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INTRODUCTION

This report represents only a prelim:inary exploraticn into the feasi-
bility and possible cost of constructing a high-repetition-rate alternating-
gradient synchrotron. There was no time to optimize the various parameters
and the study should not be taken as any very serious attempt toc design such
a machine . The main purpose of the study was ‘o deterrmine that there were
no very serious obstacles in such a design. The choice cf parameters, while
admittedly arbitrary, was guided by the phiiosophy tha: the design of the
various parts of the machine should iie within the "stzte of the art' at the
present time, and that highly speculative ideas should not be involved in the
initial operation. However, it was decided tc leave room, if possibie, for
application of the more elegan: injection techniques, which one expects to be

perfected in the future, to increase the intensity.

CHOICE OF PARAMETERS

Energy: To be well above all known thresholids, the energy should be in the
vicinity of 12 Bev, but to make the design more nearly comparable with the
various FFAG proposals, we chose 13 Bev for this study.

Injection Energy: A high-repetition rate, high-energy synchrotron will ob-
viously present a severe radic-frequency accelieration problem. This prob-
lem will be minimized by decreasing, as far as feasible, the range of fre-
quency moduiation required. This of course implies a relatively higher
injection energy. A higher injec*ion energy also increases the space charge

limit and should provide an injected beam of higher quaiity, so that future
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developments in injection technique would have room in which to make
improvements in the intensity. Our guess at the injection energy which
would minimize the total cost of the injection system and the radio-fre-
quency acceleration system was 200 Mev, based on Brookhaven linear
accelerator costs and Princeton radio-frequency system costs. Further
study ﬁight show some better choice.

Magnet: The first choice of aperture was a linear scale-down of the
Brookhaven AGS by a factor of two, based on the good experience at
Brookhaven on magnet errors and a fear that the energy storage would
make the cost of the power supply for a larger aperture prohibitive. After
a few calculations, we realized that the cost of the power supply was not
out of line with that of other components and we decided to base the design
on the Brookhaven magnet cross section. One cannot readily further in-
crease the aperture significantly because a high-repetition-rate magnet
must be made of high silicon steel which is availabie in sheets with an ab-
solute maximum width of 37 inches. The type of steel also limits the choice
of maximum magnetic fieid, although both the space charge limit and the
difficulty of the radio-frequency problem would favor higher values. We
chose 10,000 gauss as the peak field at the central orbit, which gives a
radiué of curvature of about 50 meters.

Repetition Rate: We decided on 20 cycles per seccnd for the repetition rate,
in order to maximize the intensity, with the realization that the radio-fre-

quency problem might force a reduction to 10 cycles per second. Calculations
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on the acceleration problem indicate that 20 cycles per second is readily
achievable. The type of excitation we chose is a biased sine-wave.

COMPONENT DESIGN

1. Manﬁnet Structure

The number and length of magnets and straight sections was chosen
so that a single unit cell would be about the same fraction of a betatrcn wave
length as in the Brookhaven machine, nameiyv 0.15. The straight sections
have to be long and numerocus enough to accommodate rf units capable of
delivering a peak of about 3 megavolts per turn. It was assumed that 100
kilovolts could be obtained with a cavity requiring 150 centimeers of clear
space; then about 30 cavities would be needed. FEach straight section must
be about 2 meters long (allowing 50 centimeters for coil ends). For reasons
of orbit stability, the betatron wave length must be long compared to 2 |
times the length of the straight section.

All these requirements are met by the following structure: 40 unit
cells containing 4 meters of magnet with positive gradient, 4 meters of
magnet with negative gradient, and a 2-meter straigh® section. The 4-meter
magnets could each be made of two 2-meter units to facilitate handling and
to permit the individual magnet units to be straight rather than curved (the
curvature of the orbit in a 2~-meter magnet section consumes one centimeter
of radial aperture compared with about 15 centimeters available in the
Brookhaven aperture). These magnet sections would have to be separated

by about 60 centimeters to allow for coil ends.



MURA-467

Some larger straight sections are desirable for injection and target-
ing. Therefore, we have lengthened five of the straight sections to 3 meters.
This groups the 40 magnet periods into five ''superperiods.' The overall
siructure of a superperiod is shown in Fig. 1. The 3-meter straight sections
permit access to secondary beams from internal targets at angies down to
.02 radians #* 2 degrees, without deflection of the secondary beam by mag-

netic fields.

2.0 0.6 2.0 0.6 2.0 2.0 2.0 0.6

Repeated 7 times

'
Eighth Period

Fig. 1
Since there are five superperiods in the ring, the essential linear
} = =
resonances occur at “ = 5/2, 5, 15/2, etc. We must choose 2/ as far

from these values as possib.e. the choice that corresponds most nearly to

the Brookhaven criterion is v . 6% .

Calculations were carried out on the 704 using the "MESSY MESSY"
program and show that this will be obtained with n = 156. The ''beat factor"
(ratio of the maximum value of the amplitude function /u {s) to its average

value R/ y , as defined in Courant and Snyder, Annals of Physics é 1

(1958)) is about 1. 65.
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This value of n corresponds to a somewhat 'fiatter' magnet pole
than that used at Brookhaven. Therefore, if the overall magnet cross
section is kept the same as at Brookhaven and, in particuiar if the gap at
the aperture centerline is kept the same (3. 5 inches = 8.9 c¢m), the avail-
able aperture will be somewhat greater than at Brookhaven, namely about
6 x 14 cm (after vacuum chamber wall and orbit curvature have been sub-
tracted).

2. Magnet Design

For the purpose of the present study, we chose to use exactly the
Brookhaven AGS magnet cross section, modified only by reducing the field
gradient to give a suitable operating point with adequate straight-section
space for radio-frequency accelerat.ion. The other modifications of the
Brookhaven design involve changes to allow the magnet to be cycled more
rapidly, specifically, the type of iron, coil design, and some details of the
support and clamp design.

In order to keep down the hysteresis losseg in a rapidiy cycled magnet,
it is necessary to use a high-silicon transformer-type iron. The question is
not so much that of power c onsumption, although this is not negligible, but
the problem of cooling the magnet to avoid thermal distortion and changes in
magnetic properties with temperature. The cooling can be readily accom-
plished by water-cooled plates cemented to the top and bettom of the magnet.
(Princeton analysis and experience has shown that cooling ttie back of the
magnet increases the thérmal distortidna } These plates mus* be insulated
from the magnet and made in fairly narrow strips--about 6' wide--to avoid

6
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eddy-current losses, but this is simple and cheap and the scheme works
well at Princton where the problem is very similar. Since the cooling re-
quired is less than 100 watts per square foot, forced air cooling aisc should
work, but it would be noisy and more cumbersome.

The high -silicon iron, since it has a lower saturation value of B minus H,
would not allow orbit fields as high as at Brookhaven, hence the choice of
10, 000 gauss for calculating the orbit radii. There are other advantages to
the use of high-silicon iron whichk in themselves would not justify its choice,
but when that choice is forced by other considerations they simplify the over-
all magnet problem. The coercive force is about 0. 2 oersted, or a factor
of five lower than that of other magnefic materials which might be used; thus,
at the 430 gauss injection fieid, remanent effects can be completely neglected.
In addition, the permeability at low fields is high, about 2500 at 100 gauss.
Although it appears that the injection field is so high that the permeability
should be adequate anyway, one must remember that injection probably will
take place only a few gauss above the minimum field, so that the incremental
permeability is importani.

The method of magnet fabrication might well be done more nearly like
the Princeton magnet than that of Brookhaven, because the welding together
of the laminations on the outside of the magnet could not be tolerated with
the high-frequency operation. The consideraiion here is more one of power

1

than of field characteristics, because the peak value of 'E' -ch? is not much

above that at Brookhaven. Since the Princeton magnet costs are higher than

Brookhaven costs only because of the type of iron and a few provisions such

[
f
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as separate pole tips and the necessity of curving the magnet because of
the small radius, this type of fabrication should fit well within the magnet
budget as outlined.

A calculation of the magnet ccil dissipation shows that the Cambridge
Electron Accelerator's coi. design is applicable t¢ this magnet. This design
greatly reduces the eddy-current losses in the co:is. Each of the four coils
on one magnet would consist of 16 turns oif tw:sted cable. The cable would
consist of 7 strands, insulated from each cther for low voltage, of 9/32"-
diameter copper wire. The cooling would be accomplished by imbedding
water-cooling tubes in the interstices between the approximateiy round cables.
The power loss is only about 10 watts per foot of cable, which enables this
elementary cocling system fo work. The ground-wall insulation should be
about 1/8" of micagiass high-voltage insulation, and the insulation between
layers, where the voltage between adjacent conductors builds up, should
consist of about 3/32" of the same material. There is evidence that this
type of insulation w:ll withstand radiation beiter than other types.

The energy storage of the magnet at 10, 000 gauss peak field is known
accurately by scaling Brookhaven data. The figure, which is surprisingly
modest,is very nearlyb x 10° joules.

The current required to reach 10, 000 gauss with the 64-turn coil and
a 3.5" gap is 1100 amperes peak. This is the sum of about 550 amperes
direct current and about 390 amperes rms of 20-cycle alternating current.
These figures would be changed slightiv by detailed considerations of injec-
tion which would fix the minimum field. here assumed zero. The rms

current (from which one computes heating) is 680 amperes. The coil losses
8
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will be about 1200 kilowatts from the DC source, and 800 kilowatts from
the AC source, of which 200 kilowatts are eddy-current icsses.

The iron losses, principally hysteresis, will be below 500 kilowatts,
probably closer to 300 kilowatts but, as these are difficult to estimate, the
power supply calculations are based on the highexr figure. There will be
some stray eddy-current losses in the magnet core and clamps, mostly due
to changes in flux distribution due to approach o saturation. An upper limit
to these losses is estimated at 200 kilowatis.

3. Magnet Power Supply

To cycle a magnet with energy storage of 5 x 106 joules at 20 cycies
per second involves a rate-of-energy transfer of several hundred megavolt
amperes. This figure effectively rules out the use of rotating machinery
for powering the magnet. Without unreasonable costs, the problem can be
solved by resonating the magnet with condensers and providing the losses
from a single-phase alternator. This sinusoidal excitation gives a favorable
ejection duty cycle, but the rate of change of field at injection would be so
high that high-current injection would be essentially impossible. In addition,
the radio-frequency acceleration voltage required would be prohibitive, and
eddy-current effects wouid be severe.

The solution to this problem was originally suggested by Westendorp
and is in use at Cornell and Princeton. A direct current is superposed on
the resonant alternating current such that the direction of the field never
reverses. This system has many advantages: a) dB/dt at the injection

field is independently adjustable; b) the maximum acceleration voltage re~

9
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quired is halved; c) the radio-frequency vcitage is low at the time when the
frequency is changing; d) the rate-of-frequency modulation is considerably
reduced; e) the maximum value of (dB/d¢}/B is comparable to a slowly
cycled accelerator. In addition. the dissipation In the coils and especially
in the magnet core is considerably reduced. This system requires a large
choke, which is expensive, but its cost is partially offset by a reduction in
the size of the condenser bank; the cost of the direct-current source is more
than offset by the reduction in the size of the relatively expensive AC
generator.

The basic circuit can be drawn as foliows:

Magnet Choke

i 1

N
-/ Vo

D.C. Generator A.C. Generata

Fig. 2
Note that the choke is the primary energy storage element in the power
supply system. When the energy in the magnet is minimum, dB/dt is
zero so that there is no energy stored in the condensers. As drawn, the
choke is also used as a transformer to isolate the AC generator from

10
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direct currents. The cos: ¢f 2 choke is propor‘iona. tc ((UL/R)‘S/S

, where

U is the peak energy storage and L/R is *he time constant of the choke.
Since the choke is ire mos: expensive sing:e item ir. the power supply system,
its inductance is chosen fo minimize the product of its energy s<orage and
inductance, and its resistance i1s chosen as high as possible without unreason-
able losses. An arna.ysis of this system shows that the quantity UL is mini-
mized by making the choke inductance egual to the magnet inductance. If
would appear that a choke resistance equal tc the magnre: resistance would
come c.ose to the cptimum, Witk this choice of chcke inductance, the con-
denser bank must store at peak, cne-half of the peak stored energy in tize
magnet.

It is obviously necessary 1o coennect all ¢f the acceleraror magnets in
series. Since the voitage across each magnet i1s 2400 volts rmes, this cannot
be done without making some change in the detalls of the power system con-
nections to reduce the total voltage to grcund. Exczpt for the provision for
inserting the DC generator, one notes thar this circuit can be regarded as a
series resonan® circu.t consisting of the magnets and its condensers, with
a paraiiel resonant circuir zonsisting of the choke and its condensers acting as
a direct-current bypass around the magnet ccndensers. The power system

can then be connected az fol_.ows:
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Magr.et

ok .\ | |

1
il

Magnet

MO
\™

Fig. 3

It would appear that the magrets could be connected together in series in

pairs to reduce the number of cables withou: excess:ve voltages. The

choke for minimum weight shculd be a single unit, but this wculd be too

large to manufaciure and several would be required. One choke winding

is shown split to provide the DC generator connections. The parallel con~

nected primary winding on the checke serves as the AC feed as well as a

method to increase the coefficient of coupiing beiween the choke windings

to move the mary spurious modes of tie svstem away from the operating

frequency. The Losses in the svstem (in kilowatts) are giver in the follow-

ing Table:
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AC DC

Magnet Coils  (RI%) 600 1200
Magnet Coiis (eddyv) 200
Magnet Iron 500
Magnet Stray (eddy; 200
Condensers 90¢

Choke 1000 1200

3400 2400

A motor generator set with both DC and AC generators can provide this
power. The speed can be controlled to keep the AC power scurce ar the
resonant frequency of the system.

4, Radic-Frequency Svstem

Two rf systems were considered for this machine. Thue first system
to be described is, essentially, the cavity system used inte Princeton machine,
where the tuning of the system is done by saturating ferrite rings. The second
system accomplishes the major portion of the FM cycle by mechanical tuning
and trimming only was accomplished by ferrite.

The following Tabie contains the machine parameters that will define

the rf system.

Table I
Injection P 0.367
Frequency at Injection = 358 KC
Final Frequency 625 KC
Total Number of Straigh* Sections 40
Number Available for rf 25

Meters, magne’ to magnet
. 5 Meters clear

JE Mev/Turrn

Length of Straight Section

b4

—

Max. Energy Gain per Turn
13
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Ligie

From a consideration of these parameters the fcllowing were derived.

Table II
Harmonic Number 40
finj 14,2 mc
:;inal, 25,0 me
Max. Voits/Turn 2.5 MV

Equiizbrium Phase Angle  36°

Number of rf Staticns 35
Max. Volts per Staticn 72 KV
Lerngth of Cavity 1.5 Meters

(a} Cavity with Ferrite Tuning

The design of the cavity is then fixed by the properties of the ferrite. .

For Ferrize Type IVC, if cne wants AQf = 2 x 1010,

the rf fields must

be kept tc less than 20 gauss. Princeton keeps the power dissipation in the
ferrite to about ¢. 1 watt/cc. The initial M= 130 and final gt = 4 at bias of
H = 100 amps/cm.

These parameters lead ¢ the foliowing cavity design.

Table III

Inside Tube to Clear Beam 7.9cmx 15 cm

Outside Radius 42 cm

Ferrite Size £ = 1.5 meters outside radius 42 cm
(Toroid) thickness = 2.4 cm

Shunt Capacity 68 wuf

Weight of Ferrite per rf Station 460 Kg

Total Ferrite Weight le.3 Tons

Average Power Dissipated/Cavity ~ 16 KW

Average Power in Ferrite ~ 3 KW
Total rf Power ~ 640 KW
Peak Bias Current 26,000 amps

14



MURA-~467

L

The power as a function of magnet cycle phase is shown in the accompanying
graph Fig. 4.

It would seem from the above numbers that a somewhat better design
would be to permit the rf fie:ds to become greater than 20 gauss which would
decrease the voiume of the ferrite required at the expense of greater power
dissipation in it. This would a-sc decrease the bias current from the rather
large value of 26 000 amps down to a smaller value. {(The Princeton machine
requires ~/ 15 000 amps.)

The above design represents only one ':diot-day' worth cf design effort
and a better syvstem is cleariy possible. However within the scope of study
for a high-repetition-rate AGS machine :t is felt the above design does demon-
strate that a suitable rf system shou.d be rea:izable in practfice at a reason-
able cost,

ib) Variable Condenser Tuning with Ferrite Trimming

Caiculations have been made for & drift-tube system because the geometry
of drift tubes is especially suitable for condenser modulatior. [t was assumed
that there are to be 35 drift fubes driven at the 40" harmonic of the cveclotron
frequency of the beam.

The maximum energy gain of & proton traversing a drifr-tube cavity is
E=2Vg,e sin ,,,;:_ - where V_ is the peak voltage of the drift tube with respect

to ground and + 1s the rf phase crange during the time of traversal, For

drift tubes 1.7 m lcng (7« 50.5% sc V_ - 86 KV to give the required
2.5 Mev per turn assumed earizer., {This does not take :nic¢ account thie un=

equali spacing of the accelerating gape in this magnet svstem fcr which rf

phase shift compensation can be used, |
15
PO
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it is assumed tha: each cavity consists of a drift tube attached to the
end of a quarter-wave transmission line. The variable capacitor is assumed
to consist of a rotor having a variabie cavacitance with respect 10 tre drift
tube and an approximately e¢gqua. capacitance tc ground. The elisctive vari-
able capacitance tetween drift tuse and grour:! will be denote! by C

1.

t ig assumed that cach transmission jine is loaded with {ferrite near
the shorted end in such a way that the ferrire-tuned region acts as a small
variable inductance ir narai:el with anotirer fixed iinuctance.

Tre equivaent circult of the cavity is

e e o

- drift tvoe capacitance

to ground - 150 x IO'IZF
L .
L. - effcetive inductence of
T C
|

OSSO,

ferrite~.oaded and fixed
incuctances in parallel

Fig 5 Equiva.ent Circuit of Drift Tubw Accoleraning Cavity

For the purpose of czlculating resorance condtons o Cl--\"s-time

Ll" R. and R, are neglecvec. Thoun O, + C & —Tc,iz-'i sc Cy :1—%2
, -v

C, + C is p.otted against acceleration phase 11 Fig. ~ Thae interva. of

c r.

rap:d variation extendcs cnly to 30 or 40 degrecs: afrerward the var.ation is
quite slow. Thre most rapid variaticn iz 11 x 0 °7 Flivgres or 4.49% of
C; + C (taken as 250 x 10749 F othe 20 value! per depree corresponding

-t N .

to a frequenc: error of abour 2. 2% ver uvgree  Thore scers 10 be no reason

D

3
£
$ud
o+
&
=
Y
.: )
[
—
[}
w
—
o

to doubt that a cendenser can be ir. the cprrect phase
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relationship between magnet current at injection and the tuning cvcle to

within a tenth or even a hundredth of a degree throughout the cvcie. This

(C1 =+ Cy
wou.d seem tc imply that a trimming correction of the crder of ~Tooo
1000

wou:d be adequate. However in view of other uncertainties in the svstem,
for examp.e temperarure-induced d:stortions changing C;. cr small vari-
tions in tre ampiitude cf the AC component cf magnet current. a larger
amount cf trimming must be provided. In the fcilowing discussior a tuning
correction equiva.ent f¢ 4 0.5% :n C1 = C is assumed for the earlier part
of the cycle,

The equivaient change :n L, - L is + 0.5%. This can be provided
by making L, var:ab.e by 1% cf L. If L, consists of a ferrite-loaded
inductance L, variabie from 0.02 L to 0.7% L together with a fixed in-
ductance Lg = 0.02 L. in para..e.. L; ranges from 0.01 L to apprcx:mately
0.02 L. Whren L, =90.02 L, *-e energyv stored in L; is 1% of that stored
in L. When L, - 0.73 L, :7s stcred energy is guite smal.,

Tke rf power inpur tc the ferrite In L, is given approximately by

4 WZ

Pz - T , where W2 - peak energv

stored in L, dur:ngthe rf cycie. Using W, = 0.0l W gives

P Ll i 1 ‘,’C N C ) V 2 ~ 2 e f:‘ }- N V >
2 - 100 Q¢ ER S (A Qs f_) 5 CV,
cat 36 2 2 AR \
= 6,28 ; 72
6.28 % 10 C7s [ 4@t =2 x 1010 )

Furthermc:e if allcwance .« made arbitrar..y for the reductior. :in

1m§

0.434

power input to the ferrite *nrough “re acceleraticn cyc.e 18 as shown roughly

anticipated *racking error b~ mu.tip:ving P by a factor the

18
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in Fig. 6. * The average rf power input is found to be about 245 watts per
cavity; the total loss in ferrite is theréfore 245 x 35+ 8.6 KW,

For a loss density of 0.1 watts/cmz %-0—10— = 86000 cm? of ferrite are
needed. weighing 430 000 gms - 0.5 tons.

To the rf losses in the ferrite must be added the losses in the copper.
Assuming a Q@ of 1000 ieads to an average icss of 21 KW per cavitv. the total
rf power required is thus approximateiv 735 + 9 = 750 KW. This is to be
compéred with the figure of 640 KW for the ail-ferrite tuned cavity system.

Tre power required fcr modulating the ferrite will of course be very
much less in the drift-tube case.

Condenser-plus-ferrite tuning can aiso be appilied tc the simpler
single-gap cavitv although the geometryv is somewhat less favorable for
the condenser. |

It is concluded that the radio-frequency acceleration preblem for the

15 Bev. 20-cps accelerator can be so.ved by either of the two approaches

described above.

INTENSITY CONSIDERATIONS

Tre phase space acceptance of the accelerator in each mode 1s

i ad it
RF

A -
where a is the semi-aperture of the mode and ¥ the betatron oscillation

beat factor. Ailowing 1 cm for orbit error. and 1 cm (radialt for svnchrotron

FThe low dissipation is partiv due to the use of the reduction factor

R - -
m . which is only possible in an actual system if care is taken to avoid

overiocading the ferr:ite by use of a safetyving device.
14
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oscillations at injection, we have a net aperture of 3x 13 ¢cm =0 *hat a = 2.5
for verrica., a = 6.5 for horizontal. With R = 7600 cm F = 1.6 2/ = 6, 25
we find

A 1.0 x 10~% em-radian

vert ~
A - 6. 7x 16”2 cm-radian
hor
Assuming an ema:ttarice of 2 x 1073 cm-rad:an from the linac, there is room
for 34 turns rad:ally and 5 turns vertically. or altcgether about 170 turns of

injection. if perfect optical procedures can be worked out.

Tre space charge limit is given by ie MURA fcrmula

2 3
7= 3x 107 (g-) (B ;’) N,

where /jﬁ“ and ¥ are the —:lues at injecticn, A7/ 1s the maximum detuning
that can be tolerated, and f is the fraction of the circumference occupied by

the injected bunch. An equivaient formula 1s

T a2 DA
N:;1014fo Tiy*z*l)ﬂaﬂ

where N is the number of particles per pulse, T; is the injection kinetic

energy in Mev, a arnd R are :n cm, and Y is the vaiue at injection.
Strictly speaking, a“ 1in these formulas should be replaced by ab,

the product for herizontal and vertical modes, since the charge density for

a tota. number of particles 1s inversely propcrizona. t¢ & b R. Taking

a =25 bro6b5 R =7600, T,:200 ¢ =121 f=1/2, AY=1/4,

we obtain a space charge iimit c¢i

N = 1.4 % 1014, 1 = 2.1 amps.
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At 20 pulses per second, th:s is equivalent tc a current of 460 micro-
amperes.

Assuming the linac produces one milliampere a sirgie turn injected
with f = 1 ‘assuming ‘hat bunching takes place just after irjzction, and
that all partic.es are captured .ntoc buckers! cerresponds to 0.06 micro-
amperes time average. Thus 8000 miliiampere turns must be injected to
reach the space charge .irmit. If the emiftance of the ‘nac 1s 2x 10’ 3 ¢m-radians
as assumed, and we assume a maximum efficiency of 50% in fiiling phase space
{80 turns injected), the lirac would need 100 milliamperes. More realistically,
we may hope for perhaps > milliamperes and 10 turns of injecticn, 1eiding

a time-average current of 3 microampszres.

COST EST.MATE

This estimate has been baszed chiefly ¢n actual costs of tne Brookhaven
AGS, with appropriate scaling, together with figures from Princetcen and Cam-
bridge experience. Howewver, cer*aln costs have not been irc_uded,

If this machine were tc be buiit 25 a single Laboratory (as i the MURA
proposal; rather than as part cf an ex:sting Laboratcry (sucn as Brookhaven)
extra costs wou.d be involived tc provide for necessary auxiliary facilities
suck as a high-voltage substaticn, extra spops, steam plani, purchasing and
genera. administrative personnel, etc.

This est'mate, also, does nct inciude any funds for experimerntal equip-
ment for using the machine. Based on present experience, *he annua: running
cost for cperating large acceiericrs and providing experimental equipment

22
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and facilities seems to be about 25 to 30 per cent of their construction cost.
Omitted, also, are estimates for escalation and contingency funds.

1. Buildings

Costs for the tunnel housing *he magnet ring have been taken to be
3/5 that of BNL, and include air conditicning and magnet foundations of the
same simp.icity. For the 200 Mev iinac, the extra length of building bas
been scaled directly from Brockhaven costs--it is assumed that the rather
crowded cond:itions there would be adequate. The experimental area has
been increased to four times the Brookhavar; Target Bui:ding to ccrrespond
to the area for single beams mentioned in the MURA prcposal. This might
be divided into twc separate areas. Estimates for the shielding are based
on an assumed wali thicknesé about 30 per cent greater than at BNL and the
extra length needed for the larger experimental areas. It has also been
compared with the Brobeck-MURA estimate. Tte office-labs-shops building
has been increased to about 30 per cent greater than that at present in use
at Brookhaven, since this has proved inadequate. The land improvements
and utilities figure is taken directly from BNL and inc.udes such items as
grading, seeding, roads. sewer, electric, telephone, etc. This item would
be considerably iarger if the machine were not to be part of an already exist-

ing Laberatory.
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LU

Breakdown.

Ring Tunnei $ 1.5 miliion
Linac Building 1.5
Experimental Areas 5.0
Shielding 2.5
Offices, Labs. Stops,

Contrcl Rooms 1.5
Water Ccoliing Svstem 1.2
Land Improvement

and Utilities 0.8
Arcritectural Engineering 1tc 2

Tota. for Buildings $15 to 16 million

2. Linear Accelerator (200 Mev)

The cost of the preaccelerator part is assumed the same as Brook-
haven. This inciudes an 800 kv Cockcroft-Wa.ton set, requigite spare parts,
ion source, vacuum and controls, viewing boxes, etc. The rf system will
have to be different from thar ncw instalied at Brookhaven because of the
larger average power requirements. but the price of suchk equipment is fairly
well knowr.. Tire tanks and drift-tubes prices are scaled directiv from Brook-
haven's as are the costs of vacuum pumps and their contross, It i:s assumed
that the cost of the injection syvstem connecting the linear accelerator to the

svnchrotron wi:l be about the same as Brookhaven's,
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Breakdown:
Preaccelerator $0. 2 millien
RF System 2.0
Tanks and Drift Tubes 2.0
Vacuum System 1.0
inject.on System
Linac to Synchrotron 0.3
Total for Linear Accel-
erator $5. 5 million

3. Magnet

Although only about 25C0 tons of steel will be used i th:s machine,
the cost of the cores will be about the same as Brookhaven's (4000 tons).
First, the steel must be a nigher percentage of silicon and, using Prince-
ton's cost figures. the price per pound of such sheet steel is about 50 per
cent greater. The cost of the dies will be the same. The cost cf fébrica-/
tion has been scaied down as has that of the auxiliarv hardware, such as
jacks, ciérnps trimming windings.

The coils of this machine can be made of s'randed cable _1ke those
of the Cambridge Electron Accelerator. Similar stranded cable would be
used to connect the power suppiy tc the coiis. It was felf that, in crder not
to be over-optimistic on prices, the fame cost as Brookhaven's wousd be used,

Breakdown:

Magnet Cores and

Auxiliarv Hardware $3. 2 million
Coi:s and Connecting Cable 2.2
Magnet Testing Eguipment 0.25
Surveying and Erection 0.15
Tctal icr Mzagneis $5. 9 million
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4. Magnet Power Suppiv

These estimates are based on Princeton experience. It is assumed
that DC power costs about $100/KW and singie prase 20 cycle AC power
costs abcut $200/KW. The condensers. comp.ete wit: racks, fuses and
interconnecting busses cos~ about $0. 50/jou.e at 20 cycies. The cost of
the choke is estimated by no*ing tha* UL/R for our choice of parameters
is 10.4 x 106 joule-seccnds. Princeton has a firm quctation of about
$700. 000 for a choke with UL/R = 6.9 x 10 joule seconds. This Princeton
choke is abour as big as cculd be manufactured, sc that several units would
be required. Possib.y, the best chio.ce wouid be one croke per superperiod,
but two or fcur chiokes could be used. The estimate is based on a choice of

four units.

Breakdown;
Chockes $2.4 mi.lion
Condensers 1.25

Motor Generator

Inciuding Switckgear 1.0
Exciters for MG set G.1
Substation for MG set 0.15

Total for Magnet
Power Supp.v $4. 9 million

5. Radio-Frequency System

Ti.e cost of this componert wil. depend on the type of svstem chosen.
At Princeton. the first rf staticr plus deve.opment cost $0. 75 miiiion and
the next three cost $0.1 miliion each., Tinus it was estimated that 35 stations
together witn the necessary eiectronics might cost $3 to 4 miliion,
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6. Vacuum System

The vacuum chamber is assumed to be similar to the Cambridge de-

sign. Pumps. gauges and controis have been scaled from Brookhaven costs.

Breakdown.
Vacuum Chambers $6. 4 million
Pumps and Gauges 6.2
Controis 0.1

Special Sections for
njection, Targets 0.1

Total for Vacuum System $0. 8 million

7. Controis

The genera! controls, including the main contrci room, should cost
about the same as those at Brcokhaven, namely, about $0. 75 million.

8. Preliminary Design and Development

Although many of the componerits are based on items already fairly
well designed, a certain amount of modeling would be necessary, particularly
for the radio-frequency svstem. Thus abcut $1 million has been budgeted for
this item.

9. Salaries and Administrative

It was assumed that about the same number of total staff would be
necessary to build this machine as has been required for the Brookhaven
AGS. These costs would then be about $6 million, for a six-year program.

10. Critique on Costs

The grand total of ‘ne above items 1s about $45 miilion. This is about
50 per cent higher than the cost of the Brookhaven AGS of twice the energy.
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The difference in price can be broken down into three main items.

(a) Costs of larger buildings and shielding amounting tc about $5-1/2

million. The greater part of this is for the fourfold increase in enclosed
experimentai space. Brookhaven is going *o try out the use of large open
paved areas, with underground power and wafer, and with cheap portable
buiidings. Experience will show whether this is feasible or whether some
large extra cost will have ic be added, in *he future,

(b} Costs of ra:sing injection from 50 Mev ¢ 200 Mev, amouniing to about

$5 millicn. Further stud;” might show that *xis could be cut down to 100 Mev
without proportioruitely raising the cost of the radio»frequency system. One
does gain in poss:ibie intensity by a factcr *hat mav be ¢f the order of 10 (or
higher witht. ideal irnjection techniques).

{c) Costs of 20-cyclie cperation, amounting tc about $6 mi.lion. The Brook-
haven AGS can be operated up to 10 or 12 Bev at one cycle per second without
any change in design or cost. Thus this price can be equated, almost exact.y,

to a factor of 20 ir irtensitr,
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