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ABSTRACT

The orincipal onjectives af tne SLPX (Superconduc-
<inq Long-Pulse Experiment) are: (1) ta demonstrate
jud51-5teady aperation of 3 ta 5 MA hydrogen and deu-
serign nokamak plasmas at nigh temperature and high
-narmal wall toading, and (2) to develop reliable oper-
n cf grototypical tokamak reactor magnetics
syetzms Faatyreng a toraidal assembly of hign-field
jum-tin zoils, and a system of pulsed nigbium-
“iraniugm superconductong puloidal-field coils, Thig
r descripes the status of the engineering design
‘eatures of the 5LPY, with amptasis on the magnetice

Sistams.  The toroidal-figid coils have an aperture
57 3.0 w4 4.2 m. and can Loerate with a maximum field
At the zonductor of 12 T.  The superconducting poloidai

S.7d magnetics system consists of a pulsed NbTi cen-
rral soienoid, and 2 seC of 3.4, BT equilibriuf-
“iglg coils. The entire machine is enclosed in an
Jutay Jacdu contatnar aguisped ~tith ecg-antrant ports
.nat srovide ambtent ducesy to the room-lemperature
olasma :eszel.

1, [LH{TRODUCTION

This report summarizes preliminary design features
2f 3 tokamak device equipped with niobium-tin super-
i6nducting TF {roroidal-field) coils and nigbium-
=i ium aulsed chmic-heating rmails, and capable of
at axtenced pulse lenyths (> 30 s) with
currents up iy 3 MB, Lalled 5LPX (Superconduc-
ung-Pulse Experiasnt), this machine is intended
cvide the technological and operationai experience
w1th advanced magretics systems and lona-pulse high-
temperature ciasmas that is required before embarking
SR 3 tokdamak pawir reactor program.

“he objectives af tne SLPX can be summarized as

® emensirate quasi-steady aperation of highe
seraecatura (310 keV) nydrogen and deuterium plasmas
3f 3 zo 3 MA size.

e Demonstrate 2ffective nheat removal from the
2lasma, the first wall, and divertor particle collec-
“ign systems in quasi-steady operation at hign thermal
Jower lgading.

# Develop and demonstrate high-duty-factar opera-
tion of a pratocypical tokamak redctor magnetics
system in a working tokamak environment (i.e, with
pulsed fields and plasma disruptions}.
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® Develap and rlemonstrate cptimal maintenance and

assembly procedurss far a large superconducting tokamak.

A range of sizes for the SLPX has been investigated.

This range is bounded at the lower end by the SLPX-II,
which has a TF-coil aperture of 2.6 m x 3.65 m, and an
averall coil size gopropriate for direct testing in the
Large Coil Test Fafility at Qak Ridge.! The upper eng
of the range 1S polnded by SLPA-1, which nas a TF-coil
aperture of 3.1 m & 4.8 m, ang is capable ¢f prooucing
“ignition-level" plasmas in nydrogen. Preliminary
results of scoping studies for SLFX-I and I are des.
cribed in Refs. 2 and 3, and the features of SLPX-I are
summarized in the prasent paper.

2. MOTIVATION FOR NICBIUM-TIN CDILS

The magnetic fields that have been specified in
recent conceptsa designs of tokamar reactsrs have
jenerally fallen in the range of Bmgx = 9 to 13 7 Tat
the TF-coil windings). as indicated in Fig. 1. Thus a
protatypical reactor maginetics system should be capable
of operation at Bp.. up to at least i 7. Niobium-tin
with its high crilj2al field and high critical tempera-
ture has been chosen as the conductor material for the
fallowing reasons: {1) Although NbTi can in principlz
pe used at 9 T or above, there would be practically no
margin against temperature excursions such as might be
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Fig, 1. Comparison of 1F-coil bore sizes. TFTR,

JET, and JT«60 have normal coils, while all others
are superconducting. (ETR: Engineering Test Reactor)
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induced by pulsed fields. (2) A practical reactor
cannot be expected to gperate at the extremes of its
component performaice, which would he necessary with
NbTi TF cails. (3) For Bpax » 10 T, NboSn cotls are
actually cheaper than NbTi coils, becadse much more
NbTi conductor is required to keep J/J¢ at a suffi-
ciently low value.

Several experimental programs have demonstrated
that Nb3Sn magnets can be operated at strains up to
0.2%. Thus we have chosen NbjSn coils for the SLPX
by extrapo]atlon to future reactor needs, and because
such coils are feasible.

3. MACHINE PARAMETERS

Magnetics System., Sufficient space must be pro-
viged For adequate build of the TF-coil conductor and
stracture to support Bpay ub to 12 T. Adeguate space
must be provided alsg in the TF-coil throat for the
flux swing of a superconducting solenoid which must
help establish and maintain a plasma current of § MA.

Plasmg Size. Tha plasma radius and attainable
ovessure should be syfficient to give ATE> 2.5x10
Lm_ s at I5> 3 MA in hydrogen operation {i.e.,

“ignition- ?evel" confinement).

Vertical Bore. The vacuum vessel must have
sufficient vertical extent to accommodate a quasi-
steady particle and heat exhaust system.

TF Ripple. The TF-coil horizontal bore should be
“ufﬁcientiy large S0 that the ripple at the edge of
the largest plasma is 2% or less.

Access. The number of TF coils should be suffi-
ciently smal! to allow ease of access for device main-
tenance and high-power neutral-beam injection.

As a result of these contiderations, the number
of TF g¢oils has been chosen as 16, and the aperture
Fgr SLPX-1 has been established as 3.1 m x 4.3 m.
The coil mgjor radius is 3.8 m.

The prircipal operating parameters of SLPX-1 and
il are given in Table i.

SLPX MACHINE , SENEREL ANNANGEMENT
, 4 ta}

JESEL R mm’r\—{\:—-““(’:‘

TABLE I
Parameters of Two SLPX Machines
SLPX-1 SLPX- L1 :
}Phsma major radius {m) 3.60 2.92 |
Plasma minor radius (m) 0.90 9.77 i
Plasma elongation ratio 1.5 1.3¢ :
TE Coils i
Number 16 i6 t
Conductor HbaSn HbaSn X
Conductor current (kA) 1174 1572 i
Clear bore (m) 31.1x4.8 2.6<3.65
Max, field at
windings (T) 12.0 10.3
Max, J/J 0.65 0.65
Max. fie‘fd §t plasma !
major radius (T) 7.0 5.8 |
Stored energy (MJ) 6500 2700 !
Plasma current (MA) 5.0 3.2
Transformer, {V-sec) 20 16 ;
Max. field (T) 7.5 7.0 i
Stored enargy (MJ) = 180 + 60
Beam energy (keV) 100 (H) 80 (H) |
Beam power (M) a0 an :
Divertar singla- single- :
: null nul? |
poloidal polaidal I
Pulse length (s) 3 32 - 2
Outy factor 3 0.05 » 0.05

4. MACHINE LAYOUT

figure 2 shows plan and elevatian views of the
SLPX-1, and Fig. 3 shows a perspective view. The ma-
chine is constructed in 8 modules, with twa TF cails
per module. The entire machine is housed in an outer
vacuum container for dewar) with re-entrant holes that
provide access tv the room-temperature inner vacuum
vesse!, This outer si{vu.iure mechanically suoports
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Fig. 2. 1a) Plan and (b) elevation views of the SLPX-I machine. (78-6051)
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4nd maintains the superconducting coils at a tempera-
ture nedr 1.2 K. The dewar consists of 4 itainless
sveel juter 3137, approprrataly stiffened, which sup-
zorts ene Jsicuum loads, ano 4isc @ low emissivity
snield main:ained at Yiquid mitrogen temperature. The
tareg es-enirant oorts are used for reutral-beam in-
coion, sicsma diagnostiss “za) and hydraulic
jces, 4rg Tor maintenarci: ~ne ngat collectars.
ar assemplies, ang inter-:l PF (poloidal-field)
ZZ1s§

Tre >lasma vacuum yessel is of thick-wall steel
2i3te construction, and enclases lhe vatuum-canned
internal PF coils. This vessel also serves as the
inner wall of the dewar which enclioses the TF coils,
ane i3 thermally isolated by <opper Liz-caaled panels
wung inside zhe dewar space. Under normal opera-
Tien tne vessed sneli ana frame structure support the
zlectiromagnetic loads of the PF coils and the combined

1ravizy nans af tne coils, vessael, and other structures.

Juring piasma disruptions, inwardly directed over-
oressure loads that may be as large as S atmos. for
srrirs perigds must be sustained.

3. TOROIDAL-FIELD MAGNETS

Tre Tirst design of the TF coils for the SLPY has
zeen pased on tne force-flow cooled NbiSn coil to be
Ya9rizated 2y Westinghause;AIRCQ for testing in the
_arge [31) Srogram at dak Ridge. ' This coil is che
. i3r3e dbiin T toil crasentl; authorizea for
“ioricazion and testing 1a ine 4.3, or Europe during
- nest several gears.  The westinghouse LCP goil
Pizes & modutar Lo with 3 plate-type support
H re.  The say . laminated structure limits
sulsed-field eddy current losses while kesping conduc-
tav strain lgw. The LCP coil requires only Bpax= 8 T,
38 that aluminur plates can be used, thereby saving
:35L 4nc weigni. However, the SLOX-I requires 8,““=12T.

ganduc:nrl

The compacted “bsSn cable shawn in Fig. 4 was
selagign for tre Tirgy SLPX design, because this con-
2u23r t30 935 been authorized for fabrication and
4. “me force-cogles ¢onductos i5 vary similar
LLP coeducigr, witicn i§ gresently baing quali-
se.2ral laboratorias.” The cabie is fully
TeansTaied, thereby mimimizing the InYluence of the
tuis2g cofoidal freids.  The cable i5 made up of six
cit-zagies of 1% Sucerconeuciing strands wrapped around

zraral sub-zable.

A 2987 ang soeratignal 2ptimization studv? indica
"33 that the sotinun ratio of J/30 s 0.65. This value

331 WACH ME

TABLE [I

SLPX Toroidal Fleld Coil Specifications

Candidate Conductor Specifications

Sompacticn

Superconductar Nsasn
able Configuration 37by 7
Total Strands 367
Cu to NonCu Ratio 1.58
Strand Diameter 0.718 mm
3derit 0.65
Operating Current/Strand (& 12 T) 24.4 A
Number of Filaments 3500
Filament Oiameter 3.5y
Length of Conductor 11.7 km
Conductor Cooling Requirements
Peak Field 1207
Conductor Current 11.8 ki
Helium Void Fraction 0.4
Heltum Flowrate/Coil 830 g/s
Heiium Pressure Drop 1.43 atm.
Helium Pumpwork, 4.2 K 1,280 W/coil
3.6 K 750 W/coil
Electrical and Mechanical Parametars
Number af TF Coils 16
1.R. of Central Leg 1.1 n
J.R. of Central Leg 2.17 a
Horizontal Bore (Conductor) 3.3m
fertical Bare {Conductar! 5.0m
Coi) Width (Maximum) 79 ¢m
Number of Turns Per Cail 634
Number of STots Per Plate 6
Number af Turns Per Slat &
Number of Pla‘.es 26
Number of Segments Per Plate 3
Plate Matarial Staini. Stee)
Structure Wetght 118,233 kg
Winding Weight 32,476 kg
Stored Energy (Bpa,= 12 T) 8500 M)
1 =
T Fisel Caple
NS Ruvore
I

Ird dubcaple
fteration

g Subcabla
Itaratian

Fig. 4, TF-coil conductar configuration.

4th Subcable
Tearation

it Subcanle
Ttarstion

Suparondue Ting
Strand

{78-6053}


http://3e-jr.en.ted
file:///b3Sfi

simu) taneously minimizes both the cost of the conductor TRBLE 111

and the pumping power required for crydstability. Liquid Helium Refrigeration Reguirement
Table [I gives both the conductor and coil specifica- ! Watts g:rdt;o)r: equirenents
tions for operation of SLPX-1 at Bpgy = 12 T. )

Stress Analysis Field at conductor = 11.0°7
A stress analysis of the SLPX-1 cgil has been - Y

undertaken at PPPL, using tne MASTRAN version 17 code. TF Lails 2,800

several rent finite-element mogels nave been used. TF Leads 00

2otn aluminue and stainiess steel plates have been Dxpo}e Coils 170

Zonsizernd. Preliminary results, including only in- Uipole Lead- 500

piane loads, indicate that the maximum daflection of Central OH Coils® 4,000

the aluminum plate at Bpay = 12 T would he excessive 04 Leads 1,100

{viz. 5.78 mm). Consequently, we have decided to use Helium Pump 2,400 ,
stainiess steel plates, in which the marimum deflaction Quter Container aco

{due ro in-plane forces only) is 2.58 mm, the maximum

strain i5 0.11%, and the maximum stress is 38,000 psi. Total {watts) 11,400

The stainless steel plates may also allow the use of

arch-sunported <o ls {i.e., wedging at the inner legs)

3
At 12 T, coils a
ou' r—reedmg desirable stress levels at the support 2 cails are operﬂted at 3.6 €

DAveraged over operating cycle (600 s
anlt3.  Tnis technigue can eliminate the bucking cyl- Csasedgon 60% ef‘émmg y )
vraer used in the present design, thereby allowing mare

. snace for the central ohmic-heating solengid. Resistance

against torque set up by the poloidal fields is provi- a refrigeration power of 150 watts per coil for SLPZ-{

aed a torgue frame together with struttural members at Bpay = 11.0 T and 4.2 X, and 750 ¥ per coil at 12.07 _
betwesn adjacent coils (see Fig. 2). and 3.6 K, Witn a deuterium plasma, 40 cm of shielding -
ar R i < TF coils from neutran -
Dlasma isruptions must be 3nse5ted to protect the oils )
—T T\e‘%ﬁs—ma vacuum vessel has no resistive irradiation.© As much as 300 kW of fusion-neutron sower

T, . : coulid be produced in deuterium, but the neutron pover

1 it has been determined that the amount Toad the TF Coils would be 3 kW or 1
nosited in the TF ~ails following a total aad on would be S kv or lfess.

tasa current {i.e., a major “plasma dijrup- Table 111 lists al) tha liouiad nelium sevrize d Eg
A 13 sufficiently small so that the coils will requirements. Durirng charging of the TF coils, an extre F
: nducting. The maximum resistance of the 2009 i 15 required, but this igad is non-simultanedus 3
o ! 10 that this condition is still satisfied with the larger requirement ot the ohmic-heating centra’ :

is urnsentl/ under investigation. sglenoid. Three 10-kW refrigeration units are required

for 12 T aperation, but ohly 15 kW capacity is needed
6. POLOTDAL-FIELD MAGNETICS SYSTEM at 11 T (includirg 0-D neutron loading). The total
The SLPX-1 PF magnetics system has the foliowing Tigquid nitrogen requirements are estimated to be 190 Ku.

components {see Figs. 2 and 3):

8. GENERAL
conducting external dipole coils generate : :
A < T 3 = Assuming the use of larqe-scale manufacturing ne-
pal steady-state vertical Field. thods, the estimated cost of tne 16 TF coils of SLPX
iced ruliing-field coils. Before start-up, these s $78 million (1978). The tota1 estimated proiect ¢
Tad copper gils are pulsed to oppose the OC for SLPX-1, including 30 £.0.1.A. and 20w contingency,

=3l field to obtain a near-zero starting field, is approximately 5260 miliion (1978}, AL} the super-

22 then pulsed %o provide the correct equilibrium conducting and cryogenic elements together account far

*muJ juring plasma current start-up. 60% of the total cost. This estimate assumes that thre

i i i wil )

“ulsed_equilibrium-fisld cpils.A pair of water- maching will be sited at 'r"F‘PL‘ and will take advantag:
YA 3 s h of the TFTR-site facilitfes. For timeiy implementaticr
4 zoirls inside the TF-coil hore provides a time- : ; . car ooyt
ncent guadrupale field which gives *he proper cur of this machine, the develcpment of Nb3Sn conductor wust

- et - AL - igorausly, h i1 tests
. Coa en twa pauiliorium vertical field.d be pursuedvigorausly, and planned Nb3Sn catl tests sucn

as in the LCP must remain on schedule or be accelerivec.
1d coils. A single-null poloidal di-
Riished with the lower quadrupole. Two ACKNOWLEDGMENT
wunt zopper zoils pull gut the poloidal Field Tines " the i.5. Dept. of
tn arger te spread particle and nheat fluxes across Energy.l:hglzf\:gzku‘;aiu;ﬁzmﬁ:g?‘q:{ Co:tlract E"p 76- 2 0243071,
water-cooled target collection systems. The authors thank P.J. Reardon for his continued interest,

Superconducting ohmig-heating coils. The OH coils encouragament, and support.
are located in the TF-cO11 throat Wwith a field-compen=

sating portion outside the TF coils. The OH solemnid ) REFERENCES .
provides about 60 of the flux swing for plasma curvent 1. P.N. Haubenreich, J.N. Luton, P.B. Thompson, in fag.
huild-up. The QM windings are made with NbTi stranded Prat. of Fusion Research (Proc. 7th Symp., Xnoxville,
insulat inq superconductor operiting at a maximum Field N, 1977) 11, pp. 916-919
of 7 to 7.5 7. The overall cur-ent density can be kept N _ im Res sco-
uncar 1500 3/, e maxin gb/at fs 6 s, Bt 2 D SN Bt e o TR Lo T
for total stored energy (+180 MJ), the QH so1ennid . ’
specifications are ciose to those being developed n 3. 0.L. Jassby, et al., “SLPX-11, Summary o¥ Scoping
the pulised-coil! proarams at Los Alamos and Argonne. Study," Princetan Report PPPL-TM-323 (Sept. 1978).
7. REFRIGERATION REQUIREMENTS 4. J.W.H. Chiy J.H. Murghy. C7K. gones. 1Kn 5]1 ob‘
. : : I th » Knoxville,
The thermal stability criterion for the SLPX TF 1—-—-\-——1-0—?;;“5:?" Ss?ealﬁg‘(‘ roc. yp

cotl is that the conductor should recover the super- b P _
Lonductmg state afier an energy input sufficient te 5. J.E.C. Nﬂha_ms, R.D. Hay. M. Okabayashi, in Zng.
raise the conductor temperature to 20 K for a length prob. of Fusion Research -{Proc. 7th Symp., Knoxville,

of one half turn. This cryostability criterion reguires TN, 1977) 1, pp. B25-629.
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