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mf, t <jFCx)is a proposed concept for an ignited, long-
pulse, current^driven^next step"tokamak device. The*
| poloidal field (PF) coil configuration has major
1 impact on the size and cost of a tokamak machine. The
purpose of this trade study was to determine the achiev-
able values of plasma triangularity and elongation
consistent with mechanical configuration and plasma
performance requirements. The study was made with
three sets of PF coil configurations: (1) PF coils
a?e legated external to th$frF)coil, (2) all PF coils

laea*ed inside the TF coil bore, and (3) a hybrid
ih ii dconfiguration with some coils inside and some outside

of the TF coil bore. The impact of plasma shape,
profile, and coil locations on the distance between
the plasma boundary and separatrix are presented. It
is concluded that the plasma scrape-off requirements
for removing impurities with a single null limiter can
only be satisfied if the triangularity is limited to
-0.30/ for an elongation of 1.6.

The -sxterna^ discrete PF coil configurations with
only superconducting (TFCX-S) and hybrid (TFCX-H) TF
coils are discussed which satisfy the plasma perfor-
mance and the mechanical integration requirements.
The time variation of currents in all the PF coils for
the entire pulse cycle period is also developed. PF
coil configurations are compared on the basis of the
coil, power supplies, and motor generator set costs.
The coil cost is^the dominant component of the PF
system cost for^charge-up time of 30 s. The total
cost of the PF system increases with external coils,
as compared to the internal coils^as the plasma trian-
gularity is increased. However, thj. incorporation of •
internal PF coils is rather difficult in TFCX due to
mechanical integration and maintenance requirements.

Introduction \

A tokanak magnet system 'insists of toroidal
field (TF) and poloidal field (PF) coils. The PF ;
coils perform the function of plasma shaping, equili- j
brium and heating. The PF coil configuration influence's
the magnetic and structural design of the TF and PF :

coils. For these reasons, a number of trade studies
were performed to determine the PF coil configuration !
for TFCX, with emphasis on reducing the device cost.
The practical limits were also determined for the
plasma triangularity and elongation consistent with
mechanical configuration and other plasma performance
requirements (heating and equilibrium). These trade
studies and the final PF configurations for TFCX are
described, together with time variations of currents
during the pulse cycle. The impact of engineering
constraints (e.g., peai; field at any PF coil <8 T) and
continuous scrape-off requirements on the PF configura-i
_tion are also discussed. - ) | t_
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PF Coil Distribution Studies

These trade studies were perfofe$ed by varying ihe
plasma triangularity (0.2 f 0.7), elongation (1.6,-
2.5), and average beta [4% ̂ S . 5 % ) , and with external,
internal, and hybrid PF coil configurations. Another
constraint on this study was to satisfy the plasma
scrape-off requirements for removing impurities by a
single null pump limiter [1]. The study was performed
with the (FEDm»JHD) equilibrium code and the systematic
procedure developed previously [2]. The configuration
development is initiated with SO PF coils located
around the TF coil perimeter. This simulates a con-
tinuous current sheet. The discrete PF coil locations
are identified by surveying the currents in the SO
coils. For each set of discrete PF coil configurations,
the coil, power supplies, and motor generator (MG) set
costs are calculated for relative comparison. The
coil cost is the most dominant component of the PF
system cost for a charge-up time of 30 s. The total
cost of the PF system, as a function of triangularity,
increases sharply with external coils, as compared to
the internal coils.

Plasma Parameters

PF configuration studies are performed^with the
plasma parameters listed in Table L^at the end of-r+»e
burn period (t « 340 s). The plasma center is located
at 3-j60/kand the PF coils are located symmetrically
with respect to the plasma for the limiter option.

Table 1. Masaa parameters for W trade study

HajoT radios { « 0 ) ? ™
Moor radius {a)j- m
Plasaa currant 1_ for high IL/^ fV

TF field Xf!ul^&}.~r

Nesaa elongation <K)
Nesaa triangularity (3)
q at the axis
•olotdal (Ugh) «p

Average high I
ScrejHwoff layer (cutboard)^ C r»
Scrape^off layer (lnbo«rd)/j- cr*.

-Assumptions

The primary function of the PF coils for the
trade study is to provide the external field necessary
for plasma equilibrium — it does not have to ohnically
heat the plasma. The details of coil locations, cur-
rents, and equilibrium flux surfaces for all options •;
explored are given in Re£«*ene£ [3j.

External PF Configuration

This option was studied with a SO-coil idealized
PF configuration and with eight discrete coils. The
results of the external PF configurations studies are
shown in Fig. I. The sum of ampere-turns in all coils

« J



" ? * a i y ** * function of plawa trian- I
* * » c m e N coil, than for the ideal-'

f ES^Sffe « -f .7. Tie«e «p«e-
**« iw«d«dA*,»chiev|mt « C O.S with the dis-

crete c » U configuration. This «mpexe-turr, requirement
i* * factor of three-pw^than that for « .. 0.2.

The equilibrium flux surfaces have the sane pat-
tern for an idealized and discrete PF coil configura-
tion. The scrape-off flux surface becomes discon-
tinuous for <S > O.J^ar.d separatrix starts forming
closer to the plasma boundaries as the triangularity
is increased. Furthermore, the size of*B coils (at -H<-
top and bottom of *he plasma in the inboard region) in
the discrete configuration becomes too large for 6 <°
O.S; they could not be accommodated in the given
configurational space.

The impact of plasma current profiles and the de-^—
ttails of the plasma boundary shape en the shape of the
^crape-off region haj^e been discussed previously [lj*0t,
EgjrZrSensitivity of the shape of field lines in the
plasma scrape-off region to different boundary shapes
is shown in Fig. 2. A store "rounded" D-shapeycross/^
section has more favorable scrape-off properties. These
changes in the plasma boundary shape need to be further
refined in thj^future studies.

Plasma Elongation Dependence

Reasonable PF configurations ewtM be developed
if the plasma elongation is increased at higher trian-
gularities (~0.7). The total aupere-turns, as a func- .
tion of elongation, are shown in Fig. 3 for idealized '
PF configuration with SO coils. A linear dependence
is observed between the plasma elongation^ /kpere^+u
jSSti needed atfeonstant trianulrit f 0

ved between the plasma elongation^ / k p e ^ + u :
j needed atfeonstant triangularity of ~0.7. However,
even for. a plasma elongation of 2.5, the total aapere- <
turns M ^ still large. Equilibrium flux surface
b^baes discontinuous^and separatrix is formed. A
feasible PF system tumdjiot be developed at higher
el?ng»tion..t~2i5) and txiangularitj!;-.f~0.7}.

Internal PF Configuration tf*"
Studies were mad? with PF coils located inside

the TF coil bore in order to investigate the higher
| plasma triangularity requirements. The results are
i summarized in Fig. 4 with^idealized^-SO coils and
"i"ais"crete^g)coils. The total ampere-turns/needJJis

•J/0 MA-turns for 6 - 0.2 and 4^.20 HA-turns for 6 * 0.7.
However, the scrape-off flux surface becomes discon-
tinuous if the plasma triangularity exceeds ~0.3. The
internal PF coils cannot be accommodated in the present
TFCX configuration due to the .lack of space and the
selected maintenance approach.

^Hybrid PF Configuration

The plasma requirements^could be satisfied with a
hybrid set of PF coils', fri*>» • few coils (D coils on t W
top and bottom) are located inside the TF bore and a
few (ring coils in the outboard region and central
solenoid) are located outside the bore. This option
was investigated with only a discrete set of five
coils for plasma triangularities (0.31 to 0.52) and
elongation (1.55 to 1.80). It is possible to achieve
higher plasma triangularity (-O.5), but the discontin-
uous scrape-off flux surfaces are generated in the top
and bottom regions. This hybrid configuration can
possibly be used for providing a divertor action at
higher plasma triangularity.

PF System Cost

PF system cost and other related parameters
(total ampere-turns, amperemeters of conductor,
stored energy in the magnets, and volt-seconds delivered
to the plasma) are all calculated by utilizing computer
codes* and the cost algorithm is described in Reffeenee\
[2].

The PF system cost and volt-seconds are calculated
on the basis of a current ramp from zero to the nominal
value of current in each coil in 30 s (the ramp rate
is generally not the s u e for all the coils). The PF
system costs presented in this section should, there-
fore, only be used for comparing alternat'jt PF configu-
rations. More meaningful cost numbers are generated t>y
?Sih the FEDC .Systems Code.



* ^ B ^ " '^e pf system cost dependence on the plasma |
Pj^trianeularity £ with discrete external, internal, and' ̂ j
: ; hybrid coUs-is shown in Fig. S. The cost of all
: external PF syste4increases rapidly wf compared to

the_internal PF coils^as a function of triangularity^-
dDwo *•> becauf t -.ne internal coils are relatively

'^ closer to the plasma and are sore effectivo^-aS" coas- • £ftt.f»J
i pared to the external coii%for shaping the plasmaX^-*'Tv
i The hybrid PF system cost is not strongly impaetejf'by '
I the triangularity in the range of ~0.3 to 0.5. This
I may be related to the fact that the plasma elongation

was not constrained in these iterations. The external
PF system is most costly.

The PF system cost?(compris$$g of coil pvsT,
power supply 9vft,^ and HG setjj cosj^versus^total
ampere-tury-meteis'of the conductor is shovm in Fig. 6.
It is evident from this figure that the PF system
(coils • power supplies + MG sets) cost is linearly
dependent on the total ampere^raeteB of the conductor.
This indicates that the PF system cost should be
optimized [2] on the basis of total ampere-turri^meterS
of the conductor, rather than the total currents (MA-*-
turns) in the coils. The coil cost is the most domi-
nant component [£e| Fig. 6). Replacing a large number
of coils carrying similar currents by a smaller set of
coils reduces the coil cost but increases power supply
cost with negligible change in total cost.

r

Discussion

TTie main difficulty in designing for a plasma
triangularity greaterjthan -0.3 with any configuration
(external„ internal,«BH4 hybrid) is the discontinuity
in the scrape-off flux surface for high plasma trian-
gularities (-0.5 to 0.7). This discontinuity in the
scrape-off flux surface could be acconmodated by
providing two limiters or divertorsf£bne in the top ftV'o"1

and one in the bottom region^" of the plasma. However, -rt-e
double^iull^limiter concept cannot be accommodated in *
the present TFCX configurational space.

On the basis of this trade study, th« plSMt j.
triangularity and elongation ,wre limited to 0.30 mi
1.6, respectively, for TFCX^»iii| external PF coiU.
The following section provides a description ofJPF
coil configurations for TFCX with these limitations.

PF Configuration for TFCX-S

The TFCX-S plasma requirements are listed in
Table 2 for the beginning (t -.40 s) and the end (340 s>
«\ of the burn period (300 s). The PF coils are *
located symmetrically with respect to the plasma «*^
ewn-xn(Fig. 7/^^011 nomenclature and numbering

...heme is also shown in the figure. Etch coil cross
section is proportional to the current in the coil.
The Pf coil locations»^turrentjuAVolt-second5^ontrifcT

by each rni 11 /arg"gtVeh ~in~tapie X
1 at t • 40 sy

ind t = 340

«t >3

t • 40 • t • S40 s

Hlanr T»dluij

ttta (volvaw

rii»a current

1.070

Safety ftctoY (oxl»)

Elonjition

Upptr triraifulntty

LOHCT txluifuluity

Closed scTtjjjpff lrnier-tUtloieii

Closed icr»p«off outer jiiickntli IS

7.700 •*«-

4.SS9 *-*-

O.tSI

1.S99

0.299

0.299

—A--
Volt-»itcond» i

Loop volttjc 0)057
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The ohmic heating^central solenoid provides suf-
ficient volt-seconds in conjunction with other PF
coils for a 300-s burn. The central solenoid provides
sore than half of the total volt-seconds neededfand
the remaining volt-seconds are. contributed by the
shaping and equilibrium field^fcOils (Sf£ (Table 3).
The peak field is 8 T at the central solenoid and
f̂ibe shaping coils (J3 through JtS). Peak field at the
remaining coils is <8 T. ™

The current waveforms for all the PF coils are
shown in Fig. 8 for the entire pulse cycle period.
The ohaiag 7i»»».i«jjgsolenoid is charged to 20.64 MA in
30 s (i.e., -30 } to 0 s) prior to plasma current
initiation and startup. The solenoid current is
naintai.ied at this level during rf startup (0 to 30 s ) e
<g^ The solenoid current is increased to 23.62 MA
during the heating phase (30 to 40 s), to compensate
for the resistive losses in thejlasma. The solenoid
current is changed from +23.62 tffc to -2 8 . 3 7 ^ during
the burn period (40^ to 340 s) to provide^required
volt-seconds for the 300̂ -s burn. The currents in the
remaining coils are ramped from zero to their peak
value in 40 s*. All PF coils are discharged to zero in
30 s (t » 340^^370 s) at the end of the burn phase.

Equilibrium flux surfaces at the beginning and
end of the burn are shown in Fig. 9. The plasma
boundary is defined by the flux lines closing on
themselves. The closed flux surfaces shown by dotted
lines define the plasma scrape-off region (~7 cm in
the inboard and ~4 cm on the outboard to the plasma).
Scrape-off is needed for impurity removal. q_̂

This PF coil configuratiortjHseusud-gbovtSisatis-
fies the plasma performance requirements and is con-
sistent with mechanical system integration ^o»^(Fig. 7)
g?1 and acintenance requirements- with-the exception of

lower outboard equilibrium fieltfifffij coil. This
coil is trapped under the TF coilsT If this coil
f i l ^ it would be difficult to replace *(tg*: replace-
nt time could be long^ If tha coil J7 faill^during

1

prepaaed t».be replaced
s new coil w*-H satisfy

F.V1.

the life of the machine, it
with a larger-radius coil. this new coil w*¥f satisfy
all requirements except the plasma triangularity — i£vA>
would be reduced to -0.2S instead of 0.30, as in the
baseline.

TF Configuration for TFCX-H

The plasma requirements for this case are listed
in Table 4 for the beginning (t « 40 s) and the end •%*-

(t = 340 s) of the burn period (300 s ) . The midplane
of the plasma i s offset **£rl5 cm vertically above the

I horizontal aidplane of the TF coils^-fei^effectively * s t

' gCilnation af the space inside the TF coil bore and to
#ey sat i s fy*^ the mechanical system integration
requirements. The PF coi ls are located asymmetrically
with respect to the plasma wnfliewn -ig(Fig. 10). The (<
PF coil locations'i^x;urr"ents<?*and vplt-seconds contrib;

^uted by each coil at t = 40 s andjg = 340 s^are given
in Table 5. The coil nomenclature and numbering /.
scheme is the same as in Fig. 7 for TFCX-S.

Table JC TFCX-H »t ( Tî -/

t • 40 s J40 •

K»joi radius^ »

Wnor radius} r^

•eta (voliaw averajed) c^,

Plata* current j Wt- - •j-ortM, •

Field on?axls . T

Safety factor (axit)

Scfety factor Jedf»)

Eloniatlon

Upper triangularity

Lover triangularity

S .600»- t

0.970 »-<-

5.294%_<.

"~ 7.231 » - * -

4.M T-_

0.971

l.»64

1.S99

0.29S

0.297

3.600

0.970

5.274'

7.M1

t.u •

0.975

1.973

1.600

0.296

0.296

Cloud icrapeoff itmerJtMckniu ,6

Cloud icrapeoff outer Oiicltnen y 3 ew*-

Volt-steondi required

Loop voltage

The ahaie heating\central solenoid located inside
the bucking cylinder has no current at t = 40 s and
has -30.24 MA at t - 340 s. The solenoid is sized to
provide the required volt-seconds fw^obtainiRg a
300>s burn. As before, the central solenoid provides
more than half of the total volt-seconds requirement,
and the remaining volt-seconds_are provided by the
shaping and Xjuilibriua fieldjftoils ( @ . Table S).
The peak field on the central solenoid and the shaping
coils (jfl to/5) is -~8 T, whereas the rest of the
coils have peak fields^<8 T.

°t
The time variation of currents in all the PF <F"

coils is shown in Fig. 11 for the entire pulse cycle.
The ohaic h»atiao?soleiCJ.., olenoid is charged from 0 to 1.08c

1 -1.fS MA prior to plasma current initiation (-30 to 0 s) and
if kept at this level of current during plasma startup
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This study has shown tlutt tot the TFCX device,
the plasma elongation i s limited to 1.6 and triangu-
larity i s limited to O.Ŝ T Adequate-continuous
scrape-off thickness can be provided for impurity
removal. PF coil configurations developed for TFCX-S
and TFCX-H are consistent with plassa, Mechanical
system integration, and maintenance requirements.
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"TO to 30 s ) . The solenoid current is brought to zero
level during plasma heating phase (30 to 40 s) to com-
pensate for the resistive losses in the plasma. _A11
PF coils are discharged to zero current in 30 s ( t =
340 to 370 s) at the end of the burn phase. "*•"

Equilibrium flux surfaces at the beginning and
end of the burn are shown in Fig. 12. The continuous
scrape-off layer thicknesses are ~6 cm and ~4 cm
inboard and outboard to the plasma, respectively.
These dimensions of the continuous scrape-off layer
thicknesses are used for the limiter design.
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