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ENERGY EXPANSION OF THE ZOO-GeV ACCELERATOR 
TO 400 GeV AND ABOVE BY CONSTRUCTION 

OF A SUPERCONDUCTING GUIDEFIELD 

Michael A. Green 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California _ 

July 14, 1967 

(Revised August 4, 1967) 

ABSTRACT 

This report proposes to eXtend the energy of the ZOO-Ge V accelerator 
to higher energies by the addition of a supercohducting synchrotron. The 
feasibility of such a system is discussed and cost estimates are made on a 
number of superconducting accelerator systems • 

. Two basic types of machines are analyzed: a standard cycle accel,... 
erator system, and an accelerating storage ring system. Cost estimates 
are made on all of the major accelerator components and the conventional 
facilities. The effect of machine parameters on cost is shown. 

Tl).e cost estimates show that energy expansion by means of an addition
al superconducting ring is economically competitive with other methods that 
have been proposed. In addition. this method of energy extension offers a 
number of advantages not found in other propos als for energy extensiono 
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I. INTRODUCTION 

This is an investigation of energy expansion of the 200-GeV acceler
ator facility to energies of 400 Ge V and above by the addition of a. supercon
ducting synchrotron to the facility. There appear to be both economic and 
technical advantages in using this method of energy expansion. 

This paper presents the results of cost estimates done on a number of 
different accelerating systems. The cost appears to be competitive with 
other methods that have been proposed for energy expansion of the 200-GeV 
machine. 1 The cost estimates have been made on machines that have not 
been optimized for minimum cost. These cost estimates have, for the most 
part, been based on today' s technology. 

In some respects this paper represents an extension of work that has 
been done by Meuser of LRLZ and Smith of Rutherford. 3,4 Much of the cryo
genics cost estimate is based on the National Bureau of Standards Report 
Number 9Z59 by Strobridge, Mann, and Chelton. 5 

This method of energy expansion permits the option to expand the 
energy of the ZOO-GeV machine to be exercised at a future date without the 
expenditure of money today. A primary advantage of this method is that the 
decision as to the type Qf machine (accelerator, storage rings, etc.) can be 
deferred until the needs of high-energy physics are better understood. Fur
thermore, the ZOO-GeV ma.chine can be extended in energy with minimum 
interruption to a physics program already in progres s. The two latter ad
vantages are particularly important from the standpoint of the experimenter. 

II. TYPES OF MACHINES STUDIED 

To make even a rough cost estimate, one must study one or more 
accelerating systems . Eight examples are chosen for cost estimating and 
are. used to illustrate the effect of machine parameters on cost. All eight 
examples are strong-focusing alternating- gradient synchrotrons and represent 
only a few of a myriad of possibilities. 

The machines studied in this report are in three energy ranges. The 
first two machines (A and B) are 720-GeV machines. This energy was chosen 
because these two machines could be constructed concentrically within the 
design-study main ring. Two 800-GeV machines (C and D) are studied. These 
machines are constructed within the same tunnel as the design-study 200 Ge V. 
The cost of the machines constructed in separate tunnels is also included. 
Four 400..,GeV machines (E, F, G and H) are considered. These machines are 
entirely separate from the main ring and were chosen because they represent 
the probable step that will be used for energy expansion by the present ZOO-BeY 
Design Group at Oak Brook. 

Two basic types of machines are presented. The first type is an 
ordinary accelerator that takes every other pulse from the 200-GeV machine 
and accelerates it to a higher energy. The 200-GeV and higher-energy ex
perimentaLareas would be used during alternate pulses. The superconducting 
machine cycle time is 5 sec. This cycle time is used for machines A, C, E, 
and G. T:he second type is an accelerating storage ring. This machine injects 
10 pulses from the 200-GeV machine and accelerates them to higher energy. 
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The cycle tiITle for these ITlachines is 80 sec. Machines B, D, F, and Hare 
used to illustrate this type of machine. 

Two peak bending ITlagnet fields are used in this study. A 60-kG field 
is used on the 720- and 800-GeV machines and on two of the 400-GeV ITlachines. 
The other two 400-GeV ITlachines (G-and H) have a peak field of 30 kG. The 
difference in peak field illustrates the effect of magnetic field on the cost of 
the power supply. ITlagnets, refrigeration, and the conventional facilities. 

Details on the construction of each ITlachine have been ITliniITlized be
cause it is not the intention to present a detailed design. These eight systeITls 
are only exaITlples of what could be done and serve to illustrate the econoITlic 
feasibility of the idea itself. When the cost of each of the eight systems is 
cOITlpared to the original 200-BeV Design Study, 6 the resulting cost estiITlate 
is indeed encouraging. 

III. CHOICE OF BASIC PARAMETERS FOR THE EIGHT MACHINES 

A number of ITlachine paraITleters have been chosen arbitrarily and 
are felt to be reasonable for the level of sophistication this cost study repre
sents. The basic paraITleters that are set arbitrarily are the beaITl final 
energy, the beaITl injection energy, the beaITl intensity, the ITlachine cycle 
tiITle, the peak bending-magnetic field at the central orbit, the ratio of ITlachine 
radius to the ITlagnetic radius, and the ,ITlagnet aperture. 

The arbitrary selection of final beaITl energy, cycle tiITle, and peak 
bending-ITlagnet field was pres ented in the previous section. Two other im
portant criteria are the injection energy and the ratio of ITlachine radius to 
ITlagnetic radius. Both are arbitrarily set at 200 GeV and 1.55 respectively. 

200 GeV was chosen because this is the maxim"'.lITl energy level of the 
injection ITlachine which was as sUITled to be the LRL Design Study ITlain ring. 6 
The arb;_trarily set aperture requireITlents are felt to be adequate for injection 
at this energy. The injection ITlachine deterITlines ITlany of the paraITleters of 
the superconducting ring. For example. one could use the European 300-GeV 
ITlachine as an injector but a corresponding change in the superconducting ring 
parameters would result. The maxiITluITl energy of the injection ITlachine 
should be utilized in order to ITliniITlize the cost of the superconducting ring. 
One iITlportant assuITlptio~"l, of course, is that the 200-GeV accelerator already 
exists. If one were to build a superconducting accelerator froITl scratch, a 
quite different ITlachine would evolve. 

The radius ratio was arbitrarily set equal to the Design Study ITlain 
ring. One reason for this was that a single beaITl from the 200-GeV ITlachine 

" 

would cOITlpletely fill a 60-kG 800-GeV ITlachine and a 30"';kG 400-GeV ITlachine. • 
This assuITled radius ratio is probably conservative, and the ratio could be 
significantly iITlproved. Figures 1 and 2 illustrate the effect of radius ratio 
and peak ITlagnetic field on the final .energy obtainable froITl machines of various 
radii. 

The ITlachine intensities have been set at 3X10
13 

protons per pulse 
(ppp) for the fast-cycling accelerators and 3 X 1014 ppp for the slow-cycling 
accelerating storage rings. Thus the beaITl currents for each of the two 
ITlachines are 6X1012 protons per second (pps) and 3.75X1012 pps respectively. 
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Fig. 1. Machine energy as a function of dipole strength for various 
radius ratios. 
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The fast-cycling 720-GeV machine is assumed to have a beam intensity of 
2. 7XiOi3 ppp. The preceding machine intensities were chosen because the 
LRL Design Study main ring was chosen as an injector. 

The final parameter selected is the useful magnet aperture. This 
quantity could be calculated if a lattice structure is chosen and analyzed. In
stead, the apertures were arbitrarily chosen to be a 5-cm-diameter circular' 
cylinder for the short-cycle-time machines and a 10-cm-diameter circular 
cylinder for the accelerating storage rings. These are felt to be reasonable 
in size. The only reason for choosing the circular cross section was for 
ease of calculation of the magnet and power supply costs. 

All of the machines are assumed to be separated function machines. 
This permits one to separate the bending and quadrupole magnet costs and 
allows one to use a very simplified set of equations to calculate the magnet
system cost. It is not clear that the separated-function machine is superior 
to a combined function machine either from a technical or economic stand
point. Both systems should be studied before this decision is made. 

Table I presents the primary and secondary machine parameters. 
Basic parameters of the magnet, power supply, and rf system are also 
given in Table I. The parameters for the LRL Design Study 200-GeV machine 
(the assumed injector) are given for comparison. 

IV, ASSUMPTIONS USED TO ESTIMATE MACHINE COSTS 

The machine cost is divided in the following subsystem costs: magnet 
system, power supply, refrigeration system, radio-frequency system, in
jection-extraction system, vacuum system, machine control system, and the 
conventional tunnel and plant facilities. An additional 35% for EDIA and con
tingency is added to the sum of the subsystem costs (see Table II). 

The machine is assumed to be a separated function in order to reduce 
the amount of calculation required. The dipole magnets are assumed to have 
a simple 2rr/3 coil configuration (see Fig. 3). Approximately 2/3 of the mag
net cost is superconductor. The remaining portion is the dewar. coil form, 
central vacuum tube, magnetic shielding, and thermal insulation. This num
ber compares favorably with the estimate of magnet cost given by Meuser. 2 
It should be noted that a cosine coil configuration would probably cost the 
same as the 2rr/3 configuration. The quadrupole magnet cost is assumed to be 
20% of the dipole luagnet cost. Correcting magnets and beam sensors are 
as sumed to be 5% of the dipole magnet cost. See Table Ai in the Appendix 
for a magnet system cost breakdown. 

A conventional MG power supply is assumed. The cost of this supply 
is calculated the same way as the 200-GeV Design Study main-ring power 
supply. A breakdown of the power supply cost is shown in Table A2 in the 
Appendix. 

The refrigeration system cost is divided into three parts: the liquid
helium refrigerator, the liquid-helium transport system, and the liquid
nitrogen storage and delivery system. (It is assumed that LN2 is pur
chased from an outside vendor.) The cost estimate for all three ~arts of 
the system is based on the National Bureau of Standards Report. 5' The 
liquid-helium refrigeration load is divided into four parts: the heat leaks 
into dewars and transfer lines, the heating due to accelerator beam los s, 



Table I. Primary and secondary machine parameters. 

LRL Design- Separated Same Separated 
MACHINE Study tunnels tunnels tunnels 

pARAMETERS Main Ring A B C D E F G H 

Design energy (GeV). 200 720 720 800 800 400 400 400 400 
Cycle time (sec) 2.6 5 80 '5 80 5 80 5 80 
Design intensity (ppp) 3X1013 2.7X1013 3X1014 3X1013 3X1014 3X1013 3X1014 3X1013 3X1 014 
Injection energy (Ge V) 8 200 200 200 200 200 200 200 200 

. . 

620 687 Mean ring radius {m} , 690 620 687 345 345 690 690 

MAGNET 
PARAMETERS· 

Peak magnetic field (kG) 15.0 60.0 60.0 60.0 60.0 60.0 60.0 30.0 30.0 
Injection magnetic field (kG) 0.68 16.8 16.8 15.0 15.0 30.0 30.0 15.0 15.0 
Injection and idle tim.e (sec) 0.5 0.2 20 0.2 18 0.2 18 0.2 18 (. 

Magnet rise time (sec) 0.8 2.0 20 2.0 20 2.0 20 2.0 20 
Flat to time (sec) 0.6 0.8 20 0.8 22 0.8 22 0.8 22 

I 

Magnet decay time (sec) 0.7 2.0 20 2.0 20 2.0 20 2.0 20 0' 
.' .I. I 

Useful aperture (cm) 5X12 5 10 5 10 5 10 5 10 
Magnetic radius (m) 434 391 432 432 :43(2. 216 2.1::6 432 432 
Peak magnet stored energy (MJ) 56 608 1270 ,670 L40:O 335 700 112 276 
Peak power (MV A) 170 561 117 628 131 251 52.5 84.0 20.7 

RF PARAMETERS 

RF voltage 30 0 phase (MV /turn) 6.9 6.5 0.65 8.3 0.83 1.08 0.108 2.16 0.216 
RF beam power (MW) 1.2 1.12 1.24 1.44 1.44 0.48 0.48 0.48 0.48 
Estimated total rf power (MW) 1.29 1.5 1.8 2.1 2.1 0.70 0.70 0.70 0.70 

VACUUM 
PARAMETERS 

Vacuum required (torr) 3X10- 7 10- 7 10- 8 10- 7 10- 8 10- 7 10- 8 10- 7 10- 8 
c:: 
() 
:;0 
t"" 
I 
~ 

-J 
00 
0' 
N 

.. .~1f" ) 
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Windings 
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XBL 670-2092 

Fig. 3. An iron-shielded 60-kG 27T/3-mode dipole magnet for 
machines B,' D, and F. 
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the superconductor ac los ses, and eddy-current heating in the substrate 
and structure eleITlents. 

The heat leaks into the dewars and transfer lines are calculated using 
the NBS report 5 as a guide. These nUITlbers are to be cOITlpared with the 
ones suggested by SITlith. 4 An overall beaITl loss of 15% is assumed to occur 
ITlainly during extraction. By proper design it should be possible for only 15% 
of the lost beaITl energy to be depos~ted in the heliuITl-cooled region. The 
superconductor ac los s is calculated using the SITlith- Lewin4 theory for the 
case where 1-ITlil wires are iITlbedded in a 5-ITlITl conductive substrate. The 
substrate, of course, is the source of most eddy-current heating. The present 
choice of superconductor is thus quite different froITl that considered by SITlith 
and Lewin who aSSUITle 5-1-1 wires in a glass substrate. The use of a ITletal 
substrate is borne out of the feeling that the superconductor must be stabilized 
in order to handle the heat load. 7 Table A3 presents an estiITlate of the liquid
heliuITl refrigerator loads. 

The refrigeration is assuITled to be distributed aITlong 16 stations for 
all of the ITlachines except 1p and F which have eight refrigeration stations. 
I believe that there ITlay be SOITle reduction in refrigeration cost if one central 
refrigerator is used in ITlachines A, C, E,and possibly G. The refrigerator 
cost is based on the National Bureau of Standards Report. 5 The cost given 
applies only to 4 ° K refrigetation. SOITle cost saving could be realized by using 
supercritical forced-convection cooling and 8 to 10° refrigeration. Forced
convection cooling also offers very high local cooling rates. 7 A breakdown of 
refrigeration cost is given in Table· A4. Table A4 also includes an estiITlate 
of refrigerator power consuITlption and nitrogen consuITlption. 

The rf cost consists priITla:rily of power-dependent cost, a voltage
dependent cost, and a ITliniITluITl-facility cost. An rf-systeITl cost breakdown 
is shown in Table A5 of the Appendix. 

The cost of the injection-extraction equipITlent was based on costs used 
by the LRL Design Study Group. The thin septuITl ~sed for slow extraction is 
as sUITled to be forced-cooled and superconducting.. The external-beaITl trans
port systeITl is as sUITled to be superconducting and requires a total of 2 radians 
of bending as well as the quadrupole elernellts needed for beaITl focusing. See 
Table A6 for a cost breakdown of the injection-extraction systeITl. 

The vaCUUITl systeITl consists priITlarily of the superconducting ITlagnets. 
The systeITl is assuITled to be cryogenically pUITlped because the cryogenics is 
available and a relatively high vaCUUITl is required. Part of the vacuuITl-systeITl 
cost is lUITlped with the ITlagnet-systeITl cost. Table A7 in the Appendix gives a 
breakdown of vacuuITl-systeITl cost. 

/ 
The control-systeITl cost is assuITled to be 5% of the accelerator-coITl-

ponent cost (including the refrigeration and vaCUUITl systeITl). See Table A8 
for the accelerator-coITlponent subtotal cost and the control-systeITl cost. 

The plant and conventional facilities is the largest single iteITl in the 
cost estiITlate. Structures and earthwork are based on the LRL hard-site 
estiITlates. The tunnel eros s section is the saITle as was used in the LRL 
Design Study. The estiITlated cost including site preparation, earthwork, 
yardwork, drainage and structure is approxiITlately $,f>,OOO per ITleter of tunnel 

, 
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length. Power-dependent costs are lumped under utilities. These costs 
include: electrical-power distribution, water distribution and treatment, , 
and other utility cost. The cooling towers for the liquid-helium refrigerators 
are lumped with the refrigerator cost. The small amount for magnet-founda
tion cost that is include~ applies to a hard site only. Also included in the facil
ities cost is an experimental 'area for the accelerated-beanie This cost includes 
the grading and preparation of the area, the buildings required for the area, 
the EPB structure, and target stations. Only those buildings that support the 
cryogenic machine directly are included in the estimate. Table A10 shows the 
breakdown of the estimated facilities cost. There is a saving of 15M$ on 
machines C and D because they are in the same tunnel as the 200-GeV machine 
(see Table AiO). It should be noted that in cases C and D the structure and 
earthwork cost must be spent during the initial construction of the 200-GeV 
machine. 

Table Ai1 in the Appendix shows the breakdown of the subtotal cost. 
This table shows us where the greatest costs are. The subtotal cost is carried 
forward to Table II which presents the basic machine parameters and the 
estimated cost for the eight machines (including EDIA and contingency). 

V. CONCLUSIONS DRAWN FROM THE COST ESTIMATE 

The cost of the high-energy short-cycle machines (A and C) is con
centrated in the magnet, the power supply, the refrigerator, and the plant 
facilities. Lengthening the cycle results in a reduction in refrigeration and 
power-supply costs. In the 400-BeV machines, G and H, the reduction of the 
peak field results in a reduction of the power supply and refrigeration cost. 
This cost reduction is in turn balanced by iricr~ased structure and earthwork 
costs. The cost of the injection-extraction and beam transport system is 
highly energy-dependent. 

The magnet-system cost is primarily a function of energy. However, 
a field dependence can be seen when machines E and F are compared with 
machines G and H. The cost of the magnet system will change somewhat when 
an elliptical aperture is used instead of a cLrcular aperture. 

The power-supply cost is primarily a function of peak stored energy 
and the magnet-system rise time. Half of the power-supply cost is concen
trated in the rectifie.rs. It may be possible to construct a resonant power 
supply which could result in considerable cost reduction in the rectifiers. The 
technical feasibility and ec:onomics of such a system shou~d be studied. 

The bulk of the refrigeration required for the short-cycle machines is 
required to overcome superconducting ac losses and substrate eddy-current 
heating. If the conductor model proposed by Smith3 ,4 is used, a 50% reduction 
in refrigeration costs would be possible for machines A, C, and E •. On the 
long-cycle machines the expected reduction in cost using the Smith conductor 
model would only be 10%. The refrigeration cost ought to corne down con
siderably because of advances in teChnology and may be the item showing the 
greatest cost reduction'. 

The external beam bending required may be considerably less tha-n 
assumed. Only a detailed layout of the machines will provide the answer. 



Table II. Primary machine parameters, estimated cost for the rings, and total estimated cost for the 
superconducting accelerators. The total estimated cost includes 35% EDIA and contingency. All machine s 
have 200-GeV injection. 

Ii II 
Total 

Ring Cycle Separation Subtotal estimated 
Energy radius time from 200- cost cost 

Machine (GeV) :(m) (sec) GeV ring (M$) (M$.) 

A 720 620 5 separate mach. 242.9 327.9 

B 720 620 80 separate mach. 177.3 239.4 

C 800 687 5 same tunnel 257.5 347.6 * 
as 200 GeV 

D 800 687 80 same tunnel II 182.5 II 246.3 * 
as 200 GeV 

E 400 345 5 separate mach. 125.7 169.7 

F 400 345 80 separate mach. 102.2 138.0 

G 400 690 5 separate mach~ 114.1 154.3 

H 400 690 80 separate mach. 113.5 153.2 

* . . If machines C and D are separated from the 200-GeV machine, the increase in cost would be about 20.0 

M$. Hence, the total estimated cost of machine Cis 367.6 M$, and that of machine Dis 266.3 M$. 
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The conventional-facilities cost is based on the LRL hard-rock de
sign cost estimate. The conventional facilities cost is highly site-dependent. 
This cost is also dependent on the machine design philosophy. Some reduc
tion in tunnel size could be reasonably considered because the magnet cross 
section will be somewhat smaller than the LRL Design Study main ring mag
nets. 

VI. GENERAL CONCLUSIONS 

In conclusion, the separated superconducting rings offer the following 
advantages. 

1. The decision as to the type of machine and its energy level can be 
deferred until a time when the needs of the high-energy physics program can 
be better determined. One could choose to build an intersecting storage ring 
instead of an accelerator. Accelerating storage rings of the type suggested 
by L. W. JO~'les 9 could also be considered. 

Z. The progress of the ZOO..;GeV physics program is not impeded 
during the superconducting ring construction. It should be noted that this is 
the primary disadvantage of machines C and D when they are in the same tun
nel as the main ring. 

3. If the high-energy machine or storage ring is added at a later date, 
it will not be obsolete the day it is built. It is conceivable that the rapid 
progress that is being made in the field of superconductivity will make the 
conventional machine of today obsolete by 19,80. 

4. Last but not least, the cost of the superconductirig rings is com
petitive with other methods suggested for energy expansion. The cost of the 
superconducting facility is likely to decrease relative to the cost of a con
ventional facility. Furthermore, little or no expenditure of funds is required 
during the initial construction of the 200-GeV machine in order to have the 
option of expanding energy at a later date. 

The method of energy expansion set forth here offers the advantages 
of both flexibility and lower cost in the future development of the 200-GeV 
machine to fit the needs of high-energy physics. 
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APPENDIX 

~", A Detailed Breakdown of the Cost 

A 

B 

C 

D 

E 

F 

G 

H 

Estimate of the Superconducting Accelerators 

Table Ai. Breakdown of superconducting magnet costs in M$ for 
superconducting accelerators. 

Bending Correction Total 
magnet, Quadrupole, and estim.ated 

including including sensing magnet 
shield shield element system· 

Machine (M~) (M~) (M~) (M$) 

720-GeV 32.4 6.5 1.6 . 40.5 
fast cycle 

720-GeV 47.5 9.5 2.4 59.4 
slow cycle 

BOO-GeV 36.0 7.2 1.B 45.0 
fast cycle 

BOO-GeV 52.9 10.6 2.7 66.2 
slow cycle 

400-GeV 1B.0 3.6 0.9 22.5 
fast cycle 

400, .. GeV 26.5 5.3 1.3 33.1 
slow cycle 

400-GeV 14.B 3.0 0.7 1B.5 
fast cycle 

400-GeV 23.4 4.7 1.2 29.3 
slow cycle 
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Table A2. Breakdown of the. pbwer-supplycosts in M$ 
for the superconductor accelerators. 

i'!'" 

Total 
e s tiITlated 

Electrical power \.. 

Generator Motor Rectifier Flywheel distribution Installation supply 
Machine (M~) (M$) (M~)· (M$) . (M$) (M$) . (M~) 

A 720-'GeV 6.35 0.76 26.34 0.21 8.42 8.40 50.5 
fast cycle 

B 720-GeV 1.32 0.16 5.50 .·0.45 1.86 1.86 11.2 
slow cycle 

C 800-GeV 7.09 0.85 29042 0.23 9.40 9.40 56.4 
fast cycle 

D 800~GeV 1.51 0.18 6~24 . 0.50 2.10 2.10 12.6 
slow cycle 

E 400,..GeV 2.86 0.34 11.32 0.12 3.79 3.79 22.7 
fast cycle 

F 400..,GeV 0.67 0.08 2.69 0.25 0.92 0.92 5.5 
slow cycle 

G 400-GeV 0.95 0.11 3.90 0.04 1.27 1.27 7.6 
fast cycle 

H 400-GeV 0.24 0.03 0.98 0.10 0.34 0.34 2.0 
slow cycle 
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Table A3. Liquid helium refrigeration requirements rounded to the nearest 
0.1 kW for the superconducting accelerators.' 

, .. ~ 
Beam 
losses Supercon- Eddy- Total LHe 

Heat leaks in LHe ductor ac current refrigeration ... 
to LHe region losses losses required 

Machine (kW) (kW) (kW) (kW) (kW) ----- ------
A 720-GeV 4.1 13.0 70.5 101.3 188.9 

fast cycle 

B 720- GeV 5.0 9.2 6.5 0.9 21.6 
slow cycle 

C 800-GeV 4.5 16.3 81.3 121.6 223.7 
fast cycle 

D 800-GeV 5.4 10.8 7.5 1.1 24.8 
slow cycle 

E 400-GeV 2.6 8.2 40.4 27.1 78.3 
fast cycle 

F 400-GeV 3.1 5.2 3.7 0.3 12.3 
slow cycle 

G 400-GeV 4.2 8.2 11.0 3.5 26.9 
fast cycle 

H 400-GeV 5.1 5.2 1.1 0.1 11.5 
slow cycle 



Table A4. Breakdo~ ~f refrigeration costs in M$ and the refrigeration power and nitrogen requirements 
for supercond1icting accelerators. 

LHe LHe LN· 
LN 2 consumption 2 

refrigerator LHe transfer storage and . Total 
power not including LHe refrigerators lines transfer refrigeration 

consumption refrigerator cost co.st system cost system cost 
Machine (MW) (1/hr) (M$) (M$) (M$) (M$) -------- ----

A 720-GeV 95.0 1500 38.4 4.7 3.9 47.0 
fast cycle 

B 720-GeV 1008 1340 8.4 4.7 3.9 17.0 
slow cycle 

C 800-GeV 1.11.9 1480 43,.2 4.0 3.8 51.0 
fast cycle 

D 800-GeV 12.4 -UOO 9-~ -3 '1.0 3.8 17.1 
slow cycle 

E 400-GeV 39.2 900 16.0 3.1 2.0 21.1 
fast cycle 

F 400-GeV 6.2 815 4.7 3.1 2.0 9.8 
slow cycle 

G 400-GeV 13.5 1380 9.4 4~7 3.9 18.0 
fast cycle 

H 400-GeV· 5<8 1310. 5.6 4.7 3.9 14 .. 2 
slow cycle 

1(" ) ~) 7. 

I ..... 
0" 
I 

c: 
(') 

~ 
t'"' 
I ..... 
-J 
00 
0" 
N 
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Table A5 •. Breakdown of the rf system cost in M$ 
for superconducting accelerators. 

C'I 

RF equipment RF facilities Estimated 

vi power dependent and voltage total 
costs at $4/W dependent costs rf cost 

Machine (M$) (M$) (M$) 

A 720-GeV 4.48 3.12 7.6 
fast cycle 

B 720-GeV 4.96 0.70 5.7 
slow cycle 

C 800-GeV 5.76 3.68 9.4 
fast cycle 

D 800-GeV 5.76 0.75 6.5 
slow cycle 

E 400-GeV 1.92 0.83 2.8 
fast cycle 

F 400-GeV 1.92 0.53 2.5 
slow cycle 

G 400-GeV 1.92 1.15 3.1 
fast cycle 

H 400-GeV 1.92 0.57 2.5 
slow cycle 

," 

c) 



Table A6. 

'Machine 

A 720-GeV 
fast cycle 

B 720-GeV 
slow cycle 

C BOO-GeV 
fast cycle 

DBOO-GeV 
slow cyCle 

E 400-GeV 
fast cycle' 

F 400-GeV 
slow cycle 

G 400-GeV 
fast cYcle-, 

H 400-GeY 
slow cycle 

~ 

Breakdown of the injection, extraction, and external-beam costs in M$ for 
superconducting accelerators. 

--- '-----------'rotal estimated 

External injection, 
Injection Thin Fast-kicker Extraction- beam line extraction, and beam-
system septum element septum' element cost trans P9rt c.ost , 
(M$) (M$) (M$) (M$) (M$) (M$) 

1.0 0.5 2.3 0.9 11.5 15.2 

1.5 0.5 2.3 0.9 11.5 16.7 , 

1.0 0.5 2.5 1.0 12.B 17.8 

" 1.5 0.5 2.5 1.0 12.B 1B.3 

1.3 0.4 1.5 0.6 5.9 9.7 

1.5 _ 0.4 1.5 0.6 5.9 9.9 

1.0 0.4 1.5 0.6 5.9 9.4 

1.5 0.4 1.5 0.6 5.9 9.9 

? .. ~: -~ . 

I .... 
(Xl 
I 

~ 
() 
:;u 
t-< 
I .... 
-J 
(Xl 
0\ 

_N 
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Table A7. Breakdown of the vacuum-system cost for the 
superconducting accelerators. 

/-

Joints in External Total 
straight magnet Roughing beam estimated -,-
section system system system vacuum cost -,-

.,; 

Machine __ JM$) _ (M$) (M$) (M$) (M$) 

A 720-GeV 0.13 0.70 0.50 0.70 2.0 
fast cycle 

B 720-GeV 0.13 0.70 0.50 0.70 2.0 . 
slow cycle 

C 800-GeV 0.15 0.78 0.60 0.72 2.2 
fast cycle 

D 800-GeV 0.15 0.78 0.60 0.72 2.2 
slow cycle 

E 400-GeV 0011 0.37 0.30 0.67 1.5 
fast cycle 

F 400-GeV 0.11 0.37 0.30 0.67 1.5 
slow cycle 

G 400-GeV 0.15 0.78 0.60 0.67 2.2 
fast cycle 

H 400-GeV 0.15 0.78 0.60 0.67 2.2 
slow cycle 

):~ 

Much of the vacuum-system cost is part of the magnet cost. 



Machine 

A 

B 

C 

D 

E 

F 

G 

H 
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Table A8~ Cost of acceleratorcoITlponents and control 
systems for the superconducting accele.rator. 

Accelerator EstiITlated 
cOITlponent control systeITl 

cost cost 
(M$) (M$) 

161.4 8.1 

108.4 5.4 

179.2 9.0 

118.9 5.9 

78.7 3.9 

60.3 3.0 

57.7 2.9 

58.5 2.9 

,!!" 

',. 
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Table A9. Estimate of various power requirements 
for the superconducting accelerators 

,. 
LHe MG set power Installed 

refrigerator RF system supply power 
Machine (MW) (MW) (MW) iMW} 

." \ 

A 720-GeV 95.0 1.5 24.6 121.1 
fast cycle 

B 720-GeV 10.8 1 9 8 4.9 17.5 
slow cycle 

C 800-GeV 111. 9 2.1 26.5 140.5 
fast cycle 

D BOO-GeV 12.4 2.1 5.6 20.1 
slow cycle 

E 400-GeV 39.2 0.7 10.6 50.5 
fast cycle 

F 400-GeV 6.2 0.7 2.5 9.4 
slow cycle 

G 400-GeV 13.5 0.7 3.5 17.7 
fast cycle 

H 400-GeV 5.8 0.7 0.9 7.4 
slow cycle 

r. 
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Table A10. Breakdown of the plant faGilities cost for the 
superconducting accelerators. 

Machine 

A 720-GeV 
fast cycle 

B 720-GeV 
slow cycle 

C 800-GeV 
fast cycle 

D 800-GeV 
slow cycle 

E 400'-GeV 
fast cycle 

F 400-GeV 
slow cycle 

G 400-GeV 
fast cycle 

H 400-GeV 
fast cycle 

Structures 
and 

earthwork 
hard site 

(M$) 

24.6 

23.9 

15.1 

14.7 

26.9 

26.1 

Utilities 
(M$) 

14.4 

4.1 

16.7 

4.6 

6.4 

2.2 

4.4 

3.3 

Magnet 
foundations 
hard site 

(M$) 

2.0 

2.0 

1.0 

1.1. 

1..1 

2.Z 

2.Z 

EPB 
hard site 
_ (M$_) 

30.0 

30.0 

32.8 

32.8 

1. 8. 9 

18.9 

1. 8. 9 

18.9 

Total 
plant and 
fac:i.litie s 

cost 
(M$) 

71.0 

60.0 

1,-

53.7 .. 

41.5 

36.9 

52.4 

50.5 

>:C The plant-facilities cost must be increased by 15M$ if machines C and D 
are put in separate tunnels. The facilities cost breakdown for separated 
machines C and D is as follows: 

Structures Total 
and Magnet plant and 

earthwork foundations EPB facilities 
hard site Utilities hard site hard site cost 

Machine (M$) _LM$t _(M$)_, _" (M$) (M$) 

c Z9.9 16.7 2.2 32.8 81.6 

D 29.1 4.6 202 32.8 68.7 

>:O:<This amount must be spent during the initial'ZOO-BeV construction when· 
machines C and D are in the same tunnel as the ZOO-BeY design-study main 
ring. 

,'tJ 



Machine 

A 720-GeV 
fast cycle 

B 720""GeV 
slow cycle 

C BOO-GeV 
fast cycle 

D BOO-GeV 
slow cycle 

E 400-GeV 
fast cycle 

F 400-GeV 
slow cycle 

G 400-GeV 
fast cycle 

H 400-GeV 
slow cycle 

~ <-,,'10 . ~. • 

Table A1.i. Breakdown of the accelerator subtotal costs (B-17-67). 

Accelerator 
magnet 

cost 
(M$) 

40.5 

59.4 

45.0 

66.2 

22.5" 

33.1. 

1. B. 5 

29.3 

Accelerator -
power 
supply 
cost 
(M$L 

50.5 

11.1 

56.4 

1. 2. 6 

22.7 

5.5 

7.6 

2.0 

Refrigeration 
system 

cost 
(M$) 

47.0 

1. 7.0 

51..0 

1. 7.1. 

21.1 

9.B 

1. B. 0 

1.4.2 

rf 
system 

cost 
(M$) 

7.6 

5.7 

9.4 

6.5 

2.B 

2.5 

3.1 

2.5 

Injection, 
extraction 
and beam Vacuum Control Plant Sub
trans port system system facilitie s total 

cost cost cost cost cost 
(M$) (M$) (M$) (M$) (M) 

16.2 2.0 B.1 71.0 242.9 

16.7 2.0 5.4 60.0 177.3 

1. 7. B 2.2 9.0 66.6 >:< 257.5* 

1B.3 2.2 5.9 53.7>"'< 182.5* 

9.7 1.5 3.9 41.5 1.25.7 

9.9 1.5 3.0 36.9 102.2 

9.4 2.2 2.9 52.4 114.1 

9.9 2.2 2.9 50.5 113.5 

>:<The plant facilities cost of machines C and D should be increased by about 15.0 M$ if the rings are separated. 
If the rings are separated the subtotal cost of C is 272.5 M$, and the subtotal cost of Dis 197.5 M.$. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

8. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor

mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behal f of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 

of such contractor prepares, disseminates, or provides afcess 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 






