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ABSTRACT 

The pr inc ipa l objectives of the SLPX (Superconduc-
"-'no Long-Pulse Experiment) are: (1) to demonstrate 
VJdSi -steady operation of 3 to 5 MA hydrogen and deu-
: c r u i cokomak plasmas at high temperature and high 
tnermal M i l loading, and (2) to develop re l iab le oper-
j ' . ;on cf crototypical toVamak reactor magnetics 
--./stems f'eatur-ng a toroidal assembly of h ign - f ie ld 
n iobium-t in c o i l s , and a system of pulsed niobium-
C ' l a n i j ^ superconducting p o l o i d a l - f i e l d co i l s . This 
;.M;»r descnoes the status of the engineering design 
"mature:; of the SLr ' , -.̂ i th eriJhasis on the magnetic; 
cs tems. The t o r o i d a l - f i e l d co i l s have an aperture 
•jr" 3.1 î x -1.3 oi. and can o e r a t e wi th a maximum f i e l d 
i " the conductor of 12 T. Ihe superconducting poloidai 
f. "d nagnetics system consists of a pulsed NbTi cen­
t ra l so lenoid, ind a cet of -I.e. NbTi equi l ibr ium-
- i e ' d c o i l s . T"ne ent i re machine is enclosed in an 
outer ;acuur: container equipped wit th re-entrant ports 
.nat provide ambient access to the room-temperature 
plasma /essel . 

1. INTRODUCTION 

This r t oo r t summarizes pre l iminary design features 
of a tokamak device equipped wi th niobium-tin super­
conducting TF ( t o r o i d a l - f i e l d ) co i l s and niobium-
t i tenvjm pulsed ahmic-heating c o i l s , and capable of 
CbeTicing at extended pulse lengths [ £ 3 0 s) with 
- ^ • r a currents up C 5 MA, Called SLPX (Superconduc­
ting Lung-Pulse Experiment), t h i s machine is intended 
cc crovi-se the technological and operational experience 
with advanced magnetics systems and lonn-pulse high-
ceoipera'cure olasmas that is required before embarking 
on i -okamak pow;r reactor program. 

"he objectives of tne SLPX can be summarized as 

• demonstrate quasi-steady operation of high-
ce~OH'*at'j.re '.> 10 kev) hydrogen and deuterium plasmas 
cf 3 to 5 MA size. 

• Demonstrate e f fec t ive heat removal from the 
:'Usma, the f i r s t w a l l , and d iver to r pa r t i c l e co l lec­
t ion systems in quasi-steady operation at hign thermal 
cower" loading. 

» Develop and demonstrate h igh-duty- factor opera­
t ion of a prototypical tokamafc reactor magnetics 
system in a working tokamak environment ( i . e , with 
pulsed f i e l d s and plasma d i s rup t i ons ) . 

Manuscript received September 25. 1978. 
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• Develop and demonstrate optimal maintenance and 
assembly procedures fo r a large superconducting tokamak. 

A range of sizes fo r the SLPX has been inves t iga ted. 
This range i f bounded a t the lower end by the SLPX-I I , 
which has a TF-coil aperture of 2.6 m r. 3.65 m, and an 
overa l l co i l size |ppropr ia te for d i rec t tes t ing in the 
Large Cotl Test F a l i l i t y at Oak Ridge. 1 The upper end 
o f the range 1s bounded by 5LPX-I, which has a TF-co i l 
aperture of 3.1 m s 4.8 m, and is capable of producing 
" i g n i t i o n - l e v e l " plasmas in hydrogen. Prel iminary 
resul ts of scoping studies for 5LFX-I and I I are des­
cr ibed in Refs. 2 and 3, and the features of SLPX-I are 
summarized in the present paper. 

2. MOTIVATION FOB NIOBIUM-TIN COILS 

The magnetic f i e l d s that have been speci f ied in 
recent concepts ' designs of tokamai reactors have 
generally fa l l en in the range of Bmax = 9 to 13 T ' a t 
the TF-coU windings), as indicated in F ig. 1 . Thus a 
prototypical reactor (iiugnetics system should he capable 
of operation at B„ . up to a t least ID T. N-.obium-tin 
wi th i t s high c r i t i c a l f i e l d and high c r i t i c a l tempera­
tu re has been chosen as the conductor material fo r the 
fol lowing reasons: (1) Although NbTi can in Dr inc ip l? 
Be used at 9 T or above, there would be p rac t i ca l l y no 
margin against temperature excursions such as might he 
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are superconducting. (ETRs Engineering Test Reactor) 
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induced by pulsed f i e l d s . (2) A p rac t i ca l reactor 
cannot be expected to operate at the extremes of i t s 
component performar.ee, which would be necessary wi th 
NbTi TF c o i l s . (3) For B ,̂ax *• , Q T . Nb3Sn co i l s are 
ac tua l l y cheaper than NbTi c o i l s , because much more 
NbTi conductor is required to lieep 0 / J c at a s u f f i ­
c i en t l y low value. 

Several experimental programs have demonstrated 
that Nb3Sn magnets can be operated at s t ra ins up to 
0.2%. Thus we have chosen Nb3Sn c o i l s for the SLPX 
by ex t rapo la t ion to future reactor naeds, and because 
such c o i l s are feas ih le. 

3. MACHINE PARAMETERS 
Magnetics System. S u f f i c i e n t space must be pro­

vided fo r adequate bu i ld of the TF-co1l conductor and 
s t ruc ture to support Bmax UP to 12 T. Adequate space 
must be provided also in the TF-coi l throat for the 
f lux swing of a superconducting solenoid which must 
help es tab l i sh and maintain a plasma current of 5 HA. 

Plasma Size. The plasma radius and attainable 
pressure should be su f f i c i en t to give n t E * 2 . 5 x l 0 1 4 

cm-3s at Ip> 3 HA in hydrogen operation ( i . e . , 
" i g n i t i o n - l e v e l " confinement). 

Ver t i ca l Bore. The vacuum vessel must have 
s u f f i c i e n t ver t i ca l extent to accommodate a quasi-
steady p a r t i c l e aT^ heat exhaust system. 

TF Ripple. The TF-coil hor izonta l bore should be 
' u f f i c i e n t l y large so that the r i p p l e at the edge of 
:he largest plasma is 2% or less. 

Access. The number of TF c o i l s should be s u f f i ­
c i e n t l y small to allow ease o f access fo r device main­
tenance and high-power neutral-beam in j ec t i on . 

As a resu l t of these considerat ions, the number 
of TF c o i l s has been chosen as 16, and the aperture 
For SLPX-I 'has been establ ished as 3.1 m x 4.S m. 
The c o i l major radius is 3.8 m. 

The pr inc ipa l operating parameters of SLPX-I and 
I I are given in Table I . 

SlP* U4CHINE.3EHERIL IHRINBEUEHr 

F i g . 2. >a) Plan and (b) e levat ion views of the 

TABLE I 
Parameters of Two SLPX Machines 

SLPX-I SLPX-II 

Plasma major radius (m) 3.60 2.92 
Plasma minor radius (m) 0.90 0.77 
Plasma elongation r a t i o 1.5 1.3; 
TF Coils 

IS Number IS 16 
Conductor tlb-iSn NbiSn 
Conductor current (kA) 1174 1572 
Clear bore (m) 3.1-4.8 2.6-3.65 
Max. f i e l d at 

windings (T) 12.0 io.a 
Max. J/J , 
Max. f i e l d at plasma 

0.65 0.55 Max. J /J , 
Max. f i e l d at plasma 

major radius (T) 7.0 5.3 
Stored energy (Mjj 6500 2700 

Plasma current (HA) 5.0 3.2 
Transformer (V-sec) 

27°5 
16 

Max. f i e l d (T) 27°5 7.0 
Stored energy (MJ) i 180 : 60 

Beam energy (keV) 100 (H) 80 (H) 
Beam power (MW) 40 30 
Divertor s ing le- s ing le-

nu l l nul" 
poloicial poloidal 

Pulse length (s) '. 32 o 32 
Duty factor > 0.05 > 0.05 

4. MACHINE LArOUT 
Figure 2 shows plan and elevation views of the 

SLPX-I, and F ig. 3 shows a perspective view. The ma­
chine is constructed i n 8 modules, with two TF co i l s 
per module. The en t i re machine is housed in an outer 
vacuum containfer (or dewar) w i th re-entrant holes that 
provide access to the room-temperature inner vacuum 
vessel. This outer s t r u i u j r e mechanically suaports 

'r can. a " ^CUUM XESKL 
rettuE mueiu'E SUPPORT 
MPPOBT 

[-I machine. (78-6051) 
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ma maintains the superconducting co i l s at a tempera­
ture near 4.2 :<. "he dewar consists of a stainless 
steel outer ^ a l l , appropriately s t i f fened , which sup­
ports the j-.cuum loads, ana disc a low emissivity 
sn ie ld Tiain;ained at l i q u i d ni t rogen temperature. The 
lareg -"S-en-.rant sorts are used for neutral-beam i n -
;ec t ion , sUsma diagnosff:.z •? 1 e c - " ; c a ! and hydraulic 
services, ar.a T"or piaintenaroj "~ ".ne neat co l lec to rs , 
pat ter ass^D l ies , ana i n t e r - i l PF v pa Io ida l - f i e l d ) 

The plasma vacuum vessel i s of th ick-wal l steel 
j l a t e construct ion, and encloses the vacuum-canned 
internal PF cp i l s . This vessel also serves as the 
inner wall of the dewar which encloses the TF coUs . 
-\t\c *•% ther^aUy \s$Utea ty c ^ W LNj-tMrted panels 
•iunq ;ust inside the dewar space. Under normal opera-
t i i :n tne vessel ine i i ana frame structure support the 
electromagnetic loads of the PF co i l s and the combined 
j r i v i t y loa'is -jf tne c o i l s , vessel , and other s t ructures. 
During plasma disrupt ions, inwardly directed over-
sre-isure loads tnat may be as large as 5 atmos. for 
sf*ort periods must be sustained. 

5. TOROIDAL-FIELD MAGNETS 
"i-« n r s t design of ttie TF co i l s for the SIPX has 

ceen oased on tne force-f low cooled Nb^Sn co i l to pe 
fabricated oy rJestmgnouse/AlRCf^for test ing in the 
-•jr-je w ' ' Program at Gate Sidge. ' This co i l is che 
,n 1 j l - i n * !!b^n T c ~oi i - resent ly authorized far 
-~jbri cation and test ing in ^rte i i .3 . or Europe during 
-.« e ner. several years The VJestinghouse ICP co i l 
i i i i i i ^ s i .-nodu'ar ?L-ofinCi ;yi tn 3 pUte-type support 
: * - ruct j re . The 3e-jr.en.ted, laminated structure l im i t s 
pu lsed- f ie ld eddy current losses while keeping conduc­
tor s t ra in low. The ICP c o i l requires only 8^3*= & T» 
so that aluminum plates can be used, thereby saving 

Hcwever, tne SLPx-r requires 3^^-127 ;ost anc weignt. 
Conductor 

T he compacted \b3Sfi cable shown in Fig. A was 
selected fc r *.re fi>-st $L?X design, because this con-
: ' . ; ' ; ; ' • too i.is been authorizes for fabr icat ion and 
'.eating, "ms force-cooleo conductor is very s imi lar 
*.} rne LC? conductor, nfiizn is t?resentJy befng quaH-
""•-•: ZJ \*.»r2\ l abo ra to r i es / ~^e cable is f u l l y 
*»'"irtsc-i"je'i, "^er^b-j mn i ^ i i ^ r . ^ th» ^lYfluinte of the 
: . j i ;ea uoioidal f ie lds- The cablt; is ."nade up of six 
.-it-:ao*es of 2U iucerccnaucung strands wrapped around 
. :-;<-• r-ii sub-cjble. 

cos dnc goerationa! "Otimi 
the ootimu;: ra t io of J / J . 

zacian study-- tndica 
is 0.65. This value 

TABLE f l 

SLPX Toroidal F ie ld Coil Specif icat ions 

Candidate Conductor Speci f icat ions 
Superconductor 

Pby 7 Cable Configuration Pby 7 
Total Strands 567 
Cu to NonCu Ratio 1.58 
5trand Diameter 0.713 mm 
J / J c r i t 0.55 
Operating Current/Strand (e 12 T) 24.4 A 
Muniber of Filaments 3500 
Filament Diameter 3.5 u 
Length of Conductor 11.7 km 

Conductor Coolinq Requirements 
Peak Field 12.0 T 
Conductor Current 11.8 kA 
Helium Void Fract ion 0.4 
Helium Flowrata/Coil 890 g/s 
Helium Pressure Drop 1.43 atm. 
Helium Pumpwork, 4.2 < 1,280 W/coil 

3.6 K 750 W/coil 

E lect r ica l and Mechanical Parameters 
Number o f TF Coils 16 
I.S. of Central Leg 1.1 m 
3.S. of Central Leg 2.17 m 
Horizontal Bore (Conductor) 3.3 m 
Vertical Bore (Conductor! 5.0 m 
Coil Width (Maximum) 79 cm 
Number of Turns Per Coil 684 
Number of Slots Per Plate 6 
dumber of Turns Per S lo t 6 
Number of PI a'.as 26 
Number of Segments Per Plate 3 
Plate Material S t a i n l . s tee l 
Structure Weight na,233 kg 
Winding Height 32,476 kg 
Stored Energy <.&mx= 12 T) 6500 HJ 

n r » l Cable 

Perspective v?et« of the SLPX-I ff!acni«e. Fig. 4, TF-coil conductor conf igurat ion. {78-6053J 
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simultaneously minimizes both the cost of the conductor 
and the pumping power required f o r c r yos tab i l i t y . 
Fable It gwes both the conductor and co i l spec i f i ca­
t ions for operation of 5LPX-I a t B M ) ( = 12 T. 

Stress Analysis 
A stress analysis of the SLPX-I co i l has been 

undertaken at PPP'_, using t i e ilASTRAN version 17 code. 
oeverai uif-"~rent f i n i ce-elenent moaels nave been used. 
Botr, i l j r i i inuir and stainless steel plates have been 
considered. Preliminary r e s u l t s , including only i n -
piane loads, indicate that the maximum def lect ion of 
the aluminum plate at B m a x = 12 T would be excessive 
( v i z . 6.78 mm), consequently, we have decided to use 
s ta in iess steel p lates, i n which the maximum def lec t ion 
(due to in-plane forces only) i s 2.58 mm, the maximum 
s t ra in is 0 .11 " , and the maximum stress is 38,000 p s i . 
The s ta in less steel plates may also allow the use of 
arr.h-suDported co-Ms ( i . e . , wedging at the inner legs) 
wi-.nout ^ceeding desirable stress levels at the support 
bo l t s . Tnis technique can e l iminate the bucking c y l ­
inder used in the present design, thereby allowing more 
ioace for the central chmic-heeting solenoid. Resistance 
against torque set up by the polo idal f i e lds is p rov i ­
der: ••.;.• a torque frame together wi th structural members 
beue?n adjacent co i ls (see F ig . 2 ) . 

"Il l 1 r,'"a Qieruptions 
I f r.ne plasnia vacuum vessel has no res is t ive 

t r " : i - . .HK-M i t has been determined that the amount 
•:- jvi-iT.. leposited in the TF - o i l s fol lowing a to ta l 
, . ; . . ••'' j l a3 :a current ( i . e . , a major 'plasma disrup-
.- "') •', su f f i c i en t l y small so that the coi ls w i l l 
•<• '• ; !" -.joe'-ccncucting. The maximum resistance of Che 
. : : . v i v? i ,? ! co that th is condi t ion is s t i l l sa t i s f i ed 
is presently under i nves t iga t ion . 

6. P0L0IDAL-FIELD MAGNETICS SYSTEM 
The "LPX-I PF magnetics system has the fol lowing 

conponent:. (see Figs. ?. and 3 ) : 

•unercanductinq external d ipole co i ls generate 
r.re j - r inc ipa l steady-state v e r t i c a l f i e l d . 

?ui;eo r i u l l i ng - f i e l d c o i l s . Before s ta r t -up , these 
•..-•trji'-cooled copper co i ls ire pulsed to oppose the DC 
e^v . 'M i 1 f i e l d to obtain a near-zero s tar t ing f i e l d , 
,!f'i .!-? then pulsed to provide the correct equi l ibr ium 
e i p i . j during plasma current s ta r t -up .5 

Pulsed ggu i l i b r i um- f i e ld co i l s .A pai r of water-
; : C 1 O J - o i l s inside the TF-coi l bore provides at ime-
ile.-o'ident fjadrupole f i e l d which g ivrs *he proper cur-
t-i'..: ? trc f-.e equi l ibr ium ve r t i ca l f i e l d . 5 

L 1 ' . ^ r ' to r - f ie lu c o i l s . A s ing le -nu l l poloidal d i -
.•c : . r -F established with the lower quadrupole. Two 
l a j a - u n ; copper coi ls pu l l out the poloidal f i e l d l ines 
in .irdcr to spread pa r t i c l e and heat f luxes across 
water-cooled target co l l ec t i on systems. 

Superconducting ohmic-heating c o i l s . The OH co i l s 
are located tn the TF-coil th roa t with a field-compen­
sat ing port ion outside the TF c o i l s . The OH solenoid 
provides about 60i of the f l u x swing for plasma current 
bu i l d -up . The OH windings are made with MbTi stranded 
insu la t i ng superconductor ooe r i t i ng at a maximum f i e l d 
of 7 to 7.5 T. The overa l l cur -ent density can be kept 
under 1500 A/cm^. The maximum dB/dt is 6 T/s. Exo;pt 
for t o ta l stored energy ( t l 8 0 MJ), the OH solenoid 
spec i f i ca t ions are close to those being developed in 
the Dul ;ed-coi l programs at Los Alamos and Argonne. 

7. REFRIGERATION REQUIREMENTS 
The thermal s t a b i l i t y c r i t e r i o n for the SLPX TF 

co i l is that the conductor should recover the super­
conducting state a f te r an energy input su f f i c i en t to 
ra ise the conductor temperature to 20 K for a length 
of one hal f turn. This c r y o s t a b i l i t y c r i t e r i on requires 

TAEL't H I 
Liquid Helium Refr igerat ion Requirements 

Watts at a.2 K 

Field at conductor * 11.0 T 12.0 T 

TF Coils f 2,400 H.f.r.Q 5 

TF Leads 500 7 n0 
Dipole Coils 100 1 <:Q 
Dipole Lead' t.00 .oo 
Central OH Co i l s 0 4,0.00 J , ZGC 
OH Leads 1,100 1,200 
Helium Pumpc 2,400 3,000 
Outer Container 

Total (watts) 

400 400 Outer Container 

Total (watts) 11,400 2 " , 100 

d A t 12 T, co i l s are operated at 3.6 rt. 
"Averaged over operating cycle (600 s ) . 
c8ased on 604 e f f i c i ency . 

a re f r igerat ion power of 150 watts per coi l for 5LPi'-I 
a t tW,, = 11.0 T and 4.2 .<, and 750 H per co i l at i : .C T 
and 3.6 K. With a deuterium plasma, 40 cm of shie ld ing 
must be inserted to protect the TF coi ls from neutron 
i r r ad ia t i on . ^ As much as 300 kW of fusion-neutron covjer 
could be produced in deuterium, but Che neutron power 
load on the TF co i l s would be 3 kw or less. 

Table I I I l i s t s a l l the l i au id helium re f r ige ra t ion 
requirements. During charging of the TF c o i l s , jn e^crj 
2000 w is required, but th is load is non-simultaneous 
wi th the larger requirement of the ohmic-heating centra" 
solenoid. Three 10-kU re f r ige ra t ion uni ts are required 
for 12 T operat ion, but only 15 kW capacity i s needed 
at 11 T ( including 0-0 neutron loading). The t o t a l 
l i q u i d nitrogen requirements are estimated to be 190 k*. 

8. GENERAL 
Assuming the use of large-scale manufacture-g me­

thods, the estimated cost of tne 16 TF co i ls of SLP/-I 
is 578 m i l l i on (1978). The total estimated pro jec t cost 
for SLPX-I, including 30* E.D.i.A. and 20'- contingency, 
i s approximately S260 m i l l i o n (1976). Al l the super­
conducting and cryogenic elements together account f o r 
60S of the to ta l cost. This estimate assumes that the 
machine w i l l be s i ted at PPPL, and w i l l take advantage 
of the TFTR-site f a c i l i t i e s . For timely implementation 
of tnis machine, the development of NbjSn conductor Must 
be pursuedvigornusly, and planned Nb3$n co i l tests sucn 
as in the LCP must remain on schedule or be accelenteC. 
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