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Mr. Myron A. Pollyea of the Research Center Facilities
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on our contract for the study and Preliminary Englneering Report,
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William M. Brobeck
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SECTION 1

Statement of Work

The following is the Statement of Work prepared by NASA in completion

of which this report is submitted:

A, Descrigtiolx:

The present cyclotron was built and installed, starting in 1948, by

the General Electric Company. Its specifications are as follows:

l. Particle and Energy: protons (accelerated as H;) 10.5 MeV

2.
3.

4,

deutrons 2l MeV

alpha particles 42 MeV
Internal deflected beam current 100 microamperes
External beam 5 microamperes
Energy stability 0.5%

It is the Government's intent in the proposed project to update this

facility so that the research programs undertaken can be at the frontier

of the state-of-understanding. The proposed modifications shall make

this cyclotron more versatile by providing new particles, higher

energy particles of a selectable energy, and more intense beam

currents,

B. Nature of the Proposed Program:

Phase 1 - "Study of Alternate Designs'' - The study shall consider
the following alternates:

(a) A "close copy' of the existing Michigan State University (MSU)

cyclotron using the maximum number of components of the

present facility.
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(b)

(c)

(d)

(e)

A "close copy' is herein defined as a cyclotrun embodying
the essential features of the original facility, but containing

any changes that operating experience has shown to be useful.

A two-dee cyclotron patterned after (1) above, but modified
to have an oscillator and a resonant cavity that shall cover a
frequency range of 1U.75 to 21 MHz. One of the systems to
be studied shall include tuning with a combination panel and
shorting bar arrangement using an aluminum RF tank with
no liner; the DC power input to the final amplifier is limited

to 17.5 KV at 30 A.

A cyclotron that shall be a scaling of the MSU magnetic field
take advantage of the available jole diameter of the Lewis
Cyclotron and the design of an RF structure capable of nro-

viding continuous coverage of all particle rotation frequencies.

The designs {a), (b), and (c) shall be matched to the
existing building and equ.pment. In all cases the existing
magnet core, coils and jower supply and the oscillator anode

power supply shall be utilized.

The study is intended to produce only the necessary costs and
feasibility information required to permit the Government to

make its selection of the alternatives.
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SECTION 1II

Designs Considered

M_SU Lopy

The 60-inch cyclotron magnet has poles which conveniently accom-
modate the pole pieces of the design used at Michigan State University.
As the MSU machine has an azimuthally varying magnetic field, the
configuration of the magnet gap is, however, much different from that
of the 60-inch machine. The 72-inch diameter of the existing poles will
be reduced to 69 inches in the region of the gap. As the MSU gap itself
is much less than that of the 60-inch machine, it is possible to excite
the magnet to the required field strength with the existing main coils.

Drawing Dl shows the MSU design, including the MSU magnet. It is
included for comparison with the drawings of the alternates.

In addition to the magnet core, coils, and power supply and the
oscillator anode powe r supply, it is planned to use the ion source arc
and filament and gas supplies and most of the vacuum-pumping and water-
cooling systems. In this alternate no changes are assumed in the MSU
design other than those reqiired to adapt to the existing NASA equipment,

Drawing D2 shows a cross section through the cyclotron illustrating

this design.

Two-Dee Designs with Full Frequency Range

The MSU cyclotron is limited in its range of energies and particles
by the fact thatthe radio frequency is variable only through the com-

paratively narrow range of 13.5 to 21.5 megacycles per second. It is
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very desirable to cover the full two-to-one range of 10.75 to 21.5
megacycles to permit accelerating in both the first and second
harmonic modes.

Change of the frequency range will require a change in the resonant
system which includes the dee stems and their surrounding cavities.
Increase of the range requires increasing the Lime of the resonant
cavity and increasing the radio-frequency pover. Freliminary designs
have been prejared for three methods of increasing the frequency
range, designated alternates Bl, BZ, and B3. Computer calculations
have been made to determine the frequencies and powers at both ends
of the range of each alternate. All the alternates are capable of
meeting the range requirements.

Alternate Bl uses the tuning method 1sed at Michigan State. This
is referred to as panel tuning because the boundaries of the resonator
are formed by conducting panels which can be moved toward or away
from the dee stems. Drawing D3 illustrates this alternate.

Alternate B2 uses a method being ased at Brookhaven National
Laboratory in which moving panels are supplemented by movable
ghorting bars. The shorting bars permit changing the lengths of the
dee stems to .ermit the use of smaller panels than would be needed
if the range were to be covered by panel motion alone., At Brookhaven
a single dee is used, and, hence, a three-to-one frequency range is
required. This is be-ause second-harmonic operation is impossible
with a single dee. making the next available mode that of the third
harmonic. Covering the three-to-one range with panels alone is more
difficult than for the two-to-one range, due to the higher power re-
quired so that the Brookhaven design is more attractive with a single

- 4 -
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dee than with two. Drawings D4 and D5 illustrate this alternate.

In alternate B3 each dee is Luned by a shorting diaphragm which
can be moved inside a cylindrical resonator tank in contact with the
dee stem and the tank wall. This system uses the least power. In
the past, there has been a question as to the durability of the contacts
required, but operation of the machines (at Oak Ridge and the University
of Colorado) using this system has been entirely satisfactory, and this
question no longer exists. Howcever, it is still considered impractical
to change the frequency while under power for fear of burning of the
contacts. This limitation does not apply to .anel tuning.

Drawing D6 illustrates this alternate.

The magnet changes required for the B gro.ip of alternates are the

same as for alternate A.

Designs for Higher Energies

The alternates under category C are based on increasing the magnetic
field or the exit radius or both over the vilues of the MSU design.
Calculations of the capability of the magnet core, especially the limita-
tion set by the 72-inch pole diameter, and the coils show that the mag-
netic flux through the magnet gap could be increased only 5% to 10%
over that required by the MSU design. In view of th uncertamnty of
magnetic circuit calculations, the margin of 5% to 10% is only sufficient
to ensure that the MSU flux requirement can be attained.

It is not possible to scale the design of a cyclotron in the sense that
all linear dimensions change by the same factor. As the diameter
increases, the particle mass increases, and, hence, the ratio of the

-5 -

WILLIAM M. BROBECK & ASSOCIATES




exit to the central magnetic field must increase also. Linear scaling
can only be done for the cases in which the magnetic field is the same

at corresponding points on the model and rototype. Increase in the
diameter by adding to the periphery of the MSU oles is also impractical
without model testing because the field shupe changes s0 rapidly with
radius near the outer diameter that prediction of the effect of the
additional iron would he very uncertain For the above reasons, even

a small increase in diameter would require complete model testing at
an additional cost of the arder of $100, UU0. To this would hav— to be
added the cost of a complete redesign of the machine.

In view of the fact that (a) only a very small increase, if any, would
be possible, and (b) the costs would be large, no detailed consideration
of increasing the size over that of the MSU design is jus.ified.

To illustrate these points, the cost of a slightly enlarged design is

included in the cost estimates .

Other Designs Considered

Although not req iired by the scope of work, it seemed desirable
to consider a single de: as an alternate to the two-dee design. The
Brookhaven 60-inch cyclotron conversion will use a single dee, and
single dees are in use on the Oak Ridge (ORIC) and the Berkeley
88-inch cy -lotrons.

Advantages of a single dee are simplicity of the dee structure,
availability of spa e for extraction devices in the magnet gap, and
the possibility of self-excited operation. Self-excited operation removes
the requirement for servo tuning and con-iderably simplifies the opera-
tion of changing frequency.

Ny .
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E.

Disadvantages of the single dee are, in most practical cases, the
inability to obtain as high energy gain per turn as with two dees and the
inability to operate on the second harmonic. Because the energy gain
is, at most, twice the dee voltage, for the same energy gain the voltage
on a single dee must approach twice that of the voltage on each two
dees. This is generally impractical to reach, due to the clearance to
ground and the powe r required. The reduced energy gain per turn makes
it difficult, if not impossible, to obtain a well defined starting beam as_
is required for the best extracted beam quality.

Operation on the second harmonic, which is possible with two dees,
permits the use of a two-to-one, instead of a three-to-one, frequency
range to cover two modes of operation. Although expe rimental information
is very incomplete, better performance is expected on the second than
on the third harmonic.

Another disadvantage of a single dee in this particular case is that
the two-dee MSU design exists, whereas a new design would be required
for a single dee,

Consideration of all these points leads to a strong preference for the

two-dee design in this application.

General

Radio-frequency parameters based on the computer calculations are
presented in Table 1.

All the estimated DC power requirements are within the capability
of the existing 525 kW anode power supply. Due to the comparatively

low voltage of 17.5 kV, however, the two Eimac 4CW50000 tubes used
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at MSU would be adequate for case B3 only. A larger tube such as the

Machlett 8546 would be required for the other alternates.
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TABLE 1

!
f

/

RADIO-FREQUENCY PARAMETERS

Maximum Frequency - Mc/sec

Minimum Frequency - Mc/sec

Calculated Skin Loss at 100 kV
Peak Dee to Ground - kW

Estimated Actual Skin Loss* at
75 kV Peak Dee to Ground - kW

Estimated Total RF Power
Required - kW

Dee Stem Current at 75 kV
Peak to Ground - Amps

Dee S'tem Current Density

RMS Amps per Inch

A Bl B2 B3 C
M1.8546 ML8546 MI1.8546 4CW50k MLB546
22.1 20.9 21.6 21.6 21
13.7 10 10 10 10
76 94 80 46 125
129 159 135 78 210
221 251 227 170 3u2

i 5000 4700 --

*Estimated actual skin loss is 1.5 x calculated skin loss.

Non-skin losses are assumed:

Coupling losses 2.2

Stray ions

Beam load

- 88 87 --
30
40
92 kW

Oscillator anode efficiency assumed 60 per cent,
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SECTION III

Cost Comparison

General

The comparison of the costs of the alternates considered is presented
in Table II.

In estimet ing these costs, major attention was given to the items that
differed between the alternates. The more detailed study of one alternate
as would be made in a Preliminary Engincering Report can be expected
to change the total costof that alternate upward or downward. Such
detailed study should not chznge the cost differences between alternates.

These differences as presented in Table II can be used for the comparison

of the costs of the alternates.
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TABLE II

COST COMPARISON

(kilodollars)
Alte rnate
Construction Cost A Bl B2 B3 C

1. Magnet 184 184 184 184 242
2. RF System 195 226 266 224 268
3. Vacuum System and Tanks 75 91 101 101 96
4. lon Source 13 13 13 13 13
5. Probe 18 13 18 13 18
6. General Controls 54 54 54 54 54
7. Extractor 64 64 64 64 64
8. Tools and Spare Parts 19 19 19 19 19
9. Cooling Water System 12 12 12 12 12

Total Construction Cost 634 681 131 089 786

= 31 =
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Technical Services
&L Associrated Costs

l. Models & Model Testing

2. Full-Scale Testing & Startup
3. Supervision of Installation
4. Design

5. Other Engineering Costs

6. Travel & Subsistence
and Miscellaneous

7. Computer Time
Total Technical Services
and associated Costs
Total Construction Cost

Total Cost -
Engineering Estimate

Difference from Alternate A

Alternate
A Bl B2 B3 &
0 25 30 25 105
71 Tl 71 4 | 71
30 30 30 30 30
136 165 200 165 142
03 63 63 63 63
52 52 52 52 52
10 10 10 10 10
362 4le 456 416 313
634 651 731 689 786
996 1097 1187 1105 1599
0 101 191 109 603

All costs include installation assumed to be done by contractor's labor,

Costs are reduced where existing equipment is applicable.
made for the cost of reconnecting and checking existing equipment.

- 19
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B.

Discussion of Specific Cost Items Which Differ Between Alternates

Item 1. Magnet

Item 2.

The costs for the first four alternates include the following
work on existing parts: Disassembly and reassembly of the magnet
core and coils, boring a central hole through the top yoke and cutt:ng
off the lower pole piece to permit the attachment of the new lower
pole tip. New parts included in this item are: pole tips and hills,
pole face coils and their power supplies with operator's controls
and instruments.

For alternate C, the cost of pole face coils has been increased

to reflect an increase in magnetic field, radius, and beam energy.

Radio-Frequency System

This item can be divided into mechanical and electrical costs.
Mechanical costs include the dees, stems, shorting diaphragms,
panels, trimming capacitors, and necessary mechanical drives
and supports. The ion puller electrode and its mechanical parts
are also included.

The electrical costs include the RF power chain from the anode
power supply through to the dees, including the servo control of
tuning and operator's controls and instruments.

This item in alternate A assumes the MSU RF system to be
copied closely. The difference from MSU will be an increase in
the distance from the magnet centerline to the resonator of about
two inches and in the change in the power amplifier tubes to accom-
modate the output voltage of the existing anode powe r supply.

In the B alternates, the cost of the wide-range tuning system

is included according to the particular method used in the alternate.
=153
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Item 3.

Item 11,

The cost of controls and servo equipment is increased over alternate
A to provide for the general revision of these systems required for
the greater frequeuncy range.

In alternate C, the costs are increased to provide for the higher

power and larger dimensions of the system.

Vacuum System and Tanks

The differences in the vacuum tank costs reflect the differences

in the size of the resonator tanks required.

Models and Model Testing

The difference between alternate A and the MSU RF system is
so small that RF model testing is not considered necessary. The B
alternates include RF model testing and alternate C includes model

magnet testing.

Item 14. Design

Item 17.

In the case of alternate A, this item covers the engineering and
drafting costs involved in updating and completing the MSU drawings
and preparing requests for bids. The cost varies with the amount

of new design work required for the alternate.

Computer Time

This item covers the cost of computing machine rent at com-
mercial rates for the calculations required. Reduction of field
measurements in the extraction region and determination of the

beam path through extraction channel is required for all alternates.

- 14 -
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For alternate C, extensive calculations based on thez magnetic model

measurements and calibration of the pole face coils are required.
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SECTION 1V

Summary & Conclusions

A series of alternate designs have been considered with respect to

feasibility, performance and cost for conversion of the existing 60-inch

cyclotron to an azimuthally variable field machine capable of accelerating

protons from low cnergies to 50 MeV and other particles to corresponding

energies.

The following conclusions can be drawn:

L.

It is feasible to make the modification to the azimuthally varying

field following the Michigan State design.

A wide range of frequency adjustment is practical and would cost

about $100, 000 more than the restricted range design.

It is not practical to increase the energy above that obtainable by

copying the MSU design.

The cost of the combined panel and sliding short tuning as used at
Brookhaven would cost about $90, 000 more than either the panels
or the sliding diaphragm alone. For this reason, and because
there is a possibility of tro.ble with unwanted modes of oscillation,

this design is not recommended.

I'he cost of panel and sliding diaphragm tuning is substantially equal.
Panel tuning is recommended because it is in satisfactory use at
Michigan State and because with suitable development it would permit
changing frequency while under power.

o fily =
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	Drawing 02 show. a cross ~ectlOn thro gh lhe cyclotron ill strdting this des [gn. 
	B. Two-Dee De::;igns ~ith F III Frequency Range 
	The MSU cyclotron is limltl: in ib range of ene -gics and particles by the fact that the radio requency is vari-lll" Or 1; through the com­parative Iy nar ro.. rang of 13.5 to 21.5 meg cycle!:; per ::;econd. It is 
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	very desirable Lo cuver L'" full v.u-v-Ole rein e of LO.75 to 21.5 mega yet '3 to ~l;'rmll <.lCI,;;' lel'. li g n bot" th' fl'. t and second hC,rm nie n,o e". 
	I..,hange of the fn'qlen_y tinge will require a ch ng in the resonant systf"'m v. 1ich includ " t! -. ~e stems and th~ir surrout ding c vitles, Increa. e of th rang.:> r>(Jlllrt-. iner <l.sing h :nlP of t. .. re sonant cavlty and increa~nn th ... r dio-freq lenev 0\' e . F-r ·liminary de.igl ~ have b'en t--re, ar d fur three mvtlodc: o' increac:ing t e frequency 
	J
	rang de ignatetl "It rn tkS Bl, B2, lOd B3. Com[Juter calculations hav'.' been made to delel min th' frl'qul:n,-ies and [lov-ers at both end ot the' range of ca h c1Ll~ rn t •lL the alt'rndt -re catJable of m 'etlng tht.;; angl.. r tu.T,-ment=. . 
	. ltc-rn t HI 11,,(' , tIe IJOillfl Tncthcx:l ls~d at ic hig n State. This 
	f tile re son ato r are formed by 
	from th del'st'fIls. Dr-wing 03 ill pLratl:> tis alterna 
	... It rndte 2 lise a llh' hod b!i! g Ised rtt roukn ven N tional La borato ry in whi ch movi ng i-,ane ls are su pf-lc:mented by movabl sl ort ng bars. The shorttng bars ~ermit clnnging th length of the 
	del: ~l~m~ to I rmit th-u' -f ~m 11 j an"b tlldn w01l1 . be ne d d 
	if tne range we re to be Lavered by fJl:l.l1e 1 nl\.)tlUll dlune. ..t Brookhaven a 'ingle deC' is us. d. n, hence, a thr 'e-a-one frequenc.y rdnge is r lIirt"d. Thi is be ..:aus· ~C.'co!1d-harmuUlc operation i impo sible d. single dee, making the ne. t dVLl.dcible mod that of th thIrd heU m.Olll '. Cove ring th\" (hre -to· one range wi t i-'anc Is alone is more difficult than for the two-to-one rang, dll to the hi.gher [-,ower re­
	with 

	uired so th t the Brookhaven d ~lgn is more attractive with a smgle -4­
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	d e than with two. rawingt'l D-i and D5 illu trate this alternate. In alt~rnate B3 each dee is uned by !:ihu rt' g dl Cl.lJhrdgm which d cylindri\:i:ll r~!:>unator lank 1n contact with til 
	can be moved in!:iide 

	I.! Lank all. fh i~ ""y'::i tern Ub "" tht I,., a. t po cr. In the fJcl;::;t there ha:i been a q\lL~::olion as lutb_ dllrii~)lity of tht' contacb req i1' ·d, bit 0t ration th· mdchiu '::i ( L Ouk RHJg and thl" Univerv1ty
	ee stem and th 

	(1­
	ot Colorclc..lo) lI=-tOg till"" ",y tern notS b JIl ~ntircly ""Cltis[a tOI'). and this questlon no lung.... r. iSlS. 110\<· fer, it is -t"U considLred .mfJrac ical to chang' th~ fl" ncy \l iLt.: und contacts. Thi ltmitcitmll doc::, not <-1.fJply to ,.d..nt:l tunIng. 
	Ora ing D6 illu~lra.t S 11i5..tltern·t'. Th magnet ehd-ng's rel"J.uired for lh~ B grulp at alterndtl;:!:> are tht: same as for alternate A. 
	C. D ---------"~----""--
	field r the e. it rad. ::, 0 r both ave r h,~ =-a 1 til Po lSU de 19n. Calculations of the ciJ.jJabllity of the magnl'l carl;. ~specially the limita­tion et by the 72-in-:h fJ I" di.ameter, and the cotls .ho\-'. tlt;}t th mag­netic fl DC hro'lQh the magn ·t gap could Le IT'l.l:l"eas cJ only 5% Lo 10% CJVE-r that r~qU1 red by the MSU de sign. In Vlew of {J1 I ,...... rta mty of magnetlc circu1t ca culations. Ule margin of 5% to lOlli l' only .~ufflcient to nsure that the MSU flu.' r qui r ment can be attainl
	It is not possible to ::;cale the design of a cyclotron in the ::>ense that alllinc..lr dimcn ions t:han'c by lh samc lactor..\5 the diameter increase the article as::; 1nc rease!:i , and I hence, the ratio of t. e
	I 
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	exit to the centred md.~netic :J.cld m'l!"t .crec1S~ <1:--0. Linear scaling L:an only be done for lh ~ ca~l:S 10 whlch tl \? magnetIc ~i"ld i!> th· am, . t l:orresponding pain' on L1L: mod 1 anrl rototfPc. Incr a e In the diam"' or by adding to he rJcrif h,'ry of the MSU ole::> 15 al~o impractical will a t modd tc tlTlg bet:a" the field h. pl change,-, ",0 raridly v.ith r~cJi s ne r the au' r dianll?t r tIl It rl Hetio of till.' eff et of tht· 'M) 'ld h" ven' nee r a~n For the 'lbove r·;]'50n5. even a sm;q,
	i.1dd,tional iron 

	u.n .ldditional cod O· fIe urcl"r of SlU), LtO, T thi::> auld hav to be addl''"I Ihe '0 tDf a compl,~t~ r..: sign of l.." m..l.chine. 
	In vi \\ ofthl" f ct thlt ( ) only d. ~ Y ~maLl incl'c'se, if any. would be possible, and (t) . c cosb \\culd b<.> l.uge. nu detailed eonsid..ration of inc rc i,.• nl=: the .-' i~ (' 0'.' l' th t tl th 
	P
	To illu trate th ':c (Joints. tl cost of d. ~ligh.tly t 01;:>. g.d J"sign is in :Iudl'd III the cos t enim.:1te~. 
	D. OthC'r De~nc. Can:, ide rL,d 
	AlthoLlgll not reg lir'd by th.: sco~e of work, i~ ::icemed d('sirable to consider rt sinal" d~ rt. n l1t'rnall,: to tl ~ t\' -d" d sign. The Brookh;l.ven 60-inLh cyclotron cony r..,ion wdl U:il' a ~ingLe d~t , and sin,51e d_es are in use on [I e Oak Ridg (0 Ie) <.loci til B rk'lcy 8S-inch ~'l_lotrons. 
	Advantage~ of dint Ie de' <iI"' sim' hctty of th dee -tructLlrt'. availabill y of sfJo.l e for extractlon devices In h\: m gnet gat', and the possibi.l'ty of ::.elf-cxcilt::c1 up ra.liol. 51 If-xci t..:d operation r t ov S the req iren ent for :of'rva tuning and -.;un: id rably :oimplifles the 0 era­tion of changing frE'gu ·ncy. 
	-6­
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	Disadvantages of the single e are, 40 nlo!>t pr cti\.;dl a e , the inability to obtain as h'gh t::nergy gain per t lrn a -with two dees and the inability to operate on the econd harmonic. Because the energy gain i!', at mo~t, tw'ce the <.lee voltagt.., for the l:> me energy gain thl! v ltage on a single dee mil c,t approach tie that of the voltage on each two dees. This is generally impr cheal to reach, du to the learance to gro.m and the pov.e r required. The reduced ene rgy gain per turn make!:> it di.ffi
	Operation on the -and harmo iL which i::; pas ible w'th t,,'o de permits the U;je of a two-to-one, 'nstead of a three-to-onc, frequency r ge to c v r t"vo modes ofoperCition. i\lth gh xperimental inform tion i 'ery incomplete, better periurn1 nce cd on the .econd th an on the thi rd harmonic. 
	no er di adv ntage of a ~. ingle dee in thi s particu lar case i that the two-dee MS design exi~b, !crcas ane\: de'ign \i'0 ld be required for a single dee. 
	Consideration of all the e poinb leads to a ~trong preference fur th two-dee d..::sign in thi application. 
	E.General Radio-frequency paramet rs based on the computer alcu ation' are presented in Table 1. 
	.\11 the e tima ed DC pov:cr r quir mcnts are within th cap~bility of the exi ting 525 kW anode power up ply . Due to the omparat'vely low voltage of 17.5 kV, h w ver, the tw Eima -lC', 5()OOO tubes Ised 
	at MS would b adeq ate (or cas B3 only. A larg r tl be such as the Machlett 8546 would be required for the oth r altern te .. 
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	r" BLE I.Rr\DIO-FREQUE C Y P 
	r" BLE I.Rr\DIO-FREQUE C Y P 
	r" BLE I.Rr\DIO-FREQUE C Y P 
	RA 
	ETERS.

	Maximum Frequency -C/<;3 C Minimum Freq ency -M /5:C Calcui ate d Skinos5 at 10 k V Peak D to Gro nd -k Estimated Actual Skin Losc;* at 75 kV at< D e to Ground -kW E timated Total RF Power Requ red -kW Dec Stem Current at 75 kV Peak to Ground -mps Dee Stem Current enslty R S. mp per Inch 
	Maximum Frequency -C/<;3 C Minimum Freq ency -M /5:C Calcui ate d Skinos5 at 10 k V Peak D to Gro nd -k Estimated Actual Skin Losc;* at 75 kV at< D e to Ground -kW E timated Total RF Power Requ red -kW Dec Stem Current at 75 kV Peak to Ground -mps Dee Stem Current enslty R S. mp per Inch 
	6 22.1 13.7 7 129 221 
	BI L8546 20.9 10 251 
	B2 M 1.8 546 21. 6 1 135 227 50 0 8 
	B3 4CW5 -k 21.6 10 46 78 170 4700 .7 
	C ML8546 21 10 125 210 312 

	*E imated actual k in los 5 is 1.5 x alculated skin los .. LOon-skin losses are as::,u ed:.C0ulllng Ub::'l:", 2.2..Stray ions 30 Beam oad .:.tL 92 k V.Oscillator anode (Heien y as umf'd 60 p'f'r • n ..
	*E imated actual k in los 5 is 1.5 x alculated skin los .. LOon-skin losses are as::,u ed:.C0ulllng Ub::'l:", 2.2..Stray ions 30 Beam oad .:.tL 92 k V.Oscillator anode (Heien y as umf'd 60 p'f'r • n ..
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	SEC 10 III.~~o tC pi) r son.
	A..Gen.:ral The camp rison of th cosL of th alternates con",ider d i presented inTabeIl. 
	V\.J..S given to the items th t dIffered bl,tw cn Ue altern·tee:. The more d.:l3.'lled t dy oione GLlterndte as wo 1 bl' n1 e n a Pr llnlinury Engin' r111 T H,cport can be expected to change he t lal cos t of tll'1\ aLernat I pwar r dU\'/l \' urd. Such delailed tudy -hoI d not ell ng hf' o::t d' ife ence~ bc:tween alt rn tes. 
	In :>linl<..tL 'ng lhese costs, major attention 

	h s differen ~s as presenlpd 111 Tdbl,; II can be :-ed for the compan on of the co:>ts of the alternate",. 
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	Tc-.chnical S rvice ~ J" It rnate .:'.ssoc1c.1ted Costs .\ Bt Bl B3 C 
	l..Iodel 5 . t·/lode 1 Te ting 0 25 0 25 1'15 Full-C,cdle T> ing :. ta rLup 71 71 71 71 71 
	3..Supervision of lost II Ltlon 30 .3 30 3 3u 
	4..De sl£;n 3 16S 200 165 -l-!2 
	5..Other Engin ering (.0' t' 63 lJ) 63 3b3 
	6..Tra\·.. l & S bS1 tcnce and MIS eel lanco s 52 52. 5~ 52 5l 
	7..Computer Time 10 10 10 LO 
	lotal Techn1cal Sl.:rVICL~ and ~ssoci<itt?d CO:-,ls 36L ·fib ' 56 -lIb 813 
	Total Construction ";Ol:> Ii 1 71 6H9 JH6 
	. l' 

	'-J0 5 t-Eng inc" ring L tilnatc 96 1U'17 1187 1105 159(J 
	Total 

	Difference from..' ltern-ite .\ 0 10 1 191 109 603 
	All.costs mc Lude installation assumed to be done by co 1lractor's labor. 
	Cost are red ced ~herl' l:xi::;t1ng equipment is applicaLl . Allow-n C 1­made for th ~o, t of reconnectinz and C11C'cking e'{istin eq ipment. 
	-1 
	B..Dis ussion of Specific Cost Items WI icll )iffer Between Alternates Item I. Magne t 
	The cos ts f r the· fir st four altc rnat s inc hI de the fa llowing work on e isting part Di. assembly and reassembly of the magn t core and coils, boring a entral hole through the top yoke and cutt.ng off the low r pole piece to permit the a tachment of th new lower pole tip. New parts included in thi it m ar : pole tips and h Us, pole face coils and thur powe ~upplie' wi th operator's control::. and ins trun1e nts . 
	For alternate C, the co~t of pol (cc call h s been increased to reflect an increase in magnetic field, radi..ls and beam energy. 
	Item 2. 
	'fhis item can be dlVld d into mech..lnieal and el etrical costs. M chanical co. t include the de s, 5t\,;m~. shorting diaphragms, panel', trimming cap eitor., and nece ~sd.ry me chanical driv 5 and supports. The ion pul er electrode and its mechanical parts "tr also included. 
	The electrical cosb include the RF power chain from th-anode power supply through to the dees, including the servo control of tuning nd oper tor's control and in. trllment '. 
	Thb item In alternaLe ::;sumes tht:' MSU RF sy tern to be copied closely. The difference from MSU will be an increase in the distance from the magnet cente rline to til resonator of about two inche s and in th change in the powe r amplifier tub ~ to accom­modate the output voltage of the eX1S Ling anode powe r supply. 
	In the B alLernate" , the eta the ide-range t ning syst m is included according to the particular method used in the alternat 
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	The COl:il of onLroll'i dncl "ervo equipm nt is in reased over alternat .'\ to provide for the general revi. ion of lhe~e system::> requ'red for the r at r frequency range. 
	In alternate C, the osts ar incr"a:5cd to pro ide for the high r powt'r d.nd larger dim osions of tht: "'y::.tf'm. 
	Item 3. acuum Sy-:lem and nks The dif£crcnc~s in the va uum tank c sts reflect the differences in the siz of the resonator tanks required. 
	Item 11. Models nd Model esting The difference between al tcrnate A and the M U RF sys t m 1S 
	o:=m L that RF model te sting not 0 ns ide red nee s sary. The B alt rnates incI de F model te 'Ling and <l-ltl:rnate L. include-modd magnet t sting. 
	Item I4 . Design 
	In the case of alternate A, this item co rs the ngineermg and drafting cost· involv d in upd hng and completing the MSU drawings and preparing requests for bid. The cost vari\;. with the amount of new d sign ark required for the alternate. 
	Item 17. Compute r Time 
	Thi item covers the cost of computing machine rent at com­mercial rate for the calculations r quired. Reduction of fi ld mea ur ments in tne extraction re ion and detcrmi han of th b am path through extraction channel is required for all al ernates. 
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	For alternate C, ext n. lV calculd.llon~ based n th ~ tnagne bc mod 1 m asurements and ca.libration of the pol~ fa e colls are required. 
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	SECTION IV Su 1l11ury & Conclu ions 
	series of alternate de~igns have been con.-ide-red with r pect t f a ibility, performance and cost for cunversion of the existmg 60-inch cy lutron to an azimul1dlly varidble field machi.n -\,:apable of acc('lerating protons [ronl low cnergie::. tu 5U Me< dnd other pClrLi... !· 0 corresponding energles. 
	The follow'ng conclll~ ions can be drawn: 
	1..Iti f d.siblc to n -kL! the modification to th azim I hally varying field following the Mi hgan Slate destgn. 
	2..A wide range of frequency aqju tment is practical and would cos about $1 0,000 more than the rrstrictf'd rri.ngc-dc, ign. 
	3..It is not practical to increase lhe energy ab Vt.' t1.:l.t obtainable by copying the 
	Ii,.The cost of the ~ombin d pan land liding =-1Orl tun:ng as used at Brookl aven wou ld co st abo'it $90, 00 more l1an c.: 'tner the panel s or the sliding cliaphrdgm alone. or thi~ rea. on, d because there 's a possibility f Lro ,b e with unw.ml\..d rno l-of oscillation, this design is not recommend 
	5..he coslofpan.~l and Iiding diaphragm t ning s :';lIbstant ally equal. 11 'oded bE.:cau:>C' i ll'l •<1t i.' {,-letary u e at Mi higan State and L~cd.u "\J,.lth ~i it bl,~ deY tv ment i.t wo lld permit changing f1' q ency \<.h ile l.lnder power. 
	Panel tuning is r com 
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