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' %‘ Abstract 2 Tj\c Tocode-d Fosin Core Experi—

et CTFCX)is a proposed concepgvfor an ignited, long-
: pulse, current;drivenshext step tokamak device. The
| poloidal field (PF) ¢oil configuration has major

‘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

external to th§(TF)coil, (2) all PF coils
=are-lecated inside the TF coil bore, and (3) a hybrid
configuration 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 8 single null limiter can
only be satisfied if the triangularity is limited to
~0.3q/ for an elongation of 1.9%.

The oxterna) 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 ig‘ 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 coilszas the plasma trian-
gularity is increased. However, thg incorporation of
internal PF coils is rather difficult in TFCX due to
mechanical integration and maintenance requirements.

Introduction

A tokamak magnet system ~onsists of toroidal
field (TF) and poloidal field (PF) coils. The PF !
coils perform the function of plasma shaping, equili- !
brium and heating.
the magnetic and structural design of the TF and PF
coils. For these reasons, a number of trade studies
were perforned 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
nmechanical configuration and other plasma performance
Tequirements (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., peak field at any PF coil <8 T) and

The PF coil configuration influence?
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continuous scrape-off requirements on the PF configura-g
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l single null pump limiter [1]. The study was performed

Scnpexoff lsysr {inboard); (e~

— PF Coil Distribution Studies

These trade studies were perfogfied by varying the
plasma triangularity (0.2 :@9'7)’ eiongation (.e 2
2.5), and average beta (4% ¥ 5.5%), and with external,
internal, and hybrid PF coil configurations. Another
constraint on this study was to sgtisfy thg plasma
scrape-off requirements for removing impurities by a

ith the (FEDQMHD) equilibrium code and the systemldtic
procedure developed previously [2]. T@e configuration
development is initiated with 50 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 50
coils.
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 & 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 egd of the
burn period (t = 340 s). The plasma center 1s-located
at 3;60){ d the PF coiis are located symmetrically
with respect to the plasma for the limiter option.

%)

Teble 1. .rluu}nﬁtm for PF trade study f’,‘w

For each set of discrete PF coil configurations,

Major radius “o)': ™m 3.60
Minor radius {8}y wm . 0.80
Plasms current I for Mgh 8 K €% 108 ae
TF £ie1d onzaxdg{H- T Y =10
Plasma siongation (K) ~1.6 2.3
Piasma trisngulsrity {3) ~0.2 g 0.7
q at the axis ~1.0 4.
Poloidal (high) lp -;.soe_-a.o_
Averaga high § -~.00 - ~5.5¢
Scrapscoff lsysr (cutboard)y ¢ -5 ama

~10 ea-f—

\ shown in Fig. 1.
3

'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 ohmically
heat the plasma. The details of coil locations, cur-
rents, and equilibrium flux surfaces for all options
explored are given in Re{;reng; [3].

External PF Configuration

This option was studied with a 50-coil idealized
PF configuration and with eight discrete coils. The
results of the external PF configurations studies are
The sum of ampere-turns in all coils
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Mlarity for the discrete PE.coils than for the idesl- "

sed 58-coif dit (see,Fig. 1). The total amperezturns ' N

Tequirement is ~53 w Idealized confis- ' - :
$ The same ampere- ~ s L Raeman i ns

F—.u more raplaly as & function off plasxa trian-.|

tion requireyl

are needed .achiey
Crete coil configurstion.

is a factor of three

Hk'x&fgr Gé-f 7.

0.5 with the dis-
e E.h‘“ that for & = 0.2, )
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- The equilibrium flux surfaces have the same pat-
tgm for an idealized and discrete PF coil configura-
tion. The scrape-off flux surface becomes discon-
tinuous for & > 0.3, and separatrix starts forming
clo§er to the plasma boundaries as the ¢ iangularity
is increased. Furthzrmore, the size o :E‘ccils (at +he
top and bottom of :he plasma in the inbuard region) in
the discrete configuration becomes too large for & =

[ 0.5;.they could not be accommodated in the given
- configurational space. '
|

««tails of the plasma boundary shape en th h
scrape-off region hage disen eviousty (1.4
Sensitivity of the shape of field lines in the
?lasu scyaperoff Tegion to different boundary, shapes
is s[:own in Fig. 2. A more "rounded“ D-shaped”cross
s;:uon l_usthlore favorable scrape-off properties.
changes in the plasma boundary shape need to be furth
refined in the, future studies. P °
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Plasma Elongation Dependence

. Reasonable PF configurations oc:u'-\!d be developed

if thg Plasma elongation is increased at higher trian-
zt_xlanties (~0.7). The total ampere-turns, as a func-
tion of.elongation. are shown in Fig‘: 3 for idealized
l_’F configuration with SO coils, A linear gfpendence

is observed between the plasma elongationd erextucn:
21U needed at /constant triangularity of ~0.7. Herver.

even fox:- 8 plasma elongation of 2.5, the total smpere- -

tumss p ssti:; large. jiquilibriun flux surface
€5 discontinuoug and separatrix is formed., A
feasible PF system & ot be developed at higher

elongation (~2.5) and triangularity (~0.7),.

This ampere-turr vequirement : I

been discussed previously [L4le

These
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~ Intzrnal PF Configuration

Studies were mad: with PF coils located inside
'the TF coil bore in order to investipate the higher
{ piasma triangularity requl)iﬁaents. The results are

-
7 o+ . _iswmarized in Fig. 4 with,idealized 50 coils -
o - vdiscrete)fcoils. The total ampererturns/neediis 16-—e.

¢ 7 0 MA-turns for & = 0.2 and i 20 MA-turns for & = 0.7.

L However, the scrape-off flux surface becomes discon-
« tinuous if the plasma triangularity exceeds ~0.3. The
internal PF coils canaot be accommodated in the present

TFCX configuration due to the lack of space and the

selected maintenance approach.

| The impact of plasma current profiles and the de-=—

@ - : 2 r = Y
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~kybrid PF Configuration

The plasma requireQEE §,could be satisfied with a
hybrid set of PF coilss; , & few coils (D coils on The
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 (~0.5), but the discontin-
uous scrape-off {lux surfaces are generated in the top-
and bottom regions. This hybrid configuration can
possibly be used for providing a divertor action st
higher plasma triangularity.

PF_System Cost

PF system cost and other related parameters
(total ampere-turns, ampere;meters of conductor,
stored energy in the magnets, and volt-seconds delivered
to the plasma) are all calculated by utilizing computer
¢[:odes,- and the cost algorithm is described in Re

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 same for all the coils). The PF
system costs presented in this section should, there-
fore, only be used for comparing alternat§ PF configu-
rations. More meaningful cost numbers are generated by

)’u‘;ﬂx the FEDC Systems Code. .

¢:




. The Pr system cost dependence on the plasma { On the basis oi this trade $tudy, the piisas |
F griangularity § with discrete external, internal, and'’ e trisngularity and elongation.were limited to 0.30 amd

J s deni s . o ternal PF coils.

" hybrid coils-is shown in Fig. 5. The cost of all 1.6, Tespectively, for TF ex e
external PF systelﬁ increases rapidlyy sd cospared to The following Section provides a Jescription of[l?'
the_internal PF coilgras a function of trianzularity; coil configurations for TFCX with these limitations.

)'Due—rv becaus. <ne internal coils are relatively
=" closer to the plasma and arve more effectivey sl cOR- - of ted PF Configuration for TFCX-§

| pared to the external coiiss for shaping the plasma.. ™. _ irements are listed in

i The hybrid PF system cost is not strongly i by The TFCX-S plafu_requ:r- 40 s) and the end (340'3)

| the triangularity in the range of ~0.3 to 0.5. This Tabl; zhfo;u::e Zzﬁﬁnt?ﬁo(s).' The PF coils are N

" may be related to the fact that the plasma elongation ) o ; € etrP ally with respect to the plasma e

| was not constrained in these iterations. The external located sg?é 7},?’011 nomenclature and mumbering

i s . . - .

; PF systen is most fost'i):; - scheme is also shown in the ‘1:12111'0- Each ::11‘:‘:‘_"‘;55

i SELE Ty - yhn e section is proportional to the cugrent in the coil.

i e R A e S The PF coi1plo£ations‘,'§c‘§'r‘rent_§£g1t-seconds,&ntnl-=r

! B o JButed by each coilj\ fven in"Table Pat t = 40 s )

AR and t = 340 55

i 2a

' Tab2e )" Trqx-s at 10 T!:-@Pﬁ-‘rmm/o/

! - J--,_i_ i Parsmeter tesd40s t=30s
KL B

P =L 1 T "‘_i‘ : Najor Tadius, o _3.70 e 3.751 ma

L i ! tnor rdtus; = 1.070 ma 1.07 B

3 ~4-{¥rt4 4 A :

: b g2 Beta (volume svercged) s % 60860 60630 ( b

1 ~ e Plesss current , M= fuens (7,700 e 7.700 Mre- hi-g

PR Field onzaxis, T .39 % 4:3%9 T
Fs. 5. ‘ Safety factor (axis) 0.951 0.955
0 Elongation : 1.599 1.600
- The PF system cost?(comprisﬁ'&ég of coi_e“ees{ Upper triengularity 0.2p9 0.305
power supply aos‘é,‘ and MG set: cos;)/versus,\total ¥l " 0.299 0.305
ampere-turg-metersof the conductor is shown in Fig. 6. < Lover trisngularity ~
It is evident from this figure that the PF system Closed .cg.p,@m inner.hickness i-L {’__0_1
(coils + power supplies + MG sets) cost is linearly rooem - .
dependent on the total amperegmeters of the conductor. Closed ""f'_‘_’_f_f;_",“‘,'}ﬁﬁ“k"'“ |3 om-s Ao o
This indicates that the PF system cost should be ey TTERE 7h
optimized [2] on the basis of total ampere-turif;meters Volt-suconds Te. - mad ¢
of the conductor, rather than the total currents (MA-~ _  Loop voltage 0'057-\“'—'
turns) in the coils. The coil cost is the most domi-
nant component (éeg Fig. 6). Replacing a large mumber . Al

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.

[ TR ; " —— \ .; Toidenh

1 ed ,
AT HHHH “.‘:,A}% : . . a1l astlet emdfeld
: PR
senilsitad s L
I AT ; . & ssil
ke z A &r
]| MU ! . 2
44 1 . 1 ol hating Srweitnd 1014 aod)
ia z Bl -
H ! HHAT . gl H
e ‘)J'a“ ol :.. - 2 ERERP T ; i ;:y
[T o n -}
1 IAERRNINLIE IARRE2S - s : - E;;::-u
ni ) Tt \ "
t b . LM.':"‘J'.L -L"é:':‘i:-?_-u-'-' —'nu'"-'*u'-""'-
‘g b, . .
Discussion et
The main difficulty in designing for a plasma '

triangularity greatex;rthan ~0.3 with any configuration
(external, internal, m&hybrid) is the discontinuity

in the scrape-off filux surface for high plasma trian-
gularities (~0.5 to 0.7). This discontinuity in the
scrape-off flux surface could be accopzmodated by
providing two limiters or divertorsjTone in the top yejion

and one in the bottom regionf of tle plasma. However, «he . . g . o
doublesnullslimiter concept cannot be accommodated in * _ mpzw’gﬂa’gj ‘
the present TFCX configurational space. )
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The ohmic heating;central solenoid provides suf-

ficient volt-s@fconds in conjunction with other PF
coils for a 300-s burn. The central solenoid provides
more than half of the total volt-seconds neededyand
the remaining volt-seconds ar. s ontributed by the
shaping and equilibrium field,c6ils (Table 3). <
The peak field is 8, T at the central solencid and

s&he shaping coils (,3 throughoes). Peak field at the
remaining ceils is <8 T.

-

The current waveforms for all the PF coils are
shown in Fig. 8 for the entire pulse cycle period.
The M&olemid is charged to 20.64 MA in
30 s (i.e., -30 g to 0 s) prior to plasma current
iniviation and startup. The solenoid current is
maintained at this level during rf startup (0 to 30 5)13

The solenoid current is increased to 23.62 MA
during the heating phase (30 to 40 s), to compensate
for the resistive losses in the plasma. The solenoid
current is changed from +23.62 to -28.37 MA during
the burn period (40 ,( to 340 s) to pmvide,\r'équired
volt-seconds for the 300-s burn. The currents in the
remaining coils are ramped from zero to their peak
value in 40 Sa All PF coils are discharged to zero in
30 s (t = 3403%9 370 s) at the end of the burn phase.
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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 outbgoard to the plasma).

Scrape-off is needed for impurity removal.

This PF coil configuration @ satis- -
fies the plasma performance requirements and is con-
sistent with mechanical system integration (Fig. 7)

.2_?: and mcintenance requirements with_the exception of
the lower outboard Mﬁ) coil. This
coil_is trapped under the TF coils. If this coil
failys it would be difficult to replace ¥(the replace-

@ent time could be long. If_gg_c_:o:}l vfz_t:a_il “during

<ert

cowld

s

- the life of the machine, it J:e g.‘eplaced
with a largerrradius coil. This new coil ¥ satisfy
all requirements except the plasma triangularity — i;g\;
would be reduced to ~0.25 instead of 0.30, 85 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 £2&
(t = 340 s) of the burn period {300 s). The midplane
jof the plasma is offset ¥ 15 cm verticglly above the
l'horizontal midplane of the TF coilsp fexyeffectively “s¢

ati the space inside the TF coil bore and e
#oy satisfydifg the mechanical system integration
requirements. The PF coils are located asymmetrically
with respect to the siasma ss—shown—ip(Fig. 10 The (¢
PF coil locationsf‘ﬁ: Fents, and vplt-seconds contrib;
buted by each coil at t = 40 s and & = 340 sgare given
in Table 5. The coil nomenclature and numbering ¢
scheme is the same as in Fig. 7 for TFCX-S.

Table x TFCX-H at 8 'l‘f;/lam Yarancters.S—

Parsacter tesdls te 30
Msjor ndlnl> - 3.600 @< 3.600
Minor radius, r~ 0.970 »-_ 0.970 m—5~
Beta (volume nvcrl;od)) A 5.204% 5.274\/\_ ‘5
Plasma current; MF - fycns L g.m e 7.281 N
Field mxu.h_) T 4.84 T 4.84 T
Safety factor (axis) 0.571 0.975
Scfety factor {edge) 1.964 1.973
Elongation 1.592 1.600
Upper triangularity 0.298 0.296
Lower triangularity 0.297 0.296
Closed ;:n]:c;!f irner fhickness \6 e LG,»-_:L

s -,
cms:a scrapeoff outer Shickness \s_al-j— \4 e ‘
LAS N
Volt-seconds required ( /’ﬁ , \
Locp voltage i d'(:'i D{063 ¥t
L

]

The ohlée—heeeiﬁ?central solenoid located inside
the bucking cylinder has no current at t = 40 s and
has -30.24 MA at t = 340 s. The solegoid is sized to
provide the required volt-seconds feg  obtaini®e a
300rs burn. As before, the central solencid provides
more than half of the total volt-seconds requiremen
and the remaining volt-seconds_are provided by the
shaping and i-13bed teidsCoils (§2@ Table 5).
The peak field on the central solenoid and the shaping
coils. (f3 to #5) is ~8 T, whereas the rest of the
coils have peak fields,<8 T.

The time variatio‘# of currents in all the PF 1
coils is shown ino Fig. 11 for the entire pulse cycle.
The i & A’Eolenoid is charged from 0 to —v98%

-1{.9¢ MA prior to plaSma current initiation (-30 to 0 s) and

E kept at this level of current during plasma startup




-~ Conclusions

This study has shown that for the TFCX device,
the plasma ¢longation is limited to 1.6 l.nd triangu-
larity is limited to 0.3f7 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, m_:chanicu
system integration, and maintenance requirements.
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10 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., All
PF coils are discharged to zerc current in 30 s { t =

340 to 370 s) at the end of the burn phase. it
Equilibrium flux surfaces at the beginning and .
end of the burn are shown in Fig. 12. The continuous L7

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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