 420
-1, t > 420 (4)
Tgp = 1 0.00975 ¢ 0<t< 20 |
= 1, (0.00073 ¢ + 0.1804) 20 s t < 220 '
- 1o (0.003295 ¢ - 0.3839) 220 < t < 420
-1, t > 420



vhere time t 18 in seconds, and I, = 200 kA for
the OH and EF coils and 10.1 MA for the plasma,
Thé resulting forces are shown in Figs. 2-4. Be-
cause the current in the OH coils is greatest
when those in the EF cuils and plasma are zero,
and vice versa, the forces on the OH ccils are
predooinantly th2 forces they exert on each
other. Similarly, almost all of the forces on
the EF coils reach their maximum when the plasma
and EF coil currents atrain their full values.

Although the forces are large, they are not
unnanageable. For example, when the OH coils
are carrying full current, coil #! experiences
an &xial force of 90.0 M directed toward coil
#2, and coil 2 experiences a force of 107.5 MN
directed tovard cofl #1. The larger force
divided by the smaller area (7.75 m?) corres-
ponds to a cospressive stress of only 13,9 :i/m?
(2010 psi). A potentially more troublesome
force is that on coil £#7, the 28.8 n diameter
EF coil. The axial force of 79.1 M4 must be
supported at the twelve TF coils it encircles,

Conductor for EF end OH Coils

The conductor design chosen for the EF and
OH coils is a flat cable coneisting of 26 basic
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cables cabled around & central pultruded fiber-
glaas strip, 11.9 cm by 0.2 cm, as shown in

Pig. 5. The strip serves to easure mechanical
and dizensional stability during the coaductor
cabling and coil winding. The conductor carries
100 kA; equivalent 200 kA operation 1s achieved
by operating coils located symmetrically above
and below the midplane in parallel.

Fach btaslc cable consists of six copper and
superconductor subcables cabled around a central
0.38 cm dizzeter stainless steel multistrand
cable. The stainless steel is introduced to in-
crease the tensile strength of the basie cable,
The subcatles are electrically insulated from
each other to reduce eddy current losses in the
cable during charging and discharging.

Each subcable consists of six 0.08 cz di-
ameter superconducting wires cabled around a
copper wire of the sane size and with twelve
more copper wires cabled around the supercon-
ducting wires. (See Fig. 5.) In this cable,
the puperconducting wires are all fully trans-
posed.

Good electrfical contact, attained throughk
soldering, between the superconductor wires
and copper wires in each subezble provides cryo-
stability for the cable, while the electrical
insulstion between subcables redvces eddy cur-
rent losses. In this way, the conductor provides
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rig. 5. Cabled conductor for OH and EF coils,

the compromise between cryostability and low sc

losses which is required for a pulsed cryostable
magnet.
when the superconducting wires are in the normal

state will be 0.2 W/cm?; the heat flux due to the

ac losses is estimated to be 0.01 W/ cm2.

EP and OH Coil layout

The coils are pancake wound. Erch cable 18

enclosed top, bottom, and on one side by a fiber-

The heat flux on the surface of the cable

glass laminate spacer (G-10), which tranceits axial

and radial stresses, The top z1d bottom of the

spacer have only fifty percent coverage, to permit
On the other side

helium flow past the conductor,
of the conductor is a pultruded fiberglass band,

with a longitudinal central gproove and fully cut-

out "mouse holes", The central groove and rouse

holes permit free f£low of helium coolant horizon-

tally and vertically. (See Fig. 6.)

Two stainless steel bande 0.476 com thick are

wound with the conductor to support against the
hoop tension resulting from the magnetic forces.
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Fig. 6.
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Support for ORl and EF roil conductor.

PULTRUDED FIRERGLASS



"The cofl strdcfdre, with layer-to-layec helium

channels, banding, and helium vessel is shown in
Fig. 7. Plates of G-10, 25-ca thick, are placed
between pancakes. Both sides of the G-10 plate
w11l have cooling channels (0.64 cm x 0.47 cm)
in the radial direction, The two plates at the
top and botton will be S5-cm thick to have addi-
tional cooling channels.
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Correction Field Coils

, The CF coils of STARFIRE are used to con-
trol the vertical end horizontal position of the
plasma, These coils are rot energized until the
plasna is off center; then the power supplies
are tumed on to restore the plasma to its cor-
rect position. The four CF coils typically
operate at about 10T duty factor. They are
placed outside the blanket and shield so that
they experience a relatively low neutron dosage.
The desipn parsmeters for these colls are showm
in Table 3.

The coil design chosen for the STARFIRE
CF coils is very similar to the one adopted for
the top rnd bottox field shaping coils of the
General Atozic PGFR design.3 The current
ratings are similar, and the radiation dusage
and radial and vertical forces are less for
the STARFIRE CF coils than for the PGFR F-
coils,

The most criticael part of the CF cofl de-
sign liec in the desountable joints. Fig. 8
is a joint concept spplicable to STARFIRE. As
shown, each joint consists of two pressure
plates and a nuober of clamping bolts which

"Fig. B. STARFIRE correction field coil joint coa-~

Table 3. STARFIRE CP Coil Design Parameters ‘

Coil Number Coil 8 Coil 9

R (m) 4,807 10.159

z (m) 5.044 4,864
Amp-turns -0.5 x 10% -0.9 = 108
Voax (V) 200 10 |
B, (D) -0.02 -0.02 ,
B, (1) -0.02 -0.11 i
£, (8/m) 1.0 = 10" 9.9 x 10"

£, (8/m) 1.0 = 10" 1.8 = 10"

AR {m) 0.3 0.3

82 {m) 0.2 0.3

0. (N/m?) 1.0 x 108 1.4 x 107

F, (W) 3.0 x 10° 1.1 = 10%

Peak I1?R power (total) = 2.3 MW.
Peak inductive power (total) = 210 MW.
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cept design.

apply the necessary pressure to all ten indi-
vidual joints. Sufficien: fractional force

can be generrtc’ between the joints to overcome ~
the hoop force. Alumina insulation slabs are
placed between turns and between the clamping bolts
and 8lso the pressure plates to achieve the neces-
sary insulation. Each coil segment hes its own
coolant circuits vhose connections oust be made
independently of the clamping &ssexbly.

CR Coil Horizontal Motion Correction

The equation of radial ooticn of & tozuidnl
plasma column of circular cross section 1ig
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1 .2 8r —_) - 1B
Ip (1n - + BP +— ) - 25R 2oy 2)

Mm%

where M 4a the total plasce mass, R 1s the plasma
major radius, I, is the plasma toroidal current,
and a {s the plasca oinor radius. Eq. (2) 1s not
strictly valid for a high beta plasma such as in
STARFIRE, but it should be sufficiently accurate
to indicate the features of the control system,
The quentity, B,, 1s given by £, = 2u p/B%, where
P is the average plasma pressutg, B, 9s the
poloidal magnetic field, and &4 1is ghe plasma
intemal inductance. The vertical field, B,
includes an EF coil contribution, B,,, which is
assumed constant in time during a plasms excur-
sion, 28 well as the contribution, B,, due to
induced curients in a conducting shell surround-
ing the plasma and the contribution, B., due to
control coils.

For a shift, X, in plasma radial position,
Eq. (2) can be expanded about the equilibrium
eajor radius, Ry, using R = R, + X, and the
ninor radius, a,, using a = a, (1 + X/2Ry). The
resulting expression describes conservation of
toroidal magnetic flux, and the expression for
By becooes

By = (B, +B) (1— mX/R)) +8, , ©)

where n 1is the index of curvature of the exter-
nally applied vertical field, which 1is deter=~
mined by the locations and curients of the
exterior EF coils,

From Eq. (2) the radial expansion force is
a function of the plasma current, I, the inter-
nal inductance, f;, and the poloidaf beta, Ep.
Moticn of the plasma column may be triggered by
changes in these paraceters on a tice scale
shorter than vwhich the verticsal field, B,
able to respond. Changes in &4 or f, may be
brought on by MHD activity which rapgdly changes
the profiles of current density or pressure.
Overall changes in I, may occur due to minor
disruptions. In order to prevent rapid sub-
sequent loss of plasma equilibrium, a change in
the magnetic fields, ¥ and By, must occur.

is

As typical perturbations to Eq. (2}, the
folloving parameter disturbances are considered:

Ip - IP° a- HX/RO) 1+ GIP/IPO)

11 - lln 1+ élillic) (4)

Bp - Bpo 1+ GBP/BPO).

wvhere the quantities subscripted vith a zero
ere the equilibrium quantities, and ¥ is & con-
stant chosen to conserve the poloidal magnetic
flux.

For the case of small displaccments,

X/R, << 1,
Eq. (2) may be linearized to yield

(%

(&)

81 288 + 42
i T
o

The left-hand term of Eq. (2) 1s neglected, since
it describes motion on the time scale of the
poloidal Alfvén time, and only the long time-scale
motion is sought In Eq. (5). 1If there is no con- |
ducting wall, the displacement grows at the
poloidal Aflvén speced when I' > 0 or oscillates at
the Alfvén frequency when I''< 0. Uhen a conducting
shell is present, the growth rate becozes the re-
sistive time constant of the wall. Thus, it is
important to have a conducting wall end to desizn f
the resctor to-have [ < 0 for stability. 1In the
STARFIRE design, these conditions are maintained

by making the vacuum chamber wall and the neutron
mulriplier behind the first wall into tzoroidally
continuous conductors of low electrical resistance
end by the fact that the EF coil field naturally
satisfies T < O,

CF Coil Vertical Motion Correction

The horizontal motion of a plasma column 1s
stable 1f T < 0 is naticfied. However, the verti-
cal motion 1s unstable when the curvature index of
the vertical field 1s negative, ss it unavoidably

is for an elongated plasma.
this instability 1is also of
poloidal Alfvén time, if no
to slow the motion.

The equation of motion
for a vertical displacement
given by

MZ = 27R 1 B
o p vr

vhere B, .
field due to the EF coils,

B _ = -nzB R
vr vo/ -]

The growth rate for
the order of the
conducting shell exists

of the plasma column
in the Z direction ia

n

is the radisl component of the mngnetic

This field consists of

8



plu; the radial field due to image currents
flowing in an inductive first wall of minor
radius L

- 2

Bor _Tu:"olo/Z“ru ' 9
vhere Ty = 1/2 uyoary is the L/R time constant
of the wall, and A is the thickness of the wall,
assumed small in comparison to the plasma minor
radius. For the long time-scale mode Eq. (7)
reduces to

v Y L
z +z T + T, . (10)
vhere
2
-1 :E nh
YT 72\x o *
o
(11)
2
fo U, la
]
ngba o Bvo

By 18 the radial component of 2 magnetic field
disturbance, and by 1s the dimension of the
plesma in the z-direction.

The solution to Eq. (10) is

- % (- ey (12)

vlu

for a step-function disturbance.
of the motion 1is

’ -2 R 2
T\t ) Tu
. [+ u

which, for STARFIRE paraceters (n = -0.5, A, =
5) 1g about four times the first wall time con-
stant of 300 ms. Because the vertical displace-
ment 18 unstable even 1f the initial disturbance
is small, feedback control of a disturban-~e rust
be rade on 8 time scale of about 1, or sherter
in order to 1imit the displacezent to a small
fraoction of the plasza wminor radius. A further
discussion of the ffrst wall and btlanket/shield
effects 1s given 4n Ref. 5.

The growth rate

(13)
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