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SLmlIary 

Future high energy proton Accelerators .111 likely 
require very high magnetic fields If the size of the 
ieee 1 e .. ator and assac t .ted exper1menta 1 areas are to 
be 1 1111 ted to dimensions that can be accomodAted by 
the terrlin at convenient sHes. Two coomercially 
ayallable superconductors can be used to produce 
~agnetlc fl. IdS of 10 T or .or.. The first Is Nb3Sn, 
which can operAte In pool bol1lng helium At 4.4 K. 
The second ts HbT1 t which IlUst be cooled to about 
1.9 K In superfluld hellura. In this paper the costs 
of 5 a. bore , 6 m long magnets made of these ~atert­
ai, and operating At field, fra. 5 to 11 Tare 
cOllpared. At 10 T the capitAl cost of a NbTl col1 
operat i ng In ,uperfluld hellull I, 351 less than the 
co,t of a HIl3Sn call . The cost of the NbTl call 
Is $1111 101 less after the differential operating 
costs that .111 be Incurred over the life of the 
accelerAtor are Included. The result, presented here 
Are a s .... ry of • detal10d analysis of these costs 
given In A separate report. 1 

Introduct Ion 

The Energy DoublerlSaver at Fe""l1ab .111 produce 
proton. at about 1 TeV, .hlch Is all1lOst t.lce the 
energy possible In the existing Fermllab acceler.tor. 
This ener<Jy I. possible In the existing tunnel 
because the superconduct Ing "agnets operate at 4 T 
.hlle the conventional .agnets operate at 2 T. 
Future h Igh-<!nergy proton .cce 1 erators .111 requ I re 
even higher .. agnetlc fields unless n .. acceler.tlon 
techniques are deve loped or very large exp.nses of 
land are used. A 10 T, 20 TeV lI.chlne h.s been pro­
posed .5 the next step In accelerator development by 
the ICFA study group. Though It May be possible to 
use lo.er fieldS In a large accelerator, 10 T appears 
to be a reuonable goal at present conSidering the 
c.pabl1ltle. of existing c.-rchl superconductors. 
Three superconductors .ay be considered for operat i on 
at 10 T. The first Is HIl3Sn operating In pool 
boiling hellua at .bout 4. 4 K. Another Is NbTI 
oper.tlng In superfluld hell .. at about I.g K. The 
ternary alloy, "bTna, Is a third posslbl1lty, but 
Is not considered here because It Is expensive and 
did not Appe.r attrAct lYe In An earlier study.2 
This ternary lIay be effective, h ... eyer, In a hybrid 
.agnet .here It would be usod In only the highest 
field regions In which c.se the costs developed here 
would not chango significantly . 

The detal1ed design of dipole .agnets for future 
accelerAtors can only be guusod at, but at fhed 
field and fhed length, the cost of • dipole "Agnet 
.111 be roughly proportional to the Inside dl .... ter 
of the .Indlngs. Though even smaller coils could be 
built, a 2" bore Is posslbl. and Is considered here. 
At present the trade-offs bet .. en aperture and be ... 
Intensity are not known. 

The doublerlsaver col1s Are alllOst 7 • long .nd 
detailed Info".atlon on cDOPonent cost ha. been OIAde 
aval1able by Fenol1ab. 3 All · the col1s considered 

'This work .as supported by the Director, Office of 
Energy Research, Office of High Energy and Nucle.r 
PhySics, High Energy Physics OIYlslon, U. S. Dept. 
of Enorgy, under Contract /10. OE-AC03-76Sf00098. 

Klnuscrlpt received /Iovember 30, 1982 

here are 6 m long and the Fermilab costs are used as 
directly as possible. The costs developed all0. a 
reasonable comp.rlson of the different types of 
col1s; • comparison that .111 not ch.nge signifi­
cantly with length . As a further compartson, costs 
of NbTI coils operating .t 4. 4 K .re Included though 
these cal1s .re limited to • maximum field of about 
9 1. In addition, a 5 T col1 Is Included to provide 
a link to existing .cceler.tor magnets. At 6 m there 
.111 be .bout 10,000 magnets In a 20 TeV machine, 
clearly reducing this number would be deslr.ble .nd 
longer magnets .111 probably be used In a re.l accel­
er.tor If the probl .. of protection c.n be solVed. 

Superconductor Costs 

Good estlm.tes can be made of the production costs 
of Nb 3Sn and HIlT I , .hlch .re produced In relatively 
large quantities. About 105 kg of HIlTl cable hav­
Ing a copper to superconductor r.tlo of I . B •• 5 pro­
duced for the doublerls.ver by seyeral m.nufacturers. 
The r •• lD.terlal And tabrlc.t Ion costs of this con­
ductor are given In Table I. These costs ~ere Sup­
plied by Ad ... et al. 4 but .re very s11111ar to costs 
reported by Fe,.,.1 lab 3 and those obt.lned fr .. other 
manufacturers during an economic eval~at1on of super­
conducting magnetic energy stor.ge. 5 Recent stud­
Ies shoo th.t SOOO specl.lly processed m.terlals 
exhibit current densities considerably higher than 
the Fenollab speclflc.tlons. 6,7 The specl.l pro­
cess I ng Inc 1 udes .n add I t I on. 1 heat tre.tllOnt durl ng 
.Ire dr •• lng to Improve the crystalline structure of 
the NbTI fl1 aments. These conductors .111 be some­
.h.t more ex pens Ive bec.use of the add It I onal han­
dling; f.brlc.tlon costs ... y Increase by .s .uch as 
15S. AssUOllng.n 821 yield and special proceSSing, 
the 1.8:1 conductor .111 cost about J49/lb and the 
1:1 about S62/1b. 

The fabrication .nd ra. materl.ls costs for Nb 3Sn 
mu1tlfl1 .... nt.ry .Ire ... de .Ith the bronze process 
.re given In T.ble II . The bronze process conductor 
requires 10 to 30 .nne.ls during proceSSing .hlle the 
NbT1 conductor requires only one or two heat 
tre.t ... nts. The fabrication costs In Table II 
reflect this difference but .re slightly less th.n 
the .ctual costs of the lCP conductor. e 

Sever.l other production methods have been pro­
posed for .ultlfll ... ntary Nb3Sn . These methods ~y 

TABLE 1: Production costs of HIlTI superconductor 
based on B21 yield of the eltruslon 

NbTl rod ( •• 6. 05) SOO.OO/lb 
Cu (. " 8.94) S3.50/lb 

Klterla Is Cu/SC • I.B:l S29.90/lb 
Cu/SC • 1.0: 1 S41.90/lb 

fabrication U7.00/lb 

fabricated Conductor Costs 
FNAL speclflc.tlOn} I.B:l S46.90/lb 
Conductor 1:1 S59 . 00/lb 

High-Current } I.B:l S49 . 40/lb 
Density Conductor 1:1 S61.50/lb 



TABLE II: Production costs for bronze process Nb 3Sn 
superconduct1ng wire based on large scale 
production .nd 80S e.truslon yield 

Nb rod 
NO sheet 
Cu 
Bronze 

( •• 8.4) 
( •• 8.4) 
( •• 8 . 94) 
( •• 8.7) 

Materl • .1s Cu/S.C •• 1.7:1 
Cu/S.C •• 1:1 

F.brlcat Ion Co.t 

F.brlc.ted Conductor .t 1.7:1 
Fabricated Conductor at 1: 1 

J80/lb 
S80/l b 
S3/lb 
UO/lb 

S21.80/lb 
S25.60/1b 

$40.00/1 b 

J6I.80/lb 
S65.6O/1b 

Table III: Current densttte. (A/maZ) tn the 
superconductor 

Fteld NbTt (4.4 K) NOTt (l.9 K) Nb3s" (4.4 K) 

( T) FNAL Best FNAL Be.t LCP Proposed 

5 1400 2100 
7 900 1450 2060 2800 1000 1790 
8 660 1200 1710 2300 900 1610 
9 340 760 1360 1960 800 1450 

10 100 350 1050 1620 700 1250 
11 700 1250 580 1040 
12 380 900 470 B40 

provtde a high current density. and material and 
fabrtcat ton costs may be lower than for bronze pro­
cess Nb3Sn . Though a breakthrou9h 15 posstble. I t 
c.nnot be predicted. and other costs m.y be tntro­
duced e.slly to the component costs Included here to 
reevalute total .a9n.t costs. 

The costs of superconductors ar. frequently given 
In (J/kAoo) to reflect the current carrying capac tty 
of the conductor and thus descrtbe conductor value. 
This cost ts based on the working current denstt1es, 
whtch .re gtven tn Fig. 1 and Table III . The current 
dens It Ie. In Table III .nd the costs tn Tables I .nd 
II Ir. u.ed to calculate the cost of , .. terlals In 
S/kM as ~Iv.n In Fig. 2 and Tabl. IV. 
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Fig. 1. Short sample crtttcal current .. pected In 
bar. superconductors used tn accel.rltor .. gnats. 
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Fig . 2. Unit cost of superconductors proposed for 
accelerator magnets. 

TABLE IV: Conductor cost In (S/kAla) .s a function 
of field for NbTI .nd Nb3Sn conductors 
_Ith 50S stabilizer cross section 

Field NbTt Nb Sn 

(T) 4.4 K 1.9K 4.4 K 

5 1.00 
7 1.44 0 . 75 1.45 
8 1.74 0.91 1.62 
g 2.75 1.07 1.79 

10 5.98 1.29 2.08 
11 1. 67 2.50 
12 2.32 3.10 

Superconductor Requirements for Magnets 

The amount of superconductor required for a col1 
depends on the working current denstty tn the conduc­
tor. the col1 design •• nd the pl.c .... nt of Iron. If 
tt I. used. E.ch of these Items Is dl scussed sep.­
rltely below and then the material requlr.....,ts for 
specific coil configurations using NbTI and Nb3Sn 
are developed. 

Though the current densities of Fig. 1 are possi­
ble In • short .... ple. to approach the s .... current 
density In a re.l m.gnet may be very difficult If not 
Impossible . Thu. the working current density Is 
reduced by 20S for Nb3Sn •• nd lOS for NbTI. The 
average current density In the col1 windings 15 less 
th.n that In the superconductor becau.e of the sp.ce 
occupied by the stabtl tzer. Insulation •• nd helium. 
For the conductors In this study. which have SOX 
stabilizer. the maximum possible _orklng current 
density In the winding wtll be about 38S of th.t In 
the superconductor. 

The effectiveness of a quantity of superconductor 
In terms of producing a given field Is affected by 
the coil design. On the average the conductor In the 
b lock de. I gng 15 further frQIII the bore than the 
conductor In the layer deSign 10. Assuming the same 
current density is possible 1n the conductor. this 
effect requires th.t about 5S to lOS more conductor 
be used for a blocl< col1 than a layer co11. In 



comparing NbTI and Nb 3Sn cotls the different conduc­
tor characteristics that determine c011 geometry 
beco,"" lnoportlnt. Though NbTI can be used In both 
configurations and the br i ttle nature of Hb3Sn may 
require the block geometry. only layer magnets are 
considered In this study . 

The superconductlng dipoles being constructed for 
the Fermtl ab daub ler/sa.er ring use warll Iron and 
the Isaberte magnets at Brookhaven use cold iron . 
Surprisingly. the quantity of Iron required to 
achle.e the maxi"",. shielding Is almost Independent 
of the distance of the Inside of the Iron from the 
col1. 11 Th Is "",ans that the Iron can be co I d or 
1114m Of even SaM COnlb1nat1on of the two and still 
haye about the S~ ero,s section. and therefore 
cost, for a given magnet. 

Two . three. and four layer lIagnet des 1905 were 
studied to deter~ i ne the quantity of superconductor 
requ i red to achle.e fields between 7 and 12 T. A 
single point at 5 T for HbTI at 4.4 K has been 
Included to connect this study to e.lstlng accelera­
tor adgnet designs. The conductor requirements 
established by this onalysls ore shown In Figs. 3 
and 4. 
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Fig . 3. Cross sectional areas of superconductlng 
windings for 50 ~ore dipoles without Iron . 

The conductor costs for 6-m long magnets are found 
directly by coablnlng the unit conductor costs In 
Table IV and the conductor requlre.ents In Fig . 3 and 
are listed In Table V and shown In Fig . 5. SI~llarly 
the conductor costs for H long .. gnets with cold 
Iron are found In Tabl. VI and Fig. 6. 

The cost of 
and fabr i cation 
to the cost of 
doubler/sa.er. 
ponent of the 
Table VII. 

iron, cryostat, refrigeration system 
for high field .. gnets can be related 
these I tOOlS for the Fe".;] ab ... ergy 
The appro.lllite cost of each com­

caapleted FNAL dipole Is gl.en In 

The rationale for adjusting the Fermtlab costs to 
get to reasonable .alues for high field dipoles are 
given In detatl In Ref. 1 and are s .... rhed qu.l1 -
tat Ively here. 
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Fig. 4. Cross sect lanaI areas of superconduetlng 
windings for 50 ~bor. calls wi th cold Iron. 

TABLE V: Cost In dollars of superconductor for 6 ,. 
long dipoles without Iron 

NbTl HbTl Nb 3Sn 

Field 4.4 K 1.9 K 4.4 K 

5 5640 
7 14170 14670 
8 25260 9500 20020 
9 47190 13610 26850 

10 20590 36190 
11 31260 48300 

.-'00 
l! 
• !! 
c 
0 .. 
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~ 
] 
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Fiol. (T) 

Xll 8210- )081 

Fig. 5. Conductor costs for 6-Q1 long dipole magnets 
without fron . 



TABLE V I: Cost tn dollars of tne superconductor 
6-m long dipoles haying cold iron 

Field 

( T) 

5 
7 
8 
9 

10 
II 

-• 
~ 
• 
~ 

& .. 
! 10 
U 

E 
~ i eo 

~ ... 
• 40 .. 
A 
~ ~o 
a 

NbTt /tI 3Sn 
• 

4.2 K 1.9K 42 K 

4300 
10710 1II40 
18370 7210 15550 
38200 10790 21910 

16870 30950 
27250 43500 

j 0 ~-""---'------' 
• • '0 

, .... IT) 
ilL &210·lOI6 

for 

Fig. 6. Conductor costs for H long dipole llagnets 
with cold iron. 

TABLE VII: Component costs and manpower require­
.. nts for the fe .. ilAb energy double/ 
Slyer dipoles 

Conductor 
Coil Parts 
Cryostat Parts 
Iron 
Mi sc . 
Totol Parts 

Coil winding and ass..oly 
Cryostat assembly 
Iron ... ...,ly 
Fin.l ... ...,ly 

U3,OOO 
4,800 
4,000 
3,500 
2,000 

$21,300 

200 
200 

00 
120 
OM hrs 

The cost of coil p.rts in the Fermi! ab magnets are 
about 371 of the conductor cost. This proportion is 
used for 4.4 K HbTl coils. The cost of p.rts for 
/tI3Sn coi Is wi 11 be gre.ter because of the lower 
allOWable str.ins and the need for addltlon.l support 
such u tnternal structure needed tn the block 
d.si~. This effect is estimated to lncre.se the 
coil part. cost by at least 301. In the NbTt cotls 
at 1.9 K the forces wtll be greater per unit yolune 
of superconductor so the estl .. ted cost lncreas. Is 
lOS. 

4 

The cost of the cryostat parts wtll depend some­
what but not strongly on diameter. The major effect 
will be due to the use of cold or warm Iron and wtll 
depend somewhat on field . A 251 Increase Is assumed 
for the 1.9 K dipoles. The amount of Iron depends 
primarily on the size of the bore and the coil 
thickness. Though the quantity of Iron required at 
a glyen field will decrease somewhat as the current 
density Increases, this Is a secondary effect. 

The coil winding time will be roughly proportional 
to the number of layers. Thus Fermtl ab' s 200 hr 
becomes about 400 hr for a 4 layer coil. An addi­
tional 30S Is charged to the /tI3Sn cotls to account 
for the reaction requirements and asselTbly of the 
extra support structure. 

The costs of the various magnet components, 
Including labor costs at a rate of ,20/hr, and the 
total costs for the different types of magnets are 
glyen in Tables VIII, IX and X. In a preyious study 
the effect on refrigeration cost of operating at 
1.9 K was shown to contribute about 251 to the total 
magnet cost. The 1.9 K magnet costs In Table IX are 
Increased by this same factor to obtain adjusted 
total costs that allow comparison with the other cotl 
costs, as sho", In Fig. 7. 

TABLE VIII: Cost of HbTI magnets oper.ted .t 4.4 K 

Conductor 
Coil P.rts 
Cryost.t P.rts 
Iron 
Misc. 
TOTAl PARTS 

Cotl winding' 
Cryostat a .. y 
I ron a$5y 
Final .ssy 
TOTAl LAB!»! 
TOTAL COST 

5 

4300 
1590 
6000 
3000 
2000 

m!lil" 

I$sy 4000 
3300 
1600 
2400 

Tf3mf 
,28190 

7 

10710 
3960 
6400 
4100 
2800 

27970 

5600 
3900 
1760 
2400 

tmir 
'41630 

8 

18370 
6800 
6600 
4400 
3200 

39370 

6400 
4100 
1840 
2400 
~ 

'54110 

9 

38280 
14160 
6800 
4700 
3600 

67540 

7200 
4300 
1920 
2400 

T5lml 
,82820 

TABLE IX: Cost of /tITi magnets oper.ted .t 1.9 K 

Field (T) 

Conductor 
Coil Parts 
Cryostat Parts 
Iron 
Misc. 
TOTAl PARTS 

Cotl winding l assy 
Cryost.t .ssy 
Iron .ssy 
Final .ssy 
TOTAL LAB!»! 
TOTAL COST 
TOTAL w 251 added 

for Refrig . 

8 

7210 
2960 
8250 
4400 
3520 

2"mO" 

6400 
5130 
1840 
2400 

T577ll" 
42110 

9 

10790 
4390 
8500 
4700 
3960 
~ 

7200 
5380 
1920 
2400 

mmr 
49240 

10 

16870 
6870 
8750 
5000 
4400 

TIm 

8000 
5630 
2000 
2400 

T!!lf3lr 
59920 

Unit Costs of Accelerator Dipoles 

11 

27250 
11090 
9000 
5300 
4840 

'57m 

8800 
5880 
2080 
2400 

rnw 
76640 

The cot I cosh ghen &boye provide a cOtnpolirison 
between dtfferent matertals at the S6Me ft.ld. 
Another way to compare these magnets is based on the 
bending power, which Is essenti.lly the cost in the 
untts (S/T .. ). In this fa". a c""",.rlson can be ... <Ie 



T.o<lLE X: Cost of fIl3Sn magnets operated at 4.4 K 

Field (Tl 

Conductor 
Call Parts 
CryoHat Parts 
Iron 
Misc. 
TOTAl. PAR TS 

Call winding & a .. y 
Cryostat assy 
I ron assy 
Final .. ,y 
TOTAL L.o<lC1l 
TOTAL COST 

.~ 

• 
~ .. 
I 
• • 

B 

15550 
7480 
6600 
4400 
4160 

m"9lr 

B320 
4100 
1840 
2400 

m7llr 
~54B50 

9 10 liT 

21910 30950 43500 
10540 14B9O 20920 
6000 7000 7200 
4700 5000 5300 
4680 5200 5720 

mJO" 0Jlr.l0" mom 
9360 10400 11440 
4300 4500 4700 
1920 2000 2080 
2400 2400 2400 

m1!lr moo ~ 
~661O ~8234O Jl03260 

11 11 ... ~-
Fig. 7. Total costs of accelerator dipoles 

frOll one field to another not just frOGl one material 
to 4nother. The untt cost of INgnets on thh bash 
ar_ 9iven In Table Xl and Fig. B. The "lnl""" cosh 
are At the lowest "elds. but the increased costs of 
land. trench1ng or tunnel tng. ptp1ng services, con­
crete, etc., lIIo1y ofhet this effect. 

T .o<lLE Xl: Unit costs of accelerator Nagnets in ~JTII. 

NbTi NbT1 fIl3S~ 

Field 4.4 K l.gK 4.4 K 

5 940 
7 991 
B 1127 1097 1142 
9 1534 1140 1233 

10 124B 1372 
11 1452 1565 
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