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SL!.m:L:la::y 

The co::-r..pll!:e:- \\.'as a very effective aiC: in the 
par2 .. mete1· o:~~imiza·cion a:1d preli:Glinary cost es
timates for the 200-B eV Acceleratol· Study: the 
8-3eV injector synchrotron g1·aciient magnets 
Collins quadrupoles, and benC:in;; magnets; and for 
tl:e 6-meter bubble chamber magnet. Beca"C..se the 
yarameter cost sensitivity \vas quickly available, 
the time re~ui•·ed to select the system parar::teters 
was reduced, <1nd n1ore detailed cost estimates 
were t;:tus permi'"ted. 

The COW..A ?ortrar. Pro;;1·a:r. briefly out
lined in this rcl:,o:;:t can be used to corn.pute 'C\·velve 
oasic rnagnet geometries, incluG.ing quaC.ru:Jole, 
box, ''C, '' and ''H'' types. 

Fo:-.: the 6-metcr S?heric~l-bubble-chamber 
n1.z..g:1et o£ convcr-/cional iror ... -cop?er arrc..nge~J.l.ent, 
the C0l\1A Prog1·(... .. --.. :"l was used, with ~he subroutine 
.EF:L~ ... IC added. ~~ .;netic fie:i.ds up to 70 kG w~:re 
studied, a.nci O}Y~~;::.J.um coil dimensio:J.s anG. co:re 
-,;,icknesses found. At 50 kG the capital ?lus O?
erational cost for an O?cl·ating time of 20 000 
hours '-vas 32-rni~lio:-.~. dollars. 

For ti:c S-.3e,V =~-._jec~cr Synchrot~·on Gradi
ent Magn~t Syste1n, th~ :tvi.:\GHY? P:""ogram aided 
:i1. ::>aran""leter selection a.nd cost estimate. Cost 
opt"inJ.ization sho\ved that the paramete:· selections 
can be made :r:J..ore accurately than iuture market 
conditions can be predicted. 

:::nt:--od1...:.c~ion 

The evoli.~t:on of any new syste:r-::-1 usually in
cl~des the phases of concept, feasibility, devel
op:r~'lent, desig~'"l, const:ruction, test, and opel4 a
tiOl1. The mag11itude of the sys~en:t cost, w;"lether 
14 ecognized or not, is decided during the concep-

; phase whe7:t the system is first ;::Ccscribed and 
i--·~ ~")~:incipal pa:-ameters established. During this 
pha.se, iast comprehe:1.sive cost estimates are 
r 'c' ed not only to indicate the n"lagni~ude of the 
c_,._..;, bt4~, mo:;..·e irr.~.portant, to determine the rel
ative cos~s of different concepts that govern the 
optimum choice. This paper is directed to some 
computer prograrns used for t;,.is type of cost 
estimate. 

Tl1e cost is, o£ course, affected i:1 the later. 
;:>hases also, but to a lesser degree. Following 
:he concept phase, design studies r:1at satisfy the 
oasic parameters are made. Explicit specifica
tions a~e develol_)eG. and detailed conside:;..~::~tion is 
.:;iven to the econom.ics of construction, reliabil
,ity, and operation. During the 11 free-\vheeling 11 

concept phase the cost might vary by decades; in 

the design ;:>hase, the maximum variation is by 
low multiples; in the construction phase, maxi
mum cost variation is in percentages and finally 
the cost of operation will change least of all. 

Although many parameter relationships are 
known, their relative importance is not apparent 
a-.: the start of a :;noblem. The influence of pa
rametel·s Oil. cost can often be determined more 
economically and usually more accurately by a 
computer than by hand calculation. 

The cornputer performs the routine com
p-utations very quickly and its printing is legible, 
but an important decision is how much detail to 
include in the ;)rogram. How often the program 
will be used determines the amount of detail, but 
once a program is in operation it is often used 
more than ar.:icipated. In contrast, an obsession 
fo•· a "completely general" program can delay the 
project, or lead to poor assumptions that are bur
ied in the program and lead to loss of confidence. 

Judgment is necessary in the use of a sim
pliiied cost-estimating prog:·ain, just as it is in 
t:1e use of any tool. The parameter limits ini
tially given to the computer may not provide an 
optimum soh:.tion and the program will have to be 
:·un again. When an optimum solu~ion is found, 
the computed ::y,agnet geometry may be such that 
the program assumptions are not satisfied. For 
example, the field may have been assumed to be 
uniform, but the computed geometry would indi
cate that such uniformity is unacceptable. Judg
ment is :·equired to select acceptable cases and 
observe trends. 

The use of the computer for cost estimates 
reduces the lead time, permits many more cases 
to be studied, and makes available a legible 
printed record. The engineer, freed from much 
detail work, has more time to consider what the 
system must do; and to think of more concepts; 
preferably he should be able to program. In a 
large study group, he who can operate at the inter· 
face between engineers, scientists, and mathema
ticians, and the computer is valuable. 

The computer programs outlined in this re
port were used very effectively to select the 
parameters and optimize the cost in the 200-BeV 
Accelerator Study: the 8-BeV injector synchro
tron gradient magnets, Collins quadrupoles, and 
bending magnets; and the 6-meter bubble cham
ber magnet. By means of them, it was possible 
to study t'-le diffe1·ential costs of the various com
ponents to show how a change of one parameter 
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affected the syster:: costs. :wish to emphasize 
that these are cost-es~:.rr~ating ?rograu.~.s and not 
design p:;:ograms. 

These prograrns V/C!"e first usee to select 
the range of interest; ai~cra ~·~vie·.v Gi the pa.ra::n.-
13ters, a Cesign check \vas made \Vit>. a separ-ate 
ciesign-type computer prograr-.tl. (s1.;.ch as SIBYL) 
not discussed in this repor~. This ?~ .. occss \vas 
repeated many times ~..:.:·A .. ~.l the tecf.nical aspects of 
the design wc:.:e withi;;. an optimal cost a:1ci prac
tical range. 'I'i'le program wa. s then used to de
teriLine the effect on t::e final co.st of changing 
?arametcrs or unit costs of the various co~ .. po
ne1;.ts. For ex.:.rr ... plc, it was possible to quickly 
lind the masnetic fielc!. of tl1e 8-3eV injector syn
chrotron that gave ti--.e rr.~.inimum cost o£ fne in
jector synchrot;:on. It was also easy ~o compa.;:e 
the cost of stranded and solid. rr.agnet-coil con
ducto:o:s. 

The C0~1..A progra:r-n cor.n_~.Yu.tes some of the 
basic parameters of :nagnets ai1d :..-.na.g:'let systerr1s. 
7he final step in these com~J'L:tations is the calcu
lation of costs and the tabulation of these costs as 
a £unction of tw6, three, or fou:: va:;iables, set 
init:.ally by the t:.se~·. This ?rO~I"am e:-J.aOles a 
user ~o determi;·.::; qt:ick~y what effec~ e~ch pa.:;am
eter has upon the cost of tl1e sys;:err .. , thus leaciing 
to an optimum ~ ..... ~igr. £::om an ecor..owic view
ooint. COY.:..<\ is not a design program and does 
~1.ot produce a technically ei'ficient sys·~em, b1.;.t it 
Goes evalua.te the systerr.~., as defined. by the user 
v1a input-data cards. 

This evaluation is made uncle:- ~he ass'C..::-.c:.p
tion that all costs are directly p:·oportional to -che 
va:o:iables with which they are associated. T::-.e 
various cost rates used are not internally sup
plied, but must be supplied by the user according 
to his own experience. 

COMA is comprised of scvcra: sub:)rogralns, 
each serving a sepc..rate pt:rpo3e. vv:1c;.:e neces
sary, each subprogram p:i·ovides its O'.vn b~·ancfles 
to accommodate all 12 differe•1t magr.et types 
handled by COIViA. One sub<nogra;:n, function 
EFF (call.ed by subroutine GA?P), should be al
tered to suit each individual user. The purpose 
of function EFF is to provide tne magnetization 
efficiency (gap A turns per tota.l A tu1·ns). Cleal·
ly the variation of efficiency with magnet type, 
magnet shape, and magnetic -field intensity is a 
matter for the magnet designer. The function as 
it now appears in the FORT:::z.AN list shows an ef
ficiency of 90o/o for all cases. The user must 
provide any necessary alterations to produce ef
ficiencies that approach reality more closely. 

There are 12 different types of magnets 
handled by COMA (Fig. 1). The first four are 
quadrupoles, the next five are box-tyr:;e :nagnets, 
and the last three are conventional C and H mag
nets. 

For all of ·these except the box-type 

magnets, the user has an option that provides the 
basic gap dimensions, or the orbital errors spec
ified by the physics of beam dynamics. The logic 
diagram, Fig. 2, shows the basic order of com
puta:ions; details are beyond the scope of this re
po:·t. Subprogram BDYN cor:-:putes an elliptical 
beam aperture if tho:: latter option is selected. 
GAP? comp;.;tes (a) the basic gap dimensions 
pe:··,:nent ~o the particular magnet type, (b) 
ampere-tu.-ns, and (c) the coil window dimen
sions. The iron volume is computed by function 
VOLFE; no provision is made for loose lamina
tioas. Subprog1·am VOLLEN computes the volume,. 
and the coil length from the length of the mean 
turn. Er.d effects are accounted for by assuming 
90° bends occurring almost as soon as the coil 
leaves the magnet ends; the bend radii are as
sumed to be equal to the coil window width (or 
height). A small allowance is made for the ext:;:a 
length needed for joints and connections. 

The input data needed for a run are put on 
just a few cards. On the first three cards, which. 
a:·e common to a.ll types of magnets, these data 
are: 

1. Magnet type and the option concerning 
the gap dimensions, 

2. Cost rates and magnet life in hours, 
3. Bas:c physical parameters, constant for 

the :run. 
The fourth and fifth cards depend upon the option 
chosen and/or the magnet type. The fourth card 
(ii needed) contair.s the orbital deviations or the 
the gap dil-nensions. The fifth card (if needed) 
contains t11e six S' s, shown in Fig. 1. There are 
two, three or four final cards, the number de
per.ding upon the magnet type. These cards con
i:air. co:·e-sha.pe values, which are used and per
muted as the independent variables. As many as 
nir.e (and as f.ew as one) values are permitted for 
each variable. Generally .four or five values for 
each variable seem most profitable. 

The Modified COMA Program 

In this section we show the method used to 
determine the capital and operational costs for a 
la1·ge bubble -chamber magnet having circular 
copper coils and rectangular iron legs for fields 
up to 70 kG. The EFFIC subroutine was added to 
COIViA to give the approximate total ampere-turns 
for these co:ls when the flux density in the return 
pa~hs is taken above saturation. Consideration of 
satu1·ated iron cores now enables cost data to be 
obtained for higher magnetic fields with or with
out saturated cores. 

Tne program is in use on the cost study of. 
the coppe1·-iron magnet for the 6-meter spherical 
bubble chamber shown in Fig. 3. In particular, 
tnis section discusses how the EFFIC subroutine 
obtains the coil ampere-turns by an approxima
tion method suggested by Charles G. Dols. 

The assurr.ptions listed. in the EFFIC sub
routine as shown here a:o:e: 

1. The magnetic field, B, is assumed 
cor.stant ancl uniform in the gap volume 
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(although not necessa:::ily a :i:'equi:·e~ ... znt), and 
va1·ies linearly ::h::.·ou.gh the coil s~ction (?irr. 3). 
'T'C- • f '" 1 ' . ,. "' .L.llc '1;.111 orm r1e a ::.rr.~.pJ..les a coil ar-:-ar..genJ.ent that 
contains the magnetic field ove1· the whole "'aD 
height, h. To satisfy this conditior~ ~eouir~s ... that 
thc.vertical dista:-~ce betv .. 'een the coils be :;mall, 
for example, < 20o/o the field diarr.etcr and of the 
gap height. 

2. The saturation limit of the iron is 20 kG. 
3. The iron-yoke flux is unifo:·nJ.ly distrib

uted over its cross-sectio:nal area, and no local 
saturation occurs. 

4. The efficiency of .,L:he u:.1so:tu:-a".:ed 1nat)'net 
is 100o/o, and changes ab:tul)~ly at the saturatio~ 
limit oi the iron. Tl:e limitc..tior .. s of ~his assump
tion are discussed in greater detail in the fol
lowing paragraphs. 

In ad.dition, accommodation '\vas nJ.ade for 
_cas~s \-vhere the vertical leg tl-..ickr~ess ai:d the 
ho:-1zontal yoke thicknesses are uneq_ua:. Under 
such conditions one po::tion of the· ij_·on j_)a.'::h miffi"lt 
~a.t.urate before another, owing to the differenc~ 
1n n·on cross-sectional areas. The method used 
checks eac'i1 cross section sepa1·c..tely for its sat
u~atio:J. li1nit. 

The relatior~sl1ips bet'..veen c..n"'lj?ere-turr..s (NI) 
z:.nd field .int~nsi-.._.- (B) in gat:.ss are shown in Fig. 
-s:. On th1s f1gur.: the gap relnc~.:ance in ar.J.pere
turns is calcula~E:d as NI = 2.02 Bn, wnere the 
~agnetic field, 3-gauss, a:1.d the gap height, h-
l: .. ches, are constant. T1:is Nin·ap value is also 
~ne total NI requi1·ed ior this :-:fagnet if it had a 
1ossless core (i.e., infinite iron in t!"le i'lux-re
tu.l·n path). Point .A. on this :ine re?J..·ese::-/~s the 
satu::c...tion limit of the iron {BIP-L ar.~.d is obtair.;.ed 
from a ratio of sa.tu:-..·atecl-leg cross-sec".:ion area 
to effective air-co;:e a:·ea, with 20,000 G assumed 
1n the iron. Ii the leg c,ross sections c...re un.:=qual, 
one portion will sa tu:·ate at BL>\, and ~otal satura
tion will occur at BIB where 

BIB= 20 000 (leg n1ax cross-sec~ion area\ 

' \effective air-core area ) 

Above BIB, point B, tl:e i1·on is completely sat
;.;.rated. If all iron thicknesses are ecuc:.l points 
A and B coincide, ar.d complete satur'a.ti;n occu1·s 
above BIA. 

. At the othe1: extrenl.e, an ai1·-return-path 
(no 1r0:1) mc:.gnet 1s assumed.. With the sy:nJ.bols 
shown on Fig. 3· and the expressions for two sole
noidal coils, Nlair is calculated. as 

Nl . 
a1r 

4.02(B)(Ac) 

K 

:'here Ac is the coil cross-sectional area, and K 
1s a function of the coil geometry: 

K= (X1)ln 
(R ·Jx2,R2l I 2 T 1 T~ 2 

) R + .Jx 2+R 2 l 0 1. 0 J 

These t'.vo values for ampere-turns, NI _ and 
~lair• :·csult in the two linear relationsfh1~s pass
mg ~nrough the origin on Fig. 4. The Niactual vs 
B-curve for .':'n iron-core rr.agnet passing through 
saturat10n w11l he between these two extremes. 
The requi:.:ed curve is assumed to follow the in
finite iron relationship until the first saturation 
occurs at point A. This is a result of assumption 
"" above, in which the magnet efficiency is assumed 
to 1·emain at 100% until this po~nt. In a more ac
curate study, the efficiency at each B would be 
calculated and the continuous transition from one 
slope to ar.other determined. The true curve is 
bett~r approximat.ed by the dashed line on Fig. 4, 
but 1mprovement 1s noted only in the rerrion near 
points A and B. <> 

If all iron thicknesses are equal (BIA=BIB), 
the iron saturates co:.:npletely at point A; the ac
tual curve breaks from the infi:nite steel path, and 
follows ·a new path parallel to the air-core rela
tionship for all B greater than BIA. If only par
tial saturation occurs at A, the path from A to B 
r:J.ay be determined by means of a ratio of unsat
urated iron length to total iron length. Point B is 
located by proportioning by this same ratio the 
h~_rizont~~ distance between Nigap and a line par
a"lel to Nlair that passes through A. Above B the 
path becomes parallel to the air core line, since 
the iron has reached its full capacity and can car
ry no additional flux. As the program now stands, 
plotting the curves by hand provides time for some 
contemplation; however, in a quadrupole study a 
magnet cross section was drawn by the computer. 

The Niactual value obtained ~n this manner 
is then cycled through the main COMA program 
so that the coil power requirement can be calcu
lated. The power-supply and cooling-system 
c,apital costs and all the total operating costs are 
t:1en obtamed as a function of power. Thus each 
of these costs is based on the total ampere-turns, 
Niactual• value obtained in the EFFIC subroutine. 

Typical parameters for the 6-meter bubble 
cha=ber magnet illustrated in Fig. 3 are shown 
in Table I. The dimensions varied in the COMA 
program were coil width, a, and iron thickness, 
w. 

Table I. 6-Meter bubble chamber magnet. 

Dimensions 

R 0 = 140 in. 

s1 6 in. 

xi 106 in. 

W 2 , W 3= variable 

Copper resistivity 

Coil packing fraction 

b 94 in. 

s2 3 in. 

x2 12 in. 

a variable 

0.74 microhm-in. 

0.6 
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Capital Costs 

Copper coil 

Cooling sys::cm 

Po\ver supply 

Cooling system 

$ 2.50/lb 

$ 0.29/lb 

$57. 00/k..'\V 

$12.70/kVI 

$ G.OC700/k'i!:1 

$0.00i9--~/~,\-1lh 

On the basis of ~hese para;.YJ.cters, t~1e ~:·e

::- ~ts sho\vn on Fig. 5 give the t_otal cost o: i:he 
~gnet as a fuaction oi val'iO:.J.s coi.l \vidths for 
· :d s of 1 0 to 7 0 kG a:1d ar-1.. operating ti:~e o£ 

;) ,,000 hours. T}1e t\-vo cases sho\vn cor:side~c u:-1:.
lo.-l"m leg thickness CWz = w3 =50, and \V2=Vl3=200 
i1:chcs, re~pectivcly}. The :r.:..r:ge of coil 'vviclths 
"a" fron1 10 to 1i0 inches allows an O?-timurn coil 
C:..imension to be ob-:.:ai:1cd fo:r each nJ.agr~e-:ic field. 
Tl"le miniJ.J.1.um cost (at the optir:J.~m coil \vid.~h) is 
~hen plotted as a functiorJ. of ·B fo 1 .. e&c~'l iro::. thick
:J..ess (Fig. 6). Note that the c1 .. ossing; of the curves 
indicates a different optiml:..rn iron :hickness a.t 
each field. For exarr1ple, \vhe:.~e the 100-inch
tlJ.~.cl..:: yoke line crosses the no-ir-on magnet curve, 
there exists a~1 optimum ycke th~ckr1..ess some
where between C aad 100 ir:ches. ...·\:c fielcis arou:1.d 
20 kG, the optirr~ .. :·A: yoke ~hickr.2ss is less tl1.a..:::1 1..0 
inches and is s.:::. th·~-"i. ~"c may col:_c..pse; in this case 
it may be more econimicz..l to OTnit tl:e top anC. 
bot~om yokes altogether unless they are needed . 
ior- n"1agnetic shielcLi::g, \.v:-J.:ch is ano~he: .. p::obleL"l. 

... D,. COJ.T1..?lete study \vo~..:l..cl. i::::.cl'...1.de ;:;..C:.ditional 
cur-ves in which each cos-c pz...rc:..nJ.eter is va:::-ied to 
silo\v its :rela.".:ive effect on the to~al cost. Va:-ying 
the lifetime from 20,000 to 40,000 hours multiplied 
the total cost by a facto;.-- of 1. 5 to ~. 7, depending 
l.l:!JOn the rnagnetic fi~ld. For example, at B=60 
kG, the totu.l cost of a mas::et O?e::tatil~J.g ior40,0JO 
hours is 160o/o that of t~1e sar:1e rr1..agnet operatir1..g 
.for 20,000 hours. The effect of cl:anging t!:.e cz...p
ital-cost parameters is not as noticeable at high 
fields. IncJ..~.easing both the copper and i1~on costs 
14°/o incl~eases th~ tota.l cost by only 4 to 5o/o over 
the er1..tire ran_se of magne·dc fields and lifetimes 
from 20,000 to 80,000 hours. Or.ly at fielC.s less 
th2.n 20 kG is there a sig;nifican~ (up to 20o/o) effect 
du.~ to varying these capital cost :rates, since in 
this region the total capit<i.l cost is the significant 
portion of the total. Increasing the power-sw.pply
unit cost 22o/o causec a total cost i:-,crease of ap
prqximately 10o/o at high fields, anci became r:eg
ligible as the field decreased. P~f-cer an initial 
o:_::>ti~nization oi various coil and iJ. .. on di:nensions 
is made, and the sensitivity o£ each parameter on 
the total cost examined, an initial cost can be 
given for a particulo..r magr1..et as a £unction of the 
gap n:agnetic fielci. 

T·he ::V:P-GHYP Pro2-:ram 

T:1.e se::lectio:: of p2..l .. 2.J.n~tel~s 2.r..C. cost esti
~-,-,;:.tcs for an 8-BcV pxoton syncr.rot1·on alte~·na
tir-.6 gradient rDa:gnet syste1n were greatly aicied 

by the use of the Y;AGHYP Fortran Program. 

The AG magnet system studied has an ap
e:-tti.lre containing a.r.L elliptical vacuum chamber, 
si~own in Fig. 7. Beam dynamic parameters such 
as 'oetatro:1. oscillation amplitudes, closed-orbit 
C.eviation, and vacuum-tank-wall thickness are 
uscC:. to compute an elliptical-shaped vacuum tank 
surrounding the beam, which osculates with the 
l'lyperbolic pole tips of the magnet. Following 
:::-,is, t;'le gap height at the orbit and the ampere
~urns are computed. The width of the pole tip and 
the pole leg in the early runs__)were estimated by 
the computer, but later, when the magnet cross 
section was known, the pole-tip width became in
put data. A typical set of input data is shown on 
Table II and the output on Table III. 

The key expression in the magnet computa
tion is the determination of the coil width, m, 
(second column Table III) as a function of coil 
power, P (first column). A diagram showing the 
de1·ivation of the quadratic equation 

m
2 + [f(P)] m + f(P) = 0, 

f:..·oin which the coil width m is found, is shown on 
Fig. 8 and the symbols described on Table IV. 
7!-.is procedure of using a block diagram for illus
tra.ting tedious algebra was very helpful for re
call, and permits viewing the entire computation 
;::cone time. In Ref. 1 a more detailed descrip
tion is given of these and other expressions used 
to ootain the results shown in Table III. 

The optimization of t;·_e total capital plus 
operatio:1. cost (column 10, Table III) of the mag
net systern versus coil pow~r dissipation (column 
i) determines t:1e coil cross-sectional area and 
thus the core dimensions of the g:·adient magnet. 

Ti1e actual construction cost of the magnet 
will be C.etermined by present technical decisions 
and by :.:u-~ure construction costs. Tech.'lical 
C..ccisions such as the mechanical arrangement of 
::he coils a:-:d core, insulation system, and allow
ab1e flux density in the core are the most difficult. 
This type of decision"trades of£ 11 the initial capital 
costs against future reliability and minimum down 
ti:r:c:.e a:-,d is largely a matter of experience and 
judgment. As a guide, it is necessary to know the 
effects of parameter changes on cost. Some cost 
differentials found in the injector sy;."lchrotron 
j_--nagnet study were: 

Gap 
Pole wici.fn 
Mc..gnet e:f:i"icier~cy 
Vertical distance 

Capital 

1200 k$/in. a 
600 k$/in. 
100 k$ /o/o 

between coils 60 k$/in. 
Coil space facforb 7 0 k$ /in. 

a k$/in. rr-.eans thousands of dollars per 
b Space factor = coil copper area 

To~a.l.. 

HOO 
700 

inch. 

60 
70 

cut out in core lamination 
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R t; D : U S ~ !'-l C !-\ ~ S l ::.. 6 5 • 

------------~ ~~~~--------------~~~------------------------
~t;;·.·I3ER O~= i':;~G~\E•S 48.fJO 
h~Gf,1EaC :_::i·:G_i_ri I1\~CHES 152.~5"!. 

RE?ETIT:CN CYCLES PER SEC lR.OO 
0.97 

El ~~ 
.... t: '- ~ES:ST!VITY?OH~-INCH 0.000000740 

CC:~L--~A~S~?~E~C~T~R~A~I~T~10~7~~~'I~D~--i_H~/~H_T ______ ~l~•7B~l ____________________ _ 
CO:L PACKING FRACTION 0.33 

VERT CLEA~. BETWEEN COfLS,GA?S, 1.62 

~;~H:NE TOT~L LIFE HOURS 67500.00 
? C.: E -~ C 0 '- :_ ,_, ~~ S P E fZ :< \·! H R C• • Q 0 6 
CCi~ DGLL~RS ~tR LR 3.60 
CCRE DOL~ARS PER LB 1.00 ------------ ~-=~--------------~C~~---------------------
STORED t~cRGY OULLARS PER JOULE 1.16 
POWER SUPPLY DOLLARS PER KW 90.00 -------
r~DUCTOR +COIL ISQR /COIL ISQR 1.66 

?U:.? ?~:R DOLLht\S PER rU.JHR 0.00186 
~·i~ ~ ER 
I·U, T ER ------

CCDLING SYS $ PtR KW 
COST DOLLARS PER KWHR 

160.000 
.0000800 

SE~~ ~PERTURE PARAMETERS . - _...:.;o.. ________________________ _ 

RhC:AL CLCS~D O~BIT DEVIhTION1CM, 0.9600 
______ . __ P~~· g_:_f L : i\ 0 c C T I mj E R R 0 R ·; C 1·~ , 0 • 3 7 f) 0 

R~DI~L PHASE OSC A~PLITUDE1CM1 0.4ROO 
________ 13._~0 I t.. L ;., i ·,?:... i- U '\ C: T...::.I--=C'--· N.:..' -=--7 -=-8-=E_T_A..:...._·_';,_..:ci: -'N'-"~-r·_\ 1,___ ___ 6:c...::-." .::::2~9...:0...:0 ________ _ 

R~D~~:_ ~~PL FU~C;IONvBETA MAXvMi 17.3700 
R~J~~~ S~FETV FACTOR 1.2000 
VE :~TIc;:. L S E ·; 1-'-, =-T7.:;.-::0:-:-N-:-. -0=-_,-=-c: -=c~A-::.-=-; ?::-:-L-=-I~l~U-:, D~i:::=---v -:::C-:-1'-':-; 1-.--:-:-l_...:...-=L,.-::5~0~0::--------

VERTICA~ C~OSED ORB:T D~VIATION1CM 9 0.8600 
-----------~ -~------~~--~~~------------VERr:CAL INJECTION ERRORvCM, 0.1500 

VERT:CAL SAFETY FACTOR ---------------
VACUUM TANK WALL THICKNESSwiNCHES, 

-- f • ~' ........... ~ r·· .. 

0 .. 50 00 
0.4C•OO 



MAGNET GAP, INCHES 3.3972 

MAGNET PROFILE,INVERSE MeTERS 
~f LOSS, WATTS PER LB 
POLELEG WIDTH INCHES 
POLETIP WIDTH INCHES 

CDRE FLUX DENSITY,GAUSS 

4.4190 
0.14 
9.0000 

u.oooo 

1058Z.o3 

MAGNET GAP STORED ENERGY, JOULES 1169346 

Q~~_FUL FIELD ELLIPSE HAL~F~W~I~D~T~H~,~~-~N~C~H~E~S~----~2~·~74~4~1--------------------------------------· 
USEFUL FIELD ELLIPSE HALF HEIGHT,JNCHES 1.2101 
POLE-TANK INTERSECT HOR OIST FROM ORBIT IN 0.9197 
POLE-TANK INTERSECT VER DIST FROM ORBIT,IN 1.5397 

PWR M K WT CU WT FE CO CU CO FE CO TO PSCO CAP TOTAL CORE EDDY TOTAL 

~K~W--~I~N __________ _:L~B~S ____ ~LBS '''''''''''MILLIONS OF DOLLARS''''''''''' KW KW KW 

50 27.677 1.357 1679213 2762961 6.045 2.763 8.808 1.822 1l.J28 13.~99 378 2687 3114 
100 18.908 1.267 731580 2147060 2.634 2.147 4.781 1.590 6.621 8.012 293 1171 1564 
150 15.204 1.229 458789 1886903 1.652 1.887 3.539 1.527 5.248 6.264 258 734 1142 
zoe 13.048 1.201 331764 1735432 1.194 1.735 2.930 1.5o1 4.586 5.447 237 531 968 
250 11.598 1.192 258881 1633592 0.932 1.634 2.566 1.489 4.197 4.986 223 414 887 
300 10.539 1.181 211803 1559205 0.762 1.559 2.322 1.484 3.942 4.700 --~2~1~3~~3~3~9~~8~5~2 
350 9.722 1.172 178968 1501850 0.644 1.502 2.146 1.482 3.763 4.512 205 286 842 
~4~0~0--~9~-~0~6~8-71~-~1~6~6--~1~5~4~8~0~2-71~4~5~5~9~079--~0~.75~5~7--~1~.4~5~6~_2~-0~1~3~~1~.4~8~3~~3~-~6~3~2~~4~-~3~8~5~~1~9~9--~2~4~8~~8~7 
450 8.529 1.160 136294 1418051 0.491 1.418 1.909 1.485 3.53? 4.299 194 218 862 
500 8.075 1.155 121678 1386163 0.438 1.386 1.824 1.489 3.454 4.241 189 195 884 
550 7.686 1.151 109850 1358829 0.395 1.359 1.754 1.493 3.393 4.204 186 176 911 
600 7.347 1.148 100087 1335064 o.36o 1.335 1.695 1.497 3.343 4.1q2 182 160 943 
650 7.050 1.145 91895 1314155 0.331 1.314 1.645 1.502 3.304 4.172 180 147 977 
700 6.785 1.142 84926 1295574 0.306 1.296 1.601 1.508 3.271 4.172 177 136 1013 
750 6.548 1.140 78925 1278922 0.284 1.279 1.563 1.513 3.245 4.180 175 126 1051 
800 6.334 1.137 73706 1263886 0.265 1.264 1.529 1.519 3.223 4.193 173 118 1091 
850 6.140 1.135 69126 1250222 0.249 1.250 1.499 1.525 3.206 4.212 171 Ill 1131 
900 5.962 1.134 65076 1237734 0.234 1.238 1.472 1.532 3.191 4.235 169 104 1173 
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Table :v. Lis'" of syn;.bols fo::: Fig. 8 

:.'-:ote 

A 
c 

m 

" 
u 

vc 

.w 

p 

=< 

'N 

d 

£ 

p 

r 

v cu 
c 

1Y ... '\X 

3:V;AX 
:1 

w 

X 

n 
m 

Units 

in. 2 

inci1es 

inches 

% 
in. 3 

inc!'les 

inches 

lb 

C:ross-section area, two coils 

1v1agnet coil '\Vidth 

Coil height 

Coil aspect :.:-atio, widtt./hci:::;ht 

Coil, to-cz..l volu.rn.e 

Mea.:-.~. ler:gt~1 of one tu1.·::1 of coil 
in magnet 

Mag:-.. e·~ic radius o£ syr .. ch:::.~otron 

::iJin!ensio:1less r~·.::.o ~hat indi-
cc..~c<:; s the amour ... t of acidi tional 
col_)per j.·eqt:ired fo:- ~he coil 
cross-ove:::.·s at the encis of 
each Ll.agr1et u:r..i t. 1.<=2 / 2X 

T~tal \veight of mag:~.et coil 
copper 

lb/in.3 Coil conducto:.:, spcciiic weight 
(col)per, 0.302) 

o/o Co:l packing £rc..cl:ion 

kW Coil average power 

Coil, total electrical resistar.~.ce 

ohm inch Elect:rical r12sistivi~y 

tur:1s 

in. 
2 

. 3 
1n. 

o.rr ... ps 

gauss 

inches 

% 

inches 

inches 

inches 

Coil col-:..d1;.ctor, c:ross -sectional 

Coil. co;?pe~. total volur:-... e 

Ratio, Ir1115 /I1y: = ,J 3/3 

lv:c..xi:r.~.um magru:;·cic field in gap 

Magnet e:fiiciency, 

Niean len~.;~> .. of coil ~t:.rn in 
r&J.G.g.iJ.(:!~ u~J.it 

Magnet pole -tip v;iciilJ. 

Magnet unit le::gr.l:. 

The 8-BeV syn.ch:~otron m2.gnct system re
quires a very ur .. iforrr& ~agne·~ic iiel.j in d:e gap 
and. t\vO kinds of magnet ape::-..·';:ures (:focusing 0..:1d 
C:efocusing). The magnet coils are series con
nected and must track B(~) = :f(i) ve1·y closely. 
Thus the AG magnet cores opera~e well below 
saturation and the iron \.vcight is not minimized, 
whereas in the big bubble cha:rx:be:t.· inagnet pre
viot:.sly discussed, ~fle field uniior:-.tli::y \vas rela
-~ivcly Ui"limpo1·tant and the main consiG.eration v.as 
cost. Thereiore, the amoc;.nt of i1·oi1 was opti
rr.ized fo:o: the bubble chamber. The jc;.dgment, 

thcr1, as to what to optimize is very different for 
t::e.Se t\vo magnets. 

M..".GHYP also compares different kinds of 
coils. ':'he gradient magnet system was cost op
ti:;nized for coils having both solid and stranded 
COl'lductors. The capital cost of a magnet system 
l:aving stranded coils is slightly higher than the 
solid conducto:;· case because more coil space is 
neeG.ed fo:i..· stranded coils; thus a larger core is 
n(Oeded for this particular magnet, the difference 
in space factors between the stranded and solid 
cor.ductors is small because a 1-inch clearance 
a1·ound the coils is needed to keep the stray capac
itance low. The solid-conductor-magnet system 
has a higher capital-plus -operations cost because 
of the higher operating costs caused by the eddy
current losses in the coil. The cost difference in 
this pa1·ticular case is small and depends upon the 
act"..lal cost of the coils. There would be no differ
ence in rnagnet system total costs should the 
stranded conducto::: coils cost $1.30 per lb more 
to manufacture than the solid conductor coils. 

The cost-optirnization curve for the AG 
magnet i.s shown on Fig. 9. The dotted oval area 
al·ound the capital cost indicates the probable 
rar.ge of capital cost and power dissipation. Sev
el·al minimum total costs were determined by 
cha.n_:;ing the unit costs of the coil, core, power 
su9~)ly, and the cost of power in different combi
nations (Table V). Each minimum total cost has 
a co1·responding capital cost, and the locus of 
these points determ:.nes t!'le oval. The probable 
cost a:·ea is not sharply defined and the ±25o/o 
possible cost variation :::epresents (hopefully) ex
t:.;~me limits. 

The flatness of the "total cost" nea::: the 
minimum($ 200,000 within 200 kW) shows that 
t'"chnical and design decisions hav0 a small cost 
effect relative to the probable actual cost. The 
object then is to select parameters in such a way 
tl~at the total cost curve is shallow in the mini
mmn regioa as well as just being minimum. If 
bis condition is satisfied, parameter selections 
m.ade in the present will be just as desirable in 
tile iuture. 

• Since th~ actual unit costs are contingent 
upon futur:e economic conditions and are not 
known until the project is completed, the predic
ted rninirr.um cost can be realized only by ex
treme good luck. The magnet designer, then, is 
confounded by t.he fact that the magnet parameters 
that must be selected today are determined by 
prices tomorrow. 

Refc:::ences 

i. H. P. Herr.andez, Advanced Accelerator 
Booster Synchrotron Magnet, Parameter Study, 
June :1964, UCRL Engr. Note AC0303 M33gO, 
Aug. 12, 1964 (unpublished). 
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Unit cos'.:s 
Coil 
Co::t-2 
S*t:o~~cc. C::-l(;:cgy s·~o~·c:..sc .sys·.:e:t.o.J. 
?O\VCr Si..::.:)ply 
Po ..... ve~ cost 

Cap:tul cost 

lvii;:-... imu:;:r. .. to~c::.l cos-;; 

?:;..4 o'.J:..Cle 
vac-..:e 

- ("\ ..... 
:J. 1../V. 

:. .00 
l. ~ 9 

90 
O.CiOo 

u~\.'J svo 

' --o.v . .J 

i.25 
c. 7 s 

60 
c.ov~ 

1COO 

~~. 7 

5.9 

Lowest 
powe:: 

3.60 
v. 7 5 
L35 

-::..20 
0.008 

650 

~-9 

6.L~ 

Highest 
cost 
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~20 

0.008 

850 
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7.9 
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cost 
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...1.\..J\) 
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0.00~ 
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Figc.:re Captions 

Fig. 1. Magnet c::.·os s -s cctions that can be corr12uted by COMA. 

Fig. 2. Logic C:.iagram for the CO~v:t...:._ ~ort::.·an p::.·og::.·am. Given the gap 
parameters al1cl u:..1it costs, CO?v:.:C.. cstirnc.:tes the magnet dimensions, 
weights, pov.'er ar.d costs fo:;..· v<:c:;:ious :.:nagnet shapes. 

Fig. 3. Large bubOle cl1a~j.Oer r:---.~.a:.;r:.et. 

Fig. 4. Ampere turns vs. ga=) magnetic field saturation effect of iron yoke. 

Fig. 5 .. Total cost vs. coil width gap field. iO - 70 kg. 

Fig. 6. Total cost vs. gap :field optimum coil width. 

Fig. 7. Injector synchrotron. Gradient-Magnet cross section. 

Fig. 8. Diagram of algebraic stel)S for computing the magnet coil width, m. 
The expression is used in the Y.:...-\.GHYP fortran program. The diagram 
is very useful for recall and ex?oses the details of a problem for fast 
checking. 

Fig. 9. Injector synchrotron magnet system cost optimization. 

Table Captions 

Table II. Inpt:t data for an alternating gradient synchrotron magnet as 
printed by lv.~ .. .-\GHYP. 

Tabl<:: III. Output data for an alternating gradient synchrotron magnet as 
computed and printed by MAGHYP . 
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Type 5 
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I _r 
T EJ ~s,-[ljf>s, 
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Type 7 
BOX 
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lEJ EJ 
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Type 11 
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Pancake Coils 

Figure I 

Fig. 1 

Type 8 
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H ·MAGNET 
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Logic Diagram 

' 
/READ A "" k? 1. TYPE =o 

2. IOPl TYPE? ~ 
IOPl = o- NO 

(BEAM DYNAMICJ ;IO 

~READ "COST" CARD: READ "GENERAL" CARD 

1. CRCFE. 6.CROPS !.RHO 6.BO =o 
2·. CRCCU 7.CROWP r--- 2.DUTY 7.GRAD IOPl? 
3.CRCCS B.CROWR 3.PACK 8. RAD 
4.CRCSE 9.XLIFE 4. PROF 9.XLEN ;IO 
5.CRCPS 5. WALL lO.NMAGS 

SUB. BDYN READ "BEAM DYN~ CARD 
1. RB 7.ZB 

COMPUTE 2.RC s.zc 
vx, VY, 3.RI 9. ZII 

VPX, VPY. 4.Rs 10. zss 
5.RSS 11. BZ 

SUB. GAPP 6.BZM 

COMPUTE 
XT, YT, 
GAMMA, 

GAP, READ"GAP" 
CARD: f{1' XE, YE, COMPUTE 

1. Sl 4.S4 E = 
XH, YH, VPX & VPY 

2.S2 5.vx ,7,8 
WI, ENI 3. S3 6. VY r 9 

~READ "GAP" CARD: Yes 

1. Sl 4.S4 
2. S2 5. S5 
3.S3 6.S6 

/sus. RDVAR /SUB. FPRT 

READS CARDS PRINTS FIRST 
CONTAINING - PAGE OF 
VARIABLES WHICH OUTPUT. 
ARE TO BE CYCLED. 

SUB. CYCLE (CONTROLS PERMUTING OF CYCLING VARIABLES) 

t • SUB. COST (CONTROLS MOST OF THE COMPUTATIONS) 

: ' (SUB. VOLLEN SUB. VOLFE SUB. ENERGY 
/ COMPUTES 

1-
COMPUTES 

~ 
COMPUTES 

PRINTS COIL LENGTH IRON STORED 
RESULTS AND VOLUME VOLUME ENERGY 
OF EACH ·-

ETC.,..J CYCLE 
FINISHES COMPUTING COSTS, 

Figure 2 

MUB-7654 

Fig. 2 
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Gap Radius 

FIGURE 3 

LARGE BUBBLE CHAMBER MAGNET 

MU B-7634 

Fig. 3 
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N I actual 
Nlgap 

Gap 
M a g net i c..J.!::!..!~---+------'=;;1~

Field 

B. gauss 

Nl, Total Ampere Turns 

Figure 4 

Ampere Turns vs. Gap Magnetic Field 

Saturation Effect of Iron Yoke 

MUB-7635 

Fig. 4 
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Figure 5 

Total Cost vs. Coil Width 

Gap Field, 10-70kg 

8 = ?Okg 
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---------------- ----
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Fig. 5 
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Figure 6 

Total Cost vs. Gap Field 

Optimum Coil Width 
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Fig. 6 
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GAP-8-AMP TURNS 
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Fig. 9 
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Fig. 8 
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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 

B. 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 1n 
this report. 

As used in the above, "person acting on behalf 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 access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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