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COST OF HIGH-FIELD Nb3Sn AND Nb-Ti 

ACCELERATOR DIPOLE MAGNETS* 

W. V. Hassenzahl 

LBL-14918 

Future high-energy proton accelerators will likely require very high 

magnetic fields if the size of the accelerator and associated experimental 

areas are to be limited to dimensions that can be accommodated by the 

terrain at convenient sites. For example, the circumference of a 20 TeV, 

10 T accelerator wi 11 be about 60 km. Two commercially available 

superconductors can be used to produce fields of 10 T or greater. The- first 

is Nb3Sn, which can operate in pool boiling helium at 4.4 K, the second is 

Nb-Ti, which must be cooled to about 1.9 K in superfluid helium. In this 

paper the costs of 7 to 11 T, 5 em bore, 6 m 1 ong magnets made of these 

materials are canpared. At 10 T the capital cost of Nb-Ti coils operating 

in superfluid helium is 35% less than the cost of Nb 3Sn coils and the cost 

is still 10% less after the differential operating costs over the life of 

th~ accelerator are included. 

I. Introduction 

The Energy Daub 1 er/Saver at Fermi 1 ab wi 11 produce protons at about 

1 TeV, which is almost twice as high as has been possible in the existing 

Fermilab accelerator. This energy is possible in the same tunnel because of 

*This work was supported by the Director, Office of Energy Research, Office 
of High Energy and Nuclear Physics, High Energy Physics Division, U. S. Dept. 
of Energy, under Contract No. DE-AC03-76SF00098. 



the higher operating field of the superconducting magnets. Future 

high-energy proton accelerators will require even higher magnetic fields 

unless new acceleration techniques are invented and developed or very large 

expanses of land are used. Though it may be possible to use lower fields in 

a large accelerator, about 10 T appears to be a reasonable goal considering 

the present capabilities of commercial superconductors. Two types of 

superconductors may be considered for operation at 10 T. The first is 

Nb3Sn operating in pool boiling helium, at about 4.4 K. The second is 

Nb-Ti operating in superfluid helium at about 1.9 K. The ternary alloy 

Nb-Ti-Ta is not considered here because it is quite expensive and did not 

appear attractive in an earlier study. 1 This ternary may be effective in 

a hybrid magnet where it is used in only the highest field regions, in which 

case the costs developed here would be changed only slightly. 

The design of the actual dipole magnets for future accelerators can 

only be guessed at here. However, at fixed field and fixed length, the cost 

of a dipole magnet will be roughly proportional to the inside diameter of 

the windings. Though the Fermilab doubler/saver has a 3 11 bore, smaller 

coils can be built. A 2 11 i.d. is certainly possible (two geometrically 

different 2 11 bore, 10 T dipoles are now under development at LBL), and even 

sma 11 er coi 1 s cou 1 d be bui 1t. At present the trade-offs between aperture 

and beam intensity are not known. However, because they appear feasible for 

an accelerator, only 2 11 bore dipoles are considered here. 

The doubler/saver coils are almost 7 m long, and detailed information 

on component cost has been made available by Fermilab. The magnet cost can 

be broken down in several ways, one of which is to separate out the cost of 

the ends and then vary the length of the coil as desired. At 6 m there will 

be about 10,000 magnets in a 20 TeV accelerator. Clearly, reducing this 
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number would be desirable, and longer magnets will probably be used in a 

real accelerator if the problem of protection can be solved. To simplify 

this study, however, the coils considered here are 6 m long and the Fermilab 

costs are used directly. This approach allows for a reasonable comparison 

of the different fields and conductors, a comparison that will not change 

significantly with length. 

As a further comparison, costs of Nb-Ti coils operating at 4.4 K are 

also included in this study. These coils are limited to about 9 T, at which 

field they are quite expensive. In addition, a 5 T coil is included to 

provide a link to ex,isting accelerator magnets. No attempt is made to 

include or estimate the other costs of an accelerator. 

II. Superconductor Costs 

Good estimates can be made of production costs of Nb
3

Sn and Nb- Ti 

because these materials have already been produced in, relatively large 

quantities. In the case of Nb3Sn some slight extrapolation to larger 

production runs is needed, but well developed rules can be satisfactorily 

applied to the existing production data to predict future costs. 

A total of about 105 kg of Nb- Ti cable having a copper to super

conductor ratio of 1.8 was produced for the doubler/saver by several 

manufacturers. The actual cost of raw materials and fabrication of this 

conductor are given in Table I. These costs were supplied by Adam et al. of 

Ai rco2 but are very simi 1 ar to costs reported by Fermi 1 ab3 and those 

obtained from other manufacturers during an economic evaluation of 

superconducting magnetic energy storage.4 Recent studies5 ' 6 of Nb-Ti 

superconductors have shown that some specially processed materials have 

current densities considerably higher than the Fermilab specifications. The 
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Table I 

Production Costs of Nb-Ti Superconducting Wire 

Based on 82% Yield of the Extrusion 

Nb-Ti rod (P = 6.05) 

Cu (P = 8.94) 

Materials Cu/SC = 1.8:1 

Cu/SC = 1.0:1 

Fabrication 

Fabricated Conductor Costs 

FNAL Specification } 

Conductor 

High Current ~· 
Density Conductor· 

4 

1.8:1 

1:1 

1.8:1 

1:1 

S80.00/lb 

S3.50/l b 

~29. 90/l b 

$41.90/lb 

~17.00/lb 

~46. 90/1 b 

$59.00/lb 

S49 .40/l b 

$61.50/lb 



special processing includes an additional heat treatment during wire drawing 

to improve the micro structure of the Nb-Ti filaments. These conductors 

will be somewhat more expensive because the handling and fabrication costs 

may increase by as much as 15%, the incremental increase used here. 

Assuming an 82% yield· and special processing, the 1.8:1 conductor will cost 

about S51/1b and the 1:1 about S63/lb. 

The fabrication and raw materials costs for Nb3Sn multifilamentary 

wire made with the bronze process are given in Tab 1 e I I. Whereas the raw 

materials were the major cost in the Nb-Ti conductor, the fabrication costs 

are the 1 argest for the bronze process Nb3Sn. The Nb3Sn bronze process 

conductor requires 10 to 30 anneals during processing to maintain ductility 

and avoid damage; by comparison the Nb-Ti conductor requires only one (or 

for the specially processed materials two) heat treatment near the final 

strand size to insure good copper resistance and to enhance Jc. The 

fabrication costs in Table II are somewhat less than the actual costs of the 
7 . 

LCP conductor, because they are adjusted to reflect production of Nb3Sn 

conductors in quantities comparable to those already fabricated for the 

Fermilab doubler/saver. 

The LCP conductor has a niobium barrier between the bronze matrix and 

the copper stabilizer. After reaction a superconducting layer exists on the 

inside surface of this barrier and could be a source of large ac losses in a 

rapidly cycled magnet. An alternative barrier material is tantalum, which 

is both more dense and more expensive than niobium. A conductor similar to 

the LCP conductor but with a Ta barrier would cost S75/lb instead of S62/lb 

and the proposed 1:1 conductor would cost S78/lb instead of $66/lb. 

The production cost of bronze process conductor made in 1 arge 

quantities is used in this study even though several other production 
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Table II 

Production Costs for Bronze Process Nb3Sn Superconducting 

Wire Based on Large Scale Production 

Nb rod (p = 8.4) $80/lb 

Nb sheet (p .= 8.4) $80/l b 

Cu (p =·8.94) $3/l b 

Bronze (p = 8.7) $10/l b 

Materials Cu/S.C. = 1. 7:1 $21.80/l ba 

Cu/S.C. = 1:1 $25 .60/lb 

Fabrication Cost $40.00/lb 

Fabricated Conductor at 1.7:1 $61.80/l bb 

Fabricated Conductor at 1:1 $65.60/lbb 

a. Area fractions from LCP conductor (60% Cu, 5% Nb Barrier, 
9% Nb filaments, 26% Bronze). A tantalum barrier will increase the cost 
considerably. 

b. Assumes 80% yield in each of 2 extrusions 
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methods have been proposed for multifilarnentary Nb3Sn. The hope for these 

methods is that they will provide a high current density and that both 

material and fabrication costs will be lower than for bronze process 

Nb3Sn. Though a breakthrough is possible, it cannot be predicted and any 

potentially lower costs may be introduced easily to the component costs 

included here and then new estimates made of total magnet costs. Thus the 

costs for large scale production of bronze process conductor are used in 

this study. 

Recently several Nb3Sn conductors with tin rich regions have been 

developed and are now commercially available.8- 10 Because production 

costs are not available these materials are not used in this evaluation, but 

they are expected to be less expensive to produce than the bronze process 

materials as there is no need for extrusion or intermediate heat treatments. 

The costs of superconductors are frequently given in the unit ($/kAm), 

which reflects the current carrying capacity of the conductor and is thus a 

better measure of the value or effectiveness of a given conductor. To 

obtain the cost of various materials in this unit it is necessary to measure 

or estimate the working current density in the proposed superconductors. 

Either conservative or optimistic estimates of the current densities can be 

used in cost estimates. Because this study is aimed at magnets that will be 

constructed in five to ten years somewhat optimistic current densities have 

been used for both Nb-Ti and· Nb 3Sn. The current densities used and sane 

comparative values are given in Fig. 1 and Table III. The current densities 

for Nb~Ti are based on some recent measurements on small-scale, commercially 

produced conductors. 5 ' 6 The Nb3Sn current densities are based on 

projections of current densities that could be possible supposing one of the 

new processes mentioned above that use higher Nb and Sn content 

7 
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Table III 

Current Densities A/mm2 in the Superconductor 

for Conductors Made of Nb-Ti and Nb3Sn 

Field Nb-Ti (4.5 K) Nb-Ti (1.9 K) Nb 3Sn (4.5 K) 

( T) FNAL Best a FNAL c Besta LCPd Proposedb 

145 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 

12 380 900 470 840 

a. Best values are based on current densities observed in a few samples 

b. Proposed values are based on increasing the Al5 cross sectional area 

c. Estimated from 4.2 K data 

d. Optimized heat treatment for LCP conductor 700°C-2 days + 730°C-2 days; 
Jc in LCP is :::::500 A/mm2 at lOT 
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is developed. The current densities in Table III and the costs in Tables I 

and II are used to calculate the cost of materials in $/kflm as given in 

fig. 2 and Table IV. 

SUPERCONDUCTOR REQUIREMENTS FOR MAGNETS 

The amount of superconductor required for a coil depends on the working 

current density in the conductor, the coil design, and the placement of 

iron, if it is used. Each of these items is discussed separately below and 

then the material requirements for specific coil configurations using Nb-Ti 

and Nb3Sn are developed. 

The possible current densities available in conductors were given in 

Table III and Fig. 1. Though it may be possible to achieve a given current 

density in a conductor sample, to approach that same current density in a 

real magnet may be very difficult if not impossible, and a· working current 

density must be established. The working current density is set below the 

critical current density by 20% for Nb3Sn and 10% for Nb-Ti. The current 

density in the coil windings will be further decreased by the stabilizer, 

insulation, and helium cross section. For the conductors in this study, 

which have 50% stabilizer, the maximum possible current' density in the 

winding will be about 38% of that in the superconductor. This "packing 

fraction" is used for both Nb-Ti and Nb3Sn conductors though the actua 1 

maximum current densities in fabricated magnets may vary by a few percent. 

Adjusting the current densities by the factors mentioned above results in 

the working current densities in the coil winding given in Table V. 

10 
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Table IV 

Conductor Cost/in (S/kAm) as a Function of Field for Nb-Ti and Nb3Sn 

Conductors with 50% Stab i1 i zer Cross Section 

Field Nb-Ti Nb3Sn 

(T) 4.2 K 1.9K 4.2 K 

5 1.00 

7 1.44 0.75 1.45 

8 1.74 0.91 1.62 

9 2.75 1.07 1.79 

10 5.98 1.29 2.08 

11 1.67 2.50 

12 2.32 3.10 
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Table V 

Working Current Densities in Superconducti ng Magnet Windings (A/mm2) 

Field Nb-Ti Nb
3

Sn 

( T) 4.2 K 1.8K 4.2 K 

5 718 

7 496 958 544 

8 410 787 489 

9 260 670 440 

10 119 554 380 

11 428 316 

12 308 255 
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Because conductor at a large radius contributes proportionately less to 

the central field than conductor close to the bore a high current density 

reduces the total conductor (ampere turn) requirements. 

The effectiveness of a quantity of superconductor in terms of producing 

a given field is also affected by the coil design. On the average the 

conductor in the block design, Fig. 3a, is farther from the bore than the 

conductor in the layer design, Fig. 3b. Assuming the same current density 

is possible in the conductor, this effect requires that about 5 to 10% more 

conductor be used for a block coil than for a layer coil. The cause of this 

difference is that the block design requires a central support system to 

oppose the external compressive forces of the structure while these forces 

are intrinsically supported in the layer design. 

In comparing the Nb- Ti vs Nb3Sn coi 1 s the different conductor 

characteristics that determine coil geometry become important. Though Nb-Ti 

can be used in both configurations and the brittle nature of Nb
3

Sn may 

require the construction techniques associated with the block geometry, only 

layer magnets are considered in this study. Small adjustments (10%) to the 

cost figures can be used to account for the difference if necessary, but it 

appears that the numbers at present do not warrant a more accurate 

calculation. Field calculations for the two designs show that both can 

produce acceptable field quality. 

The superconducting dipoles for the Fermilab doubler/saver ring use 

warm iron and the Isabelle magnets at Brookhaven use cold iron to increase 

the internal field, to shield the beam from external fields, to limit the 

effects of the field outside the coils, and to reduce the forces between the 

coil and· any external ferromagnetic material that is not symmetrically 

distributed with respect to the beam. Surprisingly, the 

14 
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Fig. 3b. Cross Section of a 4 Layer Coil that Could Be Used for a 10 T 
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quantity of iron required to achieve complete shielding is almost 

independent of the distance between the inside of the iron and the coil.8 

This means that the iron can be cold or warm or even some combination of the 

two -and still have about the same volume and mass, and therefore cost, for a 

given magnet. Though magnetic iron or mild steel is relatively brittle at 

low temperature it can be used in low stress conditions to support some of 

the magnetic load and thus replace other structural material such as 

aluminum or stainless steel. On the other hand the use of cold iron will 

increase the size and therefore the cost of the cryostat. 

The effect of iron on a "normalized" dipole load line for a layer coil 

capable of producing about 10 T is given in Table VI and shown in Fig. 4. 

Because the iron saturates and has little effect after about 4 T, the field 

enhancement of 0.36 T in a 10 T magnet is about a factor of 3 less than the 

1 T expected in a 4 T magnet. The distance of the iron from the coil 

affects not only the dipole field magnitude, but also the field quality, in 

particular the sextupo le component. The effect on the sextupo 1 e component 

of iron having infinite permeability is given in Table VI. About 0.5% 

sextupole can be produced if the iron is close to the coil, and the windings 

have been designed for zero sextupole with no iron. (Note that the coi 1 may 

be designed to have zero sextupole at low field or at high field but not 

both.) This effect has not been calculated here for saturable iron so the 

true effect in a magnet is not precisely known, but the effect of saturation 

will probably be to push the effective iron radius out as the field 

increases so one would expect the change of the sextupole to be less, maybe 

about about 0.3% at 10 T. 

Two, three, and four layer magnet designs were studied to determine the 

quantity of superconductor required to achieve fields between 7 and 12 T. A 

17 
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Table VI 

The Effect of Iron Having an Infinite Permeability on the Load Line 

Before Saturation, the Operating Field, and the Sextupole Field of 

a Layer Coil. The Outside of the Conductor is at 73 mm. 

Iron Inside Operating * Radius Load Line Dipole Field Sextupole 

(mm) (Arbitrary Units) (T) ( % of d i po 1 e ) 

80 1.43 10.36 0.487 

100 1.27 10.23 0.450 

130 1.16 10.16 0.340 

co 1.00 10.0 < 10-4 

*This coil •s shape was optimized for no iron, and the shape was not changed 
as the iron was moved towards the coil. The optimization could have been 
for iron at 80 mm in which case the sextupole would have b~en 0.49% when the 
iron was at co. 
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single point at 5 T for Nb-Ti at 4.4 K has been included to relate this 

study to existing accelerator magnet designs.9 , 10 In addition, some 

recent calculations by Peters11 of the field near the pole region of 

multilayer magnets indicate that at high fields the maximum enhancement will 

be about 4%. These same calculations included a determination of the fields 

at the pole region of the outer layers so that load lines can be established 

for coils with graded conductors. Good field quality was required for these 

magnets, but, for the. 2 layer coils in particular, the hannonics were 

minimized but not made zero. Smaller harmonics could be achieved with the 

addition of wedges in the coil cross section. The conductor requirements 

established by this analysis are shown in Fig. 5 and presented in 

Table VII. Both cross sectional area and Ampere turn requirements are 

included in Table VII. The conductor requirements for coils with cold iron 

are shown in Table VIII and Fig. 6. 

The conductor costs for 6-m long magnets are found directly by 

combining the unit conductor costs in Table IV and the conductor 

requirements in Table VII and are listed in Table IX and shown in Fig. 7. 

Similarly the conductor costs for 6-m long magnets with cold iron are found 

in Table X and Fig. 8. 

The effect of the use of cold iron on the total conductor requirement 

is given in Table XI and Fig. 9, where the values listed are the ratios of 

the amount of conductor required with iron to the amount required without 

iron, or equivalently with warm iron. Because warm iron contributes so 

little to the field, the terms warm iron and no iron are used 

i nterch angeab ly. The ratio increases with field showing that the 

effectiveness of the iron decreases. 

The cost of iron, cryostat, refrigeration system and fabrication for 

high field magnets can be related to the cost of these items for the 

20 

.. 



i• 

"""' (II 

E 
E ....... 
c _g -~ 0 
.J:. -~ 
as 
Q) ... 

10000 

< 6000 
tU 
c 
0 

:.;::: 
(.) 
Q) 
rn 
I 
rn 
rn 
0 ... 

(,) 

Cl 
.: 
"C ·= 4000 :l: 

2000 
7 8 9 

Field (T) 

10 11 

XBL 8210-3092 

Fig. 5. Cross Sectional Area cif the Windings as a Function of Magnetic Field 

21 



Field 

( T) 

5 
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8 

9 

10 

11 

Table VII 

Cross Sectional Area and Ampere Turn Requirements for 

Nb-Ti and Nb3Sn Coils Operating at Various Fields without Iron 

Nb-Ti (4.2 K) Nb-Ti (1.9 K) Nb 3 Sn ( 4. 2 K ) 

Area A Turns Area A Turns Area A Turns 

(mm 2) X 106 (mm2) X 106 (mm2) X 106 

1300 0.47 

3300 0.82 3100 0.843 

5900 1.21 2200 0.87 4200 1.03 

11000 1.43 3150 1.06 5700 1.25 

4800 1.33 7600 1.45 

7200 1.54 10200 1.61 
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Table VIII 

Cross Sectional Area and Ampere Turn Requirement at Various Fields 

for Nb-Ti and Nb3Sn Coils with Iron Close to the Conductor (Cold Iron) 

Field 

( T) 

5 

7 

8 

9 

10 

11 

Nb-Ti (4.2 K) 

Area Ampere Turn 

(mm 2) x 106 

1000 

2520 

4300 

8900 

0.36 

0.62 

0.88 

1.16 

Nb-Ti (1.9 K) 

Area Ampere Turns 

(mm2 ) x 106 

1670 

2500 

3950 

6350 

23 

0.66 

0.84 

1. 09 

1.36 

Nb 3 Sn ( 4 • 2 K ) 

Area Ampere Turns 

(mm 2 ) x 106 

2350 

3250 

4650 

6500 

9150 

0.64 

0.80 

1. 02 

1.24 

1.45 
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Table IX 

Cost in Do 11 ars for the Superconductor in 6 m Long Di po 1 es Having Warm Iron 

Nb:... Ti Nb-Ti Nb3Sn 

Field 4.2 K 1.9K 4.2 K 

5 5640 

7 14170 14670 

8 25260 9500 20020 

9 47190 13610 26850 

10 20590 36190 

11 31260 48300 
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Table X 

Cost in Dollars of the Superconductor for 6-rn Long Dipoles Having Cold Iron 

Nb-Ti Nb
3

Sn 

Field 4.2 K 1.9K 42 K 
(T) 

5 4300 

7 10710 11140 

8 18370 7210 15550 

9 38280 10790 21910 

10' 16870 30950 

11 27250 43500 
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Table XI 

A Canparison of the Conductor Requirements for Coi.l s 

Having Cold Iron and Coils Having No Iron. The Values Listed 

are the Ratios of the Ampere Turns Required in Coils without and with Iron 

Nb3Sn 

Field 4.2 K 1.9K 4.2 K 
( T) 

5 0.76 

7 0.76 0.76 

8 0.79 0.76 0.78 

9 0.81 0.79 0.82 

10 0.82 0.86 

11 0.88 0.90 
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Fermilab energy saver/doubler. The cost of each component of the FNAL 

dipole as assembled in a cryostat is given in Table XII. 9 

The conductor comprises about half of the materials costs and about 30% 

of the total magnet cost. The extrapolation of the 4.4 K Nb-Ti costs in 

Fig. 6 to 4.5 T gives a conductor cost of Z6.5 k, which is about one half of 

the cost of the conductor for the FNAL doubler/saver coils. The factor of 

two can be accounted for almost exactly by: the difference in conductor 

required for a 2.0" and a 3.0" bore magnet, the slightly different coil 

length, the different current densities, and the use of copper to 

superconductor ratio of 1 in this study rather than the FNAL conductor ratio 

of 1.8. 

The cost of superconductor in a cold iron magnet was given in Table X. 

The cost of coil parts in the Fermilab magnets are about 37% of the 

conductor cost. Because there are higher stress levels at higher fields a 

larger fraction of other materials might be required. However, the current 

density decreases as field increases, which tends to offset the effect of 

stress, as more conductor is also required. In addition, the use of cold 

iron will further offset any increased materials costs as it will replace 

some of the stainless steel support. Without a strong reason to change this 

proportion, the cost of coi 1 parts is assumed to be 37% of the cost of 

conductor for 4.4 K Nb-Ti coils. The cost of parts for Nb3Sn coils will 

be greater because of the lower allowable strains and additional supports, 

such as internal structure needed in the block design. This effect is 

estimated to increase the coil parts cost by at least 30% (Nb3Sn = 0.3). 

In the Nb-Ti coils at 1.9 K the forces will be greater per unit volume of 

superconductor so a 10% increase in cost is estimated for the 1.9 K Nb-Ti 

magnets (1.9 K = 0.1). The cost of coil parts is then 
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Table XII 

Ctmponent Costs and Manpower Requirements for the 

Fermilab Energy Double/Saver Dipoles 

Conductor 

Coil Parts 

Cryostat Parts 

Iron 

Mise. 

Tot a 1 Parts 

Coil Winding and Assembly 

Cryostat Assembly 

Iron Assembly 

Fi na 1 Assemb 1 y 

32 

13,000 

4,800 

4,000 

3,500 

2,000 

~27,300 

200 

200 

80 

120 

600 hrs 



The cost of the cryostat parts will depend sanewhat but not strongly on 

diameter. The major effect will be due to the use of cold or warm iron. 

Assuming cold iron is used, the cost can be approximated by 

ccryostat = (sooo + 1000 ~) (r + c~ .9 K) 

where c1.9 K is 0.25 for 1.9 K operation and is otherwise zero. The 25% 

increase in cost includes heat exchangers and additional heat shields 

required for 1.9 K operation. 

The amount of iron can be determined from the size of the bore, the 

coil thickness, and the distance from the conductor to the iron. Though the 

quantity of iron required at a given field will decrease somewhat as the 

current density increases, this is a secondary effect. Thus 

CFe = 2000 + fa 2000 

The miscellaneous costs are assumed to be proportional to the field and 

to be slightly higher for the coils operated at 1.9 K and Nb3Sn coils. 
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The hours for assembly and fabrication given· in Table XII are based on 

the last doubler/saver magnets constructed at FNAL. They provide a basis 

for a cost comparison of Nb3Sn and Nb-Ti coils. The early production 

magnets fabricated in 1980 required about 1000 hrs for completion. 

The coil winding will be roughly proportional to the number of layers. 

Thus 200h ~ 400 h for the Nb-Ti coils at 10 T. An additional 30% is charged 

to the Nb3Sn coils because of reaction costs, etc. The coil fabrication 

and assembly and labor cost will increase with field. The dependence would 

have been on total conductor as given earlier in Figs. 5 and 6. The higher 

field magnets would then have a slightly higher relative fabrication cost. 

However, the greater the total effort the more likely it is to be 

fractionally decreased. The expression for the coil manufacturing and 

assembly cost is thus 

The cryostat assembly cost will be almost independent of size, shape, 

use of Nb-Ti or Nb3Sn, etc. but will depend somewhat on the operating 

field and the operating temperature: 

The cost of the iron assembly will depend on the quantity of iron used, 

which depends on field and current density. 
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.. 

Giron assy.= ( 60 + 40 flr )w 

The final assembly and the testing and measuring should not be much 

different for a 3" or a 2" bore magnet nor should the operating field make 

much difference. Thus $2400 is used for all coils. 

Using these values the total hours required to fabricate, assemble and 

test Nb-Ti and Nb3Sn magnets are given in Table XIV and Fig. 8. 

Combining all these individual costs and using a labor rate of $20/hr, 

the costs of the various magnet components and the total costs for the 

different types of magnets are given in Tables XIII, XIV, and XV. In a 

previous study the effect on refrigeration cost of operating at 1.9; K was 

shown to contribute about 25% to the total magnet cost, based on the magnet 

and refrigerator costs for Isabelle. The 1.9 K magnet costs in Table XIV 

are increased by this same factor to obtain an adjusted total cost that can 

be compared with the cost of other coils. Each of these costs is shown in 

Fig. 10 • 
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I 
Table XIII 

Cost of Cold· Iron Nb-Ti Magnets Operated· at 4.4 K 

5 7 8 9 

' Conductor $ 4300 $10710 $18370 $38280 

Coil Parts 1590 3960 6800 14160 

Cryostat Parts 6000 6400 6600 6800 

Iron 3000 4100 4400 4700 

Mise. 2000 2800 3200 3600 

Total Parts $16890 $27970 $39370 $67540 

Coil Winding & Assy.$ 4000 $ 5600 $ 6400 $ 7200 

. Cryostat Assy. 3300 3900 4100 4300 

Iron Assy. 1600 1760 1840 1920 

Final Assy. 2400 2400 2400 2400 

$11300 $13660 $14740 $15820 

$28190 ' $41630 $54110 $82820 
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Table XIV 

Cost of Nb-Ti Magnets Operated at 1.9 K 
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Table XV 

Cost of Nb3Sn Magnets Operated at 4.4 K 

Field (T) 8 9 10 llT 

Conductor . U5550 $21910 $30950 $43500 

Coil Parts 7480 10540 14890 20920 

Cryostat Parts 6600 6800 7000 7200 

Iron 4400 4700 5000 5300 

Misc. 4160 4680 5200 5720 

Total Parts $38190 $48630 $63040 &32640 

Coil Winding & Assy. $ 8320 $ 9360 $10400 $ 11440 

Cryostat Assy. 4100 4300 4500 4700 

Iron Assy. 1840 1920 2000 2080 

Final Assy. 2400 2400 2400 2400 

$16660 $17980 $19300 $ 20620 

$54850 $66610 Z82340 $103260 
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UNIT COSTS OF ACCELERATOR DIPOLES 

The coil costs given above provide a comparison between different 

materials at the same field. Another way to compare these magnets is based 

on the bending power, which is the cost in units (Z/Teslameter). In this 

form a comparison can be made from one field to another not just from one 

material to another. The unit cost of magnets on this basis are given in 

Table XVI and Fig. 11. The minimum magnet costs are at the lowest fields, 

but the increased costs of land, trenching or tunneling, piping services, . 

concrete, etc., should more than offset this effect. 

Table XVI 

Unit Costs of Accelerator Magnets in $/Tm. 

Nb-Ti Nb-Ti Nb3Sn 

4.4 K 1.9K 4.4 K 

5 940 -

7 991 

8 1127 1097 1142 

- 9 1534 1140 1233 

10 1248 1372 

11 1452 1565 
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