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Potential Effect of the New High-Temperature Superconductor
on SSC Costs

R. Meuser, T. Elioff, N. Travis, J. Zelver

While very little information is known regarding the ultimate potential of
the new materials that exhibit superconducting characteristics at high temper-
atures, a model is developed to explore the possible cost consequences to the
SSC project if such a material were to become available with the performance
characteristics required by the SSC magnets.

It might be assumed, if SSC magnet coils were fabricated with the new
material, that the higher fields that could be achieved, allowing the SSC ring
to be reduced in size, would result in attendant cost reductions. This is not
the case under the rather optimistic set of assumptions presented here.

The various components of the SSC construction project cost estimate have
been categorized according to whether they are cost dependent or independent
of the collider magnetic field. For example, the injector accelerators and
the central laboratory facilities do not depend on the maximum magnetic field
of the collider. Approximately 40% of the total SSC costs are in this cate-
gory. For the remaining 60% of the costs, the related systems and components
have been analyzed in terms of their specific cost dependence on magnetic
field. The results show, assuming a fixed maximum energy of 20 TeV per beam,
that the costs of the magnet systems themselves increase faster with peak
magnetic field than do the cost savings resulting from the attendant smaller
size of the collider ring. The net effect is a cost increase with decreasing

circumference of the collider.



A. General Assumptions

1. The new material will achieve the same current density as that of the
present SSC magnet models (~2750 A/mmz at 5 7).

2. This current density will be constant, independent of field.

3. The material can be formed into relatively "ductile" filaments of
Su size, allowing usable cables to be fabricated in the same manner
as that required by current designs as these designs have the most
efficient conductor arrangement known.

4. The above cables can be mass produced as required by the S5C schedule.

5. The unit cost of the new material is the same as the quoted price of

NbTi used in the CDR cost estimate.

B. The Dipole Magnet

The philosophy employed in this study is to maintain the basic SSC-CDR
dipole design, with appropriate changes in cross section dimensions. It is
assumed that a dipole of the same length as that specified in the CDR can be
produced. In this model, the dipole current density is held fixed at the CDR
value as the coil thickness and resulting field is increased.

The coil is regarded as a thick cylinder with the current density propor-
tional to cosine theta, independent of radius. The yoke is regarded as having
infinite permeability. For this model, the aperture field, circumferential
stress in the coil, and stored energy match those of real coils within 5 to
10%, provided the field at the iron inner surface does not exceed 3 T, the
average field across the yoke on the horizontal axis does not exceed 2 T, and

the coil's outside-to-inside diameter ratio does not exceed about 3.



The circumferential prestress in the coil must exceed the total of the

circumferential components of the Lorentz body forces in order to prevent the
coil from separating from the structure. The prestress is supplied by the
"eollars.” The thickness of the collars of the CDR dipoles has been reduced
to the practical minimum. In this study, the thickness of the collars has
been scaled from the CDR design in proportion to the total Lorentz force.

In the CDR design, the outside surface of the collars is in contact with
the yoke, and the field at the inside surface of the yoke is about 3 T, If
contact between the collars and yoke is maintained as the coil thickness is
increased, the field at the yoke surface increases. In this analysis, the
inside radius of the yoke is that which results in a field of 3 T at the
surface. There is, therefore, a space between the collars and the iron radial
forces produced by the coil, the cost of which has not been included. 1In a
real design, the yoke might be in contact; there would then be a slight
increase in field distortion and a slight increase in the magnitude of the
field. 1In this study, the average field in the yoke on the horizontal axis is
maintained at the CDR value of about 2 T.

Table I shows the results for the coil, collar, and yoke dimensions as the
field increases from 6.6 to 14.2 teslas.

In order to provide a cost estimate for the designs of Table I, we use the
CDR cost estimate data at 6.6 T for the various dipole components, and scale
the component costs appropriately with changes in dimensions. Details of
these calculations are presented in Table II.

The major cost elements of the SSC dipole are listed. At 6.6 T, the

dipole unit cost is 103.59 K$ (in FY88 dollars). The scaling for each
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TABLE I

DIPOLE COMPONENT DIMENSIONS VS FIELD

FIELD ColL COLLAR "YOKE

OUTSIDE RD|CROSS SEC |CROSS SEC [CROSS SEC |OUTSIDE RD
teslas m m~2 . Tadr [ Tt ]
6.5000800 . 2400009 .@83779 ., 0998%0 . 352409 .142778
7.189008 . 242000 . 904285 .0ltt10 061349 « 152930
7.617992 «» 944909 « 804825 «812463 872228 1632709
2.125000 .8460209 «995391 .013929 . 083609 . 177899

8,634000 248880 . 805932 013479 .896000 . 1908542
$.14309¢0 .25002e « 808337 8171280 . 1894%@ . 283488
9.652999 +952009 .887238 .019389 . 124990 « 216520
19.160929 .034398 . BA7304 . 929763 . 139960 « 229980
12.569098 . 956002 . 838555 . 022750 . 156338 2 243540
11.178004 .8%900e9 » 0089312 . 024830 « 1750949 » 237329
11.6856000 . 960000 +2108353 . 027980 « 194648 « 271308
12,1950080 .062000 .819829 . 829430 213530 2835490
12.7931200 .864000 «811611 .231912 . 237329 2998580
13.2120020 . 86560800 0812428 .834389 .2615%40 +»314490
13.72108¢€e 368900 .213279 .837230 . 2857350 « 3293400
14,229890 . 872809 -314137 . 840172 « 313480 + 344300
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component is specified in Table II. For example, coil costs vary directly as
the coil cross section (i.e., the amount of superconductor). The beam tube
and magnetic measurements are examples of cost elements that do not change
with the magnet size.

In Table III, for each higher-field design the cest elements of Table IT
are scaled by the new design dimensions that are tabulated in Table I. The
unit dipole costs are shown to increase from 103.59 K$ at 6.6 T to 371.53 K$

at 14.23 T.

C. Other Magnet Systems

For convenience, all magnet costs are totaled before scaling (or reducing
the number of elements) commensurately with the smaller 20 TeV ring sizes of
the higher fields.

In line 1 of Table IV the results of the last section (Table III) for
dipole unit costs are scaled by multiplying the unit costs by the total number
of SSC dipoles in a collider with a 52 mile circumference (7,680 units).

It is now assumed that standard quadrupoles and IR quadrupoles will also
be made from the new superconductor, and that their costs will scale in the
same manner as the dipoles. That tabulation is presented in lines 2 and 3 of
Table IV.

Magnet tooling (line $) is projected to increase in cost in proportion to
the magnet size or the yoke outer radius. The spool pieces, as well as the
costs for installation and survey are assumed to be constant factors
independent of the magnetic field increase.

The bottom line of Table IV shows the total costs (FY88 M$) for all magnet
systems of the collider with the same number of elements as in the CDR (i.e.,

for a collider ring of 52 mile circumference).



TABLE

UNIT DIPOLE MAGNET COST

MAGNETIC FIELD tesla 6.62

CONSTANT COSTS 14.13
COSTS PROPCRTIONAL TO:
CJIL CROss SEC. 36.96
COLLAR CRO3S SEC. 7.41
YOKE CROSS S&C. 17.3%33
YOKE OQUTER RRADIUS 13.29
COSTS PROPORTIONAL TO TOTAL
14.27
TATRL COST 193.399%9

MAGNETIC FIELD tesla 10.67

CONSTANT COSTS 14.13
COSTS PROPORTIAQNAL TQ:
COIL CROsSs SEC. 84.23
COLLAR CROSS S&C. 17.12
YOKE CROSS SEC. 52.48
YOKE QUTER RADIUS 22,99
COSTS PROPGRTICNAL TO TOTAL
3e.51
TOTAL CasST 221.3@

7.1l 7.62
14.13 14.:3
42.91 47.31

8.36 9.38
20.69 24.%8
14.44 15.6@

QF ABOVE
13.92 17.65

113.55 128.2%

11.18 11.69%
14,13 14.13
91.390 98.57
13.79 29.38
59.%8 63.12
24.29 25.81

OF ABAVE
33.087 33.?3

249.087 239.%58

III

(K$) VS FIELD

8.13
14.13
32.86
10.47
27.97
16.78
19.52

141.74

12.29
14.13
196.98
22.13
72.1¢
26.95
38.37

279.99

8.63
14.13
58.63
11.64
32.12
17.99
21.49

16,01

12.79
14,13
113.83
24.91
79.57
28.31
41.351

301.38

(T)

9.14
14.13
£4.69
12.98
36.863
13.21
23.57

171.11

13.21!
14.13
121.8%3
26.01
87.31
29.869
44.69

323.789

9.635
14,13
78.97
14,21
41.32
209.43
25.76

187.@3

13.72
14,13
130.11
23.9%
95' 94
31.08
47.81

347.13

19.15
14,13
77.5%58
135.62
45.849
21.71
29.@8

283.83

14.23
14.13
138.51
3e.23
194,89
32.358
g1.17

371.33
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D. Final Result —- All Systems

Part I of Table V provides a summary of all field dependent systems. The
results of Table IV are scaled inversely as the field in order to correspond to
a 20 TeV collider ring of reduced size, commensurate with the higher fields, and
are presented as Item A. Similarly, the costs for the collider tunnel (item C)
are scaled inversely to the field. The corresponding Engineering, Design and
Inspection costs related to the variations in both Items A and C are summarized
ag Item D,

The costs for collider cryogenics (Item B) are projected to increase. The
model in this analysis assumes that the bore tubes are still maintained at
liquid helium temperature to maintain the required vacuum. Even at 6.6 T, the
synchrotron light power is a major fraction of the refrigeration heat load.

This load will increase in proportion to the field and will require additional
refrigeration capacity with the increased costs shown in Table V. Other pumping
schemes have been investigated; however, preliminary results indicate that an
increased aperture diameter of ~1 e¢m is required. Such an aperture increase
would increase magnet costs by an amount in excess of $100 M (i.e., comparable
with the cost associated with operation at liquid helium temperature).

Part II of Table V provides a summary of the other systems of the SSC whose
costs are independent of the collider field. The sum of the variable (field
dependent) and fixed costs is given at the bottom of Table V. The results are

plotted in Fig. 1.

Tt is concluded for the model investigated here (i.e., J is independent of
magnetic field) that the total SSC costs will increase with the increasing
magnetic¢ fields even if this material achieves the characteristic properties
which were assumed in Section A. 1If its unit cost should be substantially less

than that of NbTi, then the conclusion may be modified slightly.
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