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Summarzry

The computer was a very effective aid in the
parameter optimization and preliminary cost es-
timates for the 200-3 eV Accelerator Study: the
8-BeV injector synchrotron gradient magnets
Collins quadrupoles, and bending magnets; and for
the 6-meter bubble chamber ma g et. Because the
narameter cost sensitivity was quickly available,
the time required to select the s y e"n pararmeters
was reduced, and mozre detailed cost estimates
were thus permitted.

The COMA
lined in this rcport can
basic magnet geometries, includin
box, "C,'" and "H" types.

Fortran Program briefly out-
be used to compute twelve’
g quadrupole,

For the b-meter spherical-bubble-chamber
magnet of conventional iron-copper arrangement,
the COMA Progre.m was used, with the subroutine
EXrriC added. N znetic fieids up to 7
studied, anda opiimumrm coil dimensions and core
thicknesses found. At 50 kG the capital plus op-
erational cost for an operating time of 20000
hours was 32-million dollars.

kG were

For the 8-BeV Injectcr Synchrotron Gradi-
ent Magnet System, the MAGHYP Program aided
in parameter selection and cost esti“naye. Cost
optimization showed that the parametier selections
can be made more accurately than future market
conditions can be predicted.

Introduction

he cvmu‘;: on of any new system usually in-
ases of concept, feasibility, devel-
dg.Slgn, construction, test, and opera-
tion. The magnitude of the system cost, whether
xre g_ogruzed or not, is decided during the concep-
t '] phase when the system is first described and
-. »rincipal parameters established. During this
chase, fast comprehensive cost estimates are
~~ied not only to indicate the magnitude of the
c..., but, more important, to determine the rel-
ative costis of different concepts that govern the
optimum choice. This paper is directed to some
computer programs used for this type of cost
estimate.

oﬂment,

TRbg e

The cost is, of course,
phases also, but to a lesser degree. Foilowing
the concept phase, design studies that satisfy the
basic parameters are made. Explicit specifica-
tions are developed and detailed considerct
siven to the ecornomics of construction, reliabil-~
During the "{rce-wheeling"
concept phase the cost might vary by decades; in

affected in the later

the design phase, 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
at the start of 2 problem. The influence of pa-
rameters on cos» can often be determined more
economically and usually more accurately by a
computer than by hand calculation.

The computer performs the routine com-
putations very quickly and its printing is legible,
but an important decision is how much detail to
include in the program. 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 anucApated. In contrast, an obsession
for a "complietely 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-
lified costi-estimating program, just as it is in
the use of any tool. Lhe parameter limits ini-
tially given to the computer may not provide an
optimum solution and the program will have to be
run acain When an optimum solution is found,
the compuied magnet geometry may be such that
the program aksumptlons 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 required to select acceptable cases and
observe trends.

L0

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. Ina
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 eifectively 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 sLudy the differential costs of the various com-
ponents to show how a change of one parameter
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affected the system costs. I wish to emphasize
that these are cost-estimating programs and not
design programs.

e of interest; aftera review oI the pa
design check was made witlhh a sepa
esign-type computer program (such as SIBYL)
not discussed in this 1‘epor~. This proccss was
epeated many times ui.il the technical aspects of
he design were within an optimal cost and prac-
ical range. The program was then used to de-
rmine the effect on the final cost of changing
rametiers or unit costs of the various compo-
wents. For example, it was p sible to cuickly
d the magnetic field of the €-3eV injector syn-
chrotron that gave tae minimum cost of the in-
jector synchrotron. It was also easy to compare
the cost of stranded and solid magnet-coil con-
ductors.

hese pPrograms were first usec to selec

BORS o o et
Y 8 o n
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o
-
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The COMA Prozram

The COMA p*o\"“a*n computes some of the
basic parameters of magnets and magn

The final step in these computations is
lation of costs and the tabulation of t‘nese costs as
a function of two, three, or four variables, set
initially by the user. This program enables a
user to determir: quickly what efiect each param-
eter has upon the cost of the sysiem, thus leading
to an optimum dosign from an economic view-
point. COMA is not a design program and does
not produce a technically eificient system, but it
does evaluate the system, as defined by the user
via input-data cards.

This evaluation is made under the assumpd-
tion that all costs are directly proportional to tne
variables with which they are associated. The
various cost rates used are not internally sup-
plied, but must be supplied by the user according

to his own experience.

COMA is cowr)risedof several subprograms,
cach serving a separate purpose. Wnere neces-
sary, each bLbOI‘O"I‘a"n provides its own brancnes
to accommodate all 12 differeat magnet types
handled by COCMA. One aubprogram, function
EFF (called by subroutine GAP?), shouid be al-
tered to suit each individual user. The purpose
of function EFF is to provide the magnetization
efficiency (gap A turns per total A turns). Clear-
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 FORTRAN list shows an ei-
ficiency of 90% 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 {irst four are
quadrupoles, the next five are box-type magnets,
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-
putations; details are beyond the scope of this re-
port. Subprogram BDYN cormputes an elliptical
beam aperture if the latter option is selected.
GAPP computes {a) the basic gap dimensions
periinent to the particular magnet type, (b)
ampere-turns, and (c) the coil window dimen-
sions. The iron volume is computed by funciion
VOLEFE; no provision is made for loose lamina-

tions. Suonroc'"*n VOLLEN computes the volurrre,

and the coi lcmnh from the length of the mean
turn., End effccts 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 extra
length needed for joints and connections.

The input data needed for a run are put on
iust a few cards. On the first three cards, which
*e common to all types of magnets, these data

o
¥

oo

e
re:
1. Magnet type and the option concerning

the gap dimensions,
2. Cost rates and magnet life in hours,
3. Basic physical parameters, constant for
the run.
The fourth and fifth cards depend upon the option
chosen and/or the magnet type. The fourth card
{i{ needed) contains the orbital deviations or the
the gap dimensions. The fifth card (if needed)
contains the six S's, shown in Fig. 1. There are
'two, three or four final cards, the number de-
nding upon the magnet type. These cards con-
taiu core-shape values which are used and per-
muted as the independent variables. As many as
nine {(and as few 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
large bubble-chamber magnet having circular
copper coils and rectangular iron legs for fields
up to 70 xG. The EFFIC subroutine was added to
COMA to give the approximate total ampere-turns
for these coils when the flux density in the return
paths is taken above saturation. Consideration of
saturated iron cores now enables cost data to be
obtained for higher magnetic fields with or with-
out saturated cores.

The program is in use on the cost study of
the copper-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 assumptions listed in the EFFIC sub-
routine as shown here are:
1. The magnetic field, B, is assumed

2

cornstant and uniform in the gap volume
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(although not necessarily a reguirement), and
varies linearly through the coil section (Figz. 3).
he uniform field Amol"es a coil arrangement that
ntains the ﬂagnet*c field ovexr the whole gap
ight, h. To satisfy this condition requires that
r" al distance between the coils be small,

mple, < 20% the field diameter and of th
1t.

[ -
o5 {-5 8 3
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The saturation limit of the iron is 20 kG.
The iron-yoke flux is unifiormly distrib-
uvied over its cross-sectional area, and no local
saturation occurs,

4, The efficiency of u e unsaturated magnet
is 100%, and changes abruptly at the saturation
Iimit of the iron. The limitations of this assump-
tion are discussed in greater detzil in the fol-
lowing paragraphs.

In addition, accommoddtion was made for
cases where the vertical leg thickness and the
horizontal yoke thicknesses are unequal. Under
such conditions one portion of the iron path mignt
saturate before another, owing to the difference
in iron cross-sectional areas. The method used
checks each cross section sepaxately for its sat-
uration limit.

The relationships between ampere-turns (NI)

nd field intensii; (B) in gauss are shown in Fig.
On this figur., the gap reluctznce in ampere-
turns is calculaied as NI = 2.02 Bh, whaere the
magnetic field, 3-gauss, and the gap height, h-
inches, are constant. This Nlgzp value is also
the total NI Leom ced {or this r:?aénet if it had a
lossless core {i.e., infinite iron in the flux-re-
turn path). Point A on thi resents the
saturation limit of the iron (BIA}, and is obtaired
from a ratio of saturated-leg cross-section area
to effective air-core area, with 20,000 G assumed
in the iron. If the leg cross sections are unequal,
one portion will saturate at BLA, and total satura-
tion will occur at BIB where

u
.
>

5
O
>-a
»ﬁ

BIB = 20,000 /Abg max cross-section area)

efiective air-core area

Above BIB, point B, the iron is completely sat-
urated. If all iron thicknesses are equzl, points
A and B coincide, and complete saturation occurs
above BIA.

At the other extreme, an air-return-path
(no iron) magnet is assumed. With the symbols
shown on Fig. 3 and the expressions for two sole-
noidal coils, NI ;. is calculated as

4.02(}3)(AC)
air K

where A, is the coil cross-sectional area, and K
is a function of the coil geometry:

K=

2 2
R2+'\/}~. +R2

-(X,)n¢
2 HLR +NX,2+R 2

These two values for ampere-turns, NI an and
Nigir, result in the two linear relations%;ps pass-
ing through the origin on Fig. 4. The Nlzctual Vs
B-curve for an iron-core magnet passing through
saturation will lie between these two extremes.
The reqm. red curve is assumed to follow the in-
finite iron relationship until the {irst saturation
occurs at point A. This is a result of assumption
4 above, in which the magnet efficiency is assumed
to remain at 100% until this point. In a more ac-
curate study, the efficiency at each B would be
calculated and the continuous transition from one
slope to another determined. The true curve is
better approximated by the dashed line on Fig

but improvement is noted only in the region near
points A and B.

if all iron thicknesses are equal (BIA=BIB),

 the iron saturates completely at point A; the ac-

tual curve breaks from the infinite 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
mavy be determined by means of a ratio of unsat-
urated iron length to total iron length. Point B is
located by proporiioning by this same ratio the
horizontal distance between Nlyyp and a line par-
allel to NI, ;, 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 zdditional flux. As the program now stands,
ploiting the curves by hand provides time for some
contemplation; however, in a quadrupole study a
magnet cross section was drawn by the computer.

The Nlzctual value obtained in 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
capital costs and all the total operating costs are
then obtained as a function of power. Thus each
of these costs is based on the total ampere-turns,
NI;ctuzls value obtained in the EFFIC subroutine.

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

Table I. 6-Meter bubble chamber magnet.

Dimensions
R, = 140 in. b = 94 in.
S, = 6 in. S, = 3in.
X,1 = 106 in. XZ = 12 in,
WZ’W3= variable ~a = variable
Copper resistivity = 0.74 microhm-in.

Coil packing fraction = 0.6

S ' - Page 3



$2.50/1b
iron core $0.29/1%
Power supply $57.060/ KW
r 1 o e f“.z’"» 1T
Cooling system $512.7G/ kW

Coerating Costs

Power supply 86.007C0/KWh
Cooling system $0.00iG</KWh

COn the basis of these parameters
= lts shown on Fig. 5 give the total cos
» .gnet as a function of various coil widihs for

2ds of 10 to 70 kG and an opg,ra.t‘mg fime of
2,000 hours. The two cases shown consider uni-
furm leg thickness (Wp = \” =50, and W2=W3=200
inches, respectively). ;ne range of coil widths
“al' from 40 to 110 inches allows an ortimum coil
dimension to be obtained for each magnetic field.
The minimum cost (at the optimum coil width) is
then plotted as a funciion oi B ior each iron thick-
ness {Fig. 6). Note that the crossing of the curves
indicates a diiferent opiimum iron thickness at
each field. For example, where the 100-inch-
thick yoke l ne crosses the no-iron magnet curve,
there exists an optimum yoke thickness some-
where between § and 100 inches. At fieids around
20 kG, the optim . yOx\e thickness is less than 10
inches and is sc¢ thia it may coliapse; in this ¢
it may be more econimical to omit the top and
boiiom yokes altogether unless they are needed |
for magnetic shielding, which is another pro

[

A complete stu
curves in which each cosd
how 1ts relative effect on the
he lifetime from 20,000 to 40,000 hours muxt*pl‘ed
he total cost by a fac o cf 1.5 to 4.7, depending

r?m
je

2R

upon the magnetic fiel For example, at B=50
kG, the total cost of a m‘gnet cperating for 40,000
hours is 160% that of the same magnet operaiing
for 20,000 hours. The efiect of changing the cap-
ital-cost parameters is not as notice ble at high
fields. Increasing both the copper and iron costis
14% increases the total cost by only 4 to 5% over
the entire range of magnetic fields and lifetimes
from 20,000 to 80,000 hours. Only at fieids less
than 20 kG is there a significant (up to 20%) effect
duz to varying these capital cost rates, since in
this region the total capital cost is the significant
portion of the total. Increasing the power-supply-
unit cost 22% caused a total cost increase of ap-
proximately 10% at high fields, and became neg-
ligible as the field decreased. After an initial
optimization of various coil and iron dimensions
is made, and the sensitivity of each parameter on
the total cost examined, an initial cost can be
given for a particular magnet as a function of the
zap magnetic field. :

P Proaram

The sclection of para ﬁeter
mctes for an §-BeV proton s ho
ting gradient magnet system were greatly aided

oy the use of the MAGHYP Fortran Program.

The AG magnet system studied has an ap-
containing an elliptical vacuum chamber,

y in Fig. 7. Beam dynamic parameters such
tatron oscillation amplitudes, closed-orbit
tion, and vacuum-tank-wall thickness are

to compute ah elliptical-shaped vacuum tank
ounding the beam, which osculates with the
bolic pole tips of the magnet. Following

the gap height at the orbit and the ampere-
re computed. The width of the pole tip and
ole leg in the early runs’were estimated by
e computer, but later, when the magnet cross
n was known, the pole-tip width became in-
data. A typical set of input data is shown on
I and the output on Table III.
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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
derivation of the quadratic equation

@+ [£(P)] m+ £(P) =0,

om which the coil width m is found, is shown on
Fig. 8 and the symbols described on Table 1V.
This procedure of using a block diagram for illus-
trating tedious algebra was very helpful for re-
call, and permits viewing the entire computation
at one time. In Ref. 1 a more detailed descrip-
tion is given of these and other expressions used

-

to obtain the results shown in Table III.

The optimization of the total capital plus
cperation cost (column 10, Table III) of the mag-
net system versus coil pow.r dissipation (column
1) determines the coil cross-sectional area and
thus the core dimensions of the gradient magnet.

e actual consiruction cost of the magnet
will be cetermined by present technical de\.lslons
and by iuiure construction costs. Technical
cecisions such as the mechanical arrangement of
the ccils and core, insulation system, and allow-
able flux density in the core are the most difficuit.
This type of decision'trades off" the initial capital
costs against future reliability and minimum down
time and is largely a matter of experience and
_,Lo"m(,nt. As a guide, it is necessary to know the
eifecis of parameter changes on cost. Some cost.
differentials found in the injector synchrotron
magnet study were:

Capital Total
Gap 1200 k$/in. & 1400
Pole width 600 k$/in, 760
Meagnet efficiency 100 k$/%
Vertical distance
between coils 60 k$/in. 60
Coil space facforb. 70 k$/in. 70

W

k$/in. means thousands of dollars per inch.

coil co
Space factor = pper area .

cut out in core lamination

o
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B GAUSS 71i9.

RAD I US 1185,

NUMS ER 7S 48,00
MAGNET L ZH ZACH'S 152.51
REPETITION LES PER SEC 18.00
MAGNET EFF 0.97

ELEC RESISTIVITY,OHM-INCH 0.000000740
COIL ASPECT RATVIG, WIDVH/HT 1.81

COIL PACWING FRACTION 0.33

COIL 200Y 20VER MaTTS PER L3 i 560C00
VERT CLEAR. BETWEEN COILS+GAPS, 1.62

COST PARAMEZTERS

FACHINE TOTAL LiFE HOURS 6750C.G0

PCUER DOLLARS PER XM HR £.006

CCIL DOLLARS PER LB 3.60

CCRE LOLLARS PER LB 1.00

STORED EMNERGY GULLARS PER JOULE 1.16

POWER SUPPLY DOLLARS PER KW 90,00

INDUCTOR .+ COIL ISQR /CCIL ISQR 1.66

WATER PUMP PWR DOLLARS PER KWHR  0.00186

WALER CCGLING SYS $ PER KW 160.000

WATER CCSY DOLLARS PER KWHR .0000800
SEaM APERTURE PARAMETERS

AADIAL ESTAVRCM CSC AMPLITUDE,CHM 1.3200

RAGIAL CLGSED ORBIT DEVIATION,CH, 0.5500

RADIAL INGECTIGN ERRGR,CH, 0.3700

RADILL PHASE 0OSC AMPLITUDE.CH, 0.4800

RAGIAL AMPL FUNCTION,BETA KiN,H, £.2500

RADILL AMFL FUNCTYICN,BETA MAXwMy 17.3700

RADILL SAFETY FACTOR 1.2000

VERTICAL SEVATAON 0SC ANMPLITUDEsClye 144500

VERTICAL C.OSED ORBIT DEVIATION,CMy, 0.8&00

VERT.CAL INJECTION ERRCRyCM, 0.1500

VERTICAL SAFETY FACTOR 0.5000

VACUUM TANK WALL THICKNESS, INCHES 0.4C00




MAGNET GAP, INCHES  3.3972

MAGNET PROFILE,INVERSE METERS 4.4190

CORE 1.OSS, WATTS PER LB 0.4

POLELEG WIDTH INCHES 9.0000

POLETIP WIDTH INCHES 11.0000

CORE _FLUX DENSITY,GAUSS 10582.03

MAGNET GAP STORED ENERGY, JOULES 1169346

USEFUL FIELD ELLIPSE HALF WIDTH, INCHES 2.7441
USEFUL FIELD ELLIPSE HALF HEIGHT, INCHES 1.2101

POLE-TANK INTERSECT HOR DIST 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 €O 7O  PSCO CAP  TOTAL CDRE EDDY TOTAL
KW IN LBS LBS treveserne MLl [ONS OF DOLLARS*®'srreenses gy KW KW
S0 27.677 1.357 1679213 2762961  6.045 2.763 8.808 1.822 11.128 13.899 378 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 6.264 258 134 1142

206 13.048 1,207 331764 1735432 1,194 1.735 2,930 1.501 4.586 5.447 237 531 968

250 11.598 1.192 2586881 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 4,700 213 339 852

350 9.722 1.172 178968 1501850  0.644 1.502 2.146 1.482 3.763 4.512 205 286 842

400 9.068 1,166 154802 1455909  0.557  1.456 2.013 1.483 3.632 4.385 199 248 847

450 84529 1.160 136294 1418051 0.491 1.418 1.909 1.485 3.532 4.299 194 218 862

500 B.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 4.204 186 176 011

600  7.347 1.148 100087 1335064  0.360 1.335  1.695 1.497 3.343 4.182 182 160 943

65C 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 0.28%4 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 4.212 171 111 1131

900 5,962 1.134 65076 1237734  0.234 1.238 1.472 1.532 3.191 4.235 169 104 1173

Table III

‘l



Table IV. List of symbols for Fig. 8

Note Units
A in. ¢ Cross-section area, two coils
c
m inches Magnet coil width
n inches Coil height
o To Coil aspect ratio, width/heig
. 2 .
VC in, ? Coil, toial volume
= inches Mean length of one turn of coil

inches Magne‘tic radius of synchrotron

X Din

O

sionless ratio that indi-
cates the amount of additional
copper required for the coil
cross-overs at the bnas of

each magnet unit. ’/2
W 1b Total weight of magnet coil
'Cprer
d lb/in.3 Coil conductor, specific weight
{copper, 0.302)
i % Coil packing fraction
P kW Coil average power
:RMS amps Magnet rms current
R ohms Coil, toial electirical resistance
r ohm inch Electrical resistivity
N turn Total number of turns in coil
1 3 2 'OVL B! an A P 3 -3
a in. Coil conductor, cross-sectional
area
3 N
ch in. Coil copper, total volume
T - 2
C natio, AI’I’DS/LI\/; ’\/J/S
I.\/EAX amps Magnet maximum current
BMAX gauss Meximum magnetic field in gap
o inches Magnet gap height .
NI
“ % Magnet eificiency, <=
“total
2 inches Mean length of coil turn in
maginetunit
W inches Magnet pole-tip widih
X inches Magnet unit length
T Number of maznets

he 8-BeV synchrotron magnet sysiem re-
uires a very uniform magnetic field in the gap
nd two kinds of magnet apertures ({ccusing and
efo\.ab.n") The magnet coils are series con-
nected and must track B(:) = (i) very closely.
Thus the AG magnet cores operate welil below
saturation and the iron weight is not minimized,
whereas in the big bubble chamber magnet pre-
viously discussed, itne {ield unifor:‘a:vy was rela-
tively unimportant and the main consicderation was
cost. Thereiore, the amount of iron was opti-
mized for the bubble chamber. The judgment,

¢ SJ v

3

as to what to optimize is very different for
iwo magnets.

S
v

v
[N e]
[
(¢}

b ef

e
o
T

MAGHYP also compares different kinds of
coils. The gradient magnet system was cost op-
tiimized for coils having both solid and stranded
conductors. The capital cost of a magnet system
having stranded coils is slightly higher than the
solid conductor case because more coil space is
needed for stranded coils; thus a larger core is
nceded for this particular magnet, the difference
in space factors between the stranded and solid
conductors is small because a 1-inch clearance

round 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 particular case is small and depends upon the
actual cost of the coil There would be no differ-
ence in magnet system total costs should the
stranded conductor coils cost $1.30 per 1b more
to manufacture than the solid conductor coils.,

The cost-optirnization curve for the AG
magnet is shown on Fig. 9. The dotted oval area
around the capital cost indicates the probable
range of capital cost and power dissipation. Sev-
eral minimum total costs were determined by
chanzing the unit costs of the coil, core, power
su_oply, and the cost of power in different combi-
nations (Table V). Each minimum total cost has
a corresponding capital cost, and the locus of
these points determines the oval. The probable
cost area is not sharply defined and the £25%
possible cost variation represents (hopefully) ex-
treme iimits.

The flainess of the '"total cost' near the
rainimuam ($200,000 within 200 kW) shows that
tcchx cal and design decisions have a small cost
effect relative to the probable actual cost. The
object then is to select parameters in such a way
that the total cost curve is shallow in the mini-
mum region as well as just being minimum. If
this condition is satisfied, parameter selections
made in the present will be just as desirable in
tne iuture.

Since the actual unit costs are contingent
» future economic conditions and are not

upon
known until the project is completed, the predic-
ted minimum cost can be realized only by ex-~

treme good luck. The magnet designer, then, is

confounded by the fact that the magnet parameters
that must be seclected today are determined by
prices tomorrow.

Reicrences

i, P. Hernandez, Advanced Accelerator
Booster Synchrotron Magnet, Parametexr Study,
June 4964, UCRL Engr, Note ACO303 M3390,

Aug. 12, 1964 (unpublished).
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Fisure Cavntions

Fig. 1. Magnet cross-sections that can be computed by COMA.

Fig. 2.

1 1

Fig. 3. Large bubble chamber magnetl.
4. Ampere turns vs. gap magnetic field saturation eifect of iron yoke.
Fig. 5.. Total cost vs. coil width gap field. 10 - 70 kg.

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

e

Fig. 7. Injector synchrotron. Gradient-Magnet cross section.
Fig. 8. Diagram of algebraic steps for computing the magnet coil width, m.

Q

[
- The expression is used in the MAGHYP fortran program. The diagram
is very useful for recall and exposes the details of a problem for fast
checking.

" Fig. 9. Injector synchrotiron magnet system cost optimization.

o

Table Captions

Table II. Input data for an alternating gradient synchrotron magnet as
printed by MAGHYP.

Tabile I1I. Output data ior an alternating gradient synchrotron magnet as
computed and printed by MAGHYZP.
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Type 2

QUADRUPOLE

QUADRUPOLE

QUADRUPOLE

Type 4

X T BOX MA T BOX MAGNET BOX
Type 5 BOX MAGNE Type 6 GNE Type 7 Type 8 OX MAGNET
5 5,
| '2 fz i2
s s s* s
‘I> DE ! } (s Dszs-m)
s,

Circular Coils

(ON—’N

Rectangular Cons

Saddle Coils

Circular Coils and Poles

BOX MAGNET
Type 9

Rectangular Coils and Poles

Type 10

C-MAGNET

Pancake Coils

| Type 11

H-MAGNET

H- MAGNET
Type 12

/
Pancake Coils

Saddle Coils

Figure 1

Fig, 1

MUB-7633
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Logic Diagram

READS CARDS
CONTAINING

VARIABLES WHICH
ARE TO BE CYCLED.

PRINTS FIRST

PAGE OF
QUTPUT.

1. TYPE =0
2. 10P1
Com = 0~ NO
BEAM DYNAMIC 70
[
READ "CORTT CARD: //’kEAD GENERAL® CARD
1.CRCFE.  6.CROPS 1.RHO 6.B0
2:CRCCU  7.CROWP 2.DUTY 7.GRAD
3.CRCCS  8.CROWR 3.PACK 8. RAD
4.CRCSE  9.XLIFE 4.PROF 9. XLEN
5. CRCPS 5.WALL  10.NMAGS
TFROTN /,RMD'BMMDYM CARD)
1.RB 7.28
COMPUTE 2. RC 8.2c
VX, vy, 3.RI 9.711
VPX, VPY. 4.Rs 10.2ss8
5.RSS  11.BZ
SUB. GAPP 5. BZM
COMPUTE
XT, YT,
GAMNA, e
GAP, / .
XE. YE COMPUTE CARD:
ihYE VPX & VPY 1.81 4.4
. YH, 2.82  5.vX
Wi, ENI 3,83 6. VY
( READ "GAP" CARD:
1.s1 4.84
- 2.82  5.85
3.83 6.6
SUB. RDVAR SUB. FPRT

SUB. CYCLE (CONTROLS PERMUTING OF CYCLING VARIABLES)

PRINTS
RESULTS
OF EACH
CYCLE

SUB. COST (CONTROLS MOST OF THE COMPUTATIONS)
UB. VOLLEN SUB. VOLFE SUB. ENERGY
COMPUTES COMPUTES COMPUTES
ICOIL LENGTH IRON STORED
AND VOLUME VOLUME ENERGY

—dr
——{FINISHES COMPUTING COSTS,

ETET]--J

Figure

2

Fig. 2

MUB-7654
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FIGURE 3
LARGE BUBBLE CHAMBER MAGNET

MUB-7634

Fig, 3
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Gap
Magnetic
Field

B, gauss

ENIA _ ENIB

NI, Total Ampere Turns

Figure 4

Ampere Turns vs. Gap Magnetic Field
Saturation Effect of lron Yoke

MUB-7635

Fig, 4
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Figure 5
Total Cost vs. Coil Width
Gap Field, 10—70kg

‘_‘

W=50"

10 kg

_ —  — W=200"

Operating Lifetime, 20,000 hrs
Gap Height, 218" Gap Dia, 280"

Il I L

1 1 1

30 50 70 90 110
Copper Coil Width, inches

MUB-7636
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Fig. 5
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Figure 6

Total Cost vs. Gap Field
Optimum Coil Width

604
iron leg =800"
100
50
10
504
Total
Cost )
$(x10°8) 100"-0" Crossover
40t
”_ Ou
304
20%
200
104
1007 Operating Life, 20,000hrs
50 "
18 Gap Height:218 Gap Dia: 280"
° y t + +
Y 20 40 60 80

Gap Magnetic Field, kg

MUB-7637

Fig. 6
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Fig, 7
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Capital cost

I J ] l | l | 1 1 |

400 800 1200 1600 2000
Magnet coil Power dissipation (kW)

Injector Synchrotron Magnet System
Cost Optimization
Figure 9

MUB-7655

Fig, 9
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

. mission,

A.

nor any person acting on behalf of the Commission:

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

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

\

As used in the above, '"person acting on 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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