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Summary

Magnetic field computations have been
performed for the three~inch circular aper-
ture doubler magnets in the warm iron geom-
etry. Locations for rectangular conductors
along circular arcs have been found such that,
in the absence of the construction errors,
the sextupole and decapole terms have been
removed from the dipole. For the guadrupole
suitable locations for the conductors have
been found that remove the duodecapole term.
Field quality, longitudinally integrated
fields, construction errors, forces, enerqgy
content, and eddy current heating under cycled
conditions will be discussed for a 45 kG di-
pole and a 20 kG/inch quadrupole.

Design Considerations

The possibilities inherent in circular
iron shields, elliptical iron shields, pancake
coils, offset circular shell coils, and cir-
cular shell coils have been examined using
complex variable methods.! Both the field in
the transverse section and the longitudinally
integrated field are calculated. For each
geometry a search mode is employed to improve
any one of several parameters specifying ini-
tial conductor locations. Thus, for circular
shells, the radial position, azimuthal posi-
tion, or azimuthal space between keystoned
conductors may be adjusted. For pancake
coils, the horizontal position or horizontal
space between rectangular conductors may be
varied. The end result of the search is a
set of conductor leocations that minimizes the
energy content within the reference radius of
all multipoles except the lowest. Although
the search procedure may be incorporated into
the longitudinally integrated fields, this
was not done because, for relatively long
magnets, the end effects are small and a few
runs suffice to obtain the desired quality.

Additional calculations provide the field
distribution and net flux entering the iron

shield, eddy currents induced in various ele-
ments, and the electromagnetic force distri-
bution in the conductors. Thus one may esti-

mate field modifications induced by iron
saturation, the iron cross section necessary
to reduce return flux saturation, and the
power loss in the bore tube liner, cryostat
walls, and heat shield. From the force cal-
culations realistic estimates are made of the
banding tension necessary to restrict con-
ductor movements anrnd the spring constant? for
the displacement of the coil package relative
to the iron.

An iron shield in the shape of an upright
ellinse has a reduced saturation effect on
the field distribution and yields a coil
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arrangement for high guality fields that re-
flects the confocal nature of the coordinate
system. Hence the usable aperture has even
higher eccentricity than the shield although
minimal net flux results. A horizontal aper-
ture sufficiently small to provide an economi«
advantage over the circular case requires
vertical injection and extraction. This im-
poses a considerable constraint on the ellip-
tical shield which, therefore, was abandoned
in favor of the circular shield. Having
chosen a circular shield, the concentric na-
ture of the coordinate system dictates that
for high quality fields the conductor arrange-
ment be circular. Field quality demands from
orbit considerations, extraction requirements,
and achievable construction tolerances set the
aperture diameter at about three inches.

Considerations that lead to a choice of
inner iron radius are as follow. In a ty-
pical cold iron design the shield is used
directly to hold the coil package in place.
Saturation effects on the magnetic field must
be counterbalanced with additional correction
windings. This design, however, makes maximun
use of the iron in producing field. If, on
the other hand, it is desired to have the
dipoles and quadrupoles track with an accuracy
sufficient to permit a single excitation cur-
rent throughout the magnet system, then, for
the coil package that yields a three inch aper
ture, the inner iron radius must be about four
inches. For this radius there is sufficient
space between the outside of the coil package
and the iron to insert a thermally insulating
support structure. Thus, the iron may remain
at room temperature, In this warm iron design
although there is no significant saturation
effect, more ampere-turns must be provided to
offset the diminished utilization of the iron.
We have opted for the warm iron design with
the attendant possibility of simplifying the
power distribution system.

For the most economical use of supercon-
ductor one may tailor the conductor size de~
prending on its location in the magnetic field.
Thus, in the dipole, two grades of multistrand
cable were used. For the inner two shells a
seven-strand cable of nominal size .15%0 in by
.075 in was chosen’® for which the effective
JB product is 80% qf short sample.“ In the
outer two shells an ll-strand cable of nominal
size .150 in by .050 in was used for which the
effective JIB product is 70% of short sample.

Having chosen the space allowed in the
dipole for conductors, banding, cryostats, and
supports, these general space allocations were
incorporated into the guadrupole for maximum
simplicity. These conditions and the desire
to obtain the highest gradient possible in
order to minimize longitudinal space alloca-
tion dictate an ungraded conductor design for
the quadrupole. Thus the ll-strand conductor



was chosen which operates with a JB product
at 63% of short sample."

The length of the iron shield relative to
the coil ends must be chosen. Calculations
using many segments of linear current elements
have been made’ and indicate that for dipoles,
in the absence of the iron shield, a field
enhancement of some 20% is expected in the
end region. Since the field enhancement by
the iron in the transverse section is 18% it
is desirable to terminate the iron somewhat
before the conductors are turned around. In
this manner there will be no significant field
enhancement in the ends. For the quadrupole,
since the maximum field is much less than
45 kG, the iron shield may be carried out
over the coil ends.

Finally, it is to be noted that in con-
structing both the dipoles and the gquadrupoles
the construction tolerance® on the location of
conductor shell radii and azimuthal position
of the shell is *.002 in.

Tables 1 -
ble 9 refers to

8 are self explanatory. Ta-
the longitudinally integrated
fields in which circular turn-around ends are
used, the turn centers being separated by the
length indicated. The entries T(N), S({N},

and R(N) refer to coefficients in a multipole
expansion of the longitudinally integrated
magnetic field. Successive terms give AB at
the reference radius for the dipole, sextupole,
decapole, etc. The contribution due to the
currents with no shield is T(N), the contribu-
tion from the iron shield is S(N), and R(N) is
the ratio T(N) + S(N) divided by T(l) + s(1).
Table 10 is a similar calculation in which

the contribution due to the ends is omitted
and the length set equal to one inch. The
median plane field in the transverse section
is given by BT. Columns BA, BS, and BN give
respectively the contribution in the absence
of the shield, the contribution due to the
shield, and the total field normalized to
unity at the origin. The entry DELR(N) is an
estimate® of the magnitude of the change in
R(N) induced by saturation effects in the

iron shield. Tables 11 ~ 12 provide similar
information relative to the gquadrupole, T(N)
etc. now stepping through guadrupole, duo-
decapole, etc.
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Bending Magnets
Performance Parameters

Table 1.

Field Strength 45 kG
Effective Field Length 240 in
Good Field Width 2.0 in
Field Quality (AB/B at 1 in Rad.) *.05%
Table 2. Design Data for
Bending Magnet
Conductor Current (45 kG) 2345 A

Conductor Size (no insulation)
Inner 2 shells
{(7-strand)
Outer 2 shells
(ll-strand) .152 in by (.050/.0432)in
Effective Current Density
(7-strand)
(ll-strand)

.152 in by (.075/.0636)1in

215 ka/in?
320 kA/in?

Total Number of Turns 228
Insulation Thickness(spiral wrap) .004 in
Inner Bore Tube Radius (304 SS) 1.125 in
Inner Bore Tube Wall Thickness .050 in
Inner Cryostat Radius (304 SS) 2.50 in
Inner Cryostat Wall Thickness .018 in
Outer Cryostat Radius (304 SsS) 2.625 in
Outer Cryostat Wall Thickness .018 in
Lamination Inner Radius(mild steel) 4.00 in
Lamination Thickness .0625 in
Outside Dimension of Iron 16 in ky 10 in
Total Length of Iron 234 in

Stored Energy and Losses
in Bending Magnet

Table 3.

Peak Stored Energy .54 MJ
Inductance .18 Hy
Repetition Period 60 sec
Eddy Current Losses
Bore Tube .13 W
Conductor Matrix 1.8 W
Inner Cryostat .22 W
Outer Cryostat .22 W
Heat Shield (2009K) L2 W
Lamination (warm) neg.
Hysteresis Losses
Superconductor 3.3 W
Lamination (warm) 3.5 W

Table 4. Forces and Critical
Fields in Bending Magnet

Central Field 45 kG
Maximum Field in Conductor

Inner 2 shells (7-strand) 47 kG

Outer 2 shells (ll-strand) 38 kG

Effective Radius of

Conductor shells 1.896 in

Traction at Effective Radius

Angle x-Traction y-Traction
(Deg) {1b/in?) (1b/in?)
0] 699 o
40 1521 ~1174
50 1623 -385
30 0 0
Displacement Force
(x-displ. = .010 in) 9.%1b/in
(y-displ. = .010 in) 9.91b/in



Table 5.

Focusing Magnet

Performance Parameters

Table 7.

Stored Energy and Losses

in Focusing Magnet

Gradient Strength 20.7 kG/in Peak Stored Energy 51 kJ
Effective Gradient Length 62 in Inductance .013 Hy
Good Field Width 2.0 in Repetition Period 60 sec
Gradient Quality Eddy Current Losses
(AB/xB' at 1 in Rad.) *.2% Bore Tube .002 W
° Conductor Matrix .20 W
Inner Cryostat .004 W
Outer Cryostat .004 W
Heat Shield (20°x) .003 W
Lamination (warm) neg.
Table 6. Design Data for Hysteresis Losses
Focusing Magnet Superconductor .56 W
Lamination (warm) .25 w
Conductor Current (20.7 kG/in) ‘2345 A Table 8. Forces and Critical Fields

Conductor Size in Focusing Magnet
{no insulation)

Effective Current Density

.152 in by (.050/.0432)in

320 kA/in2 Central Gradient 20.7 kG/in

Turns per Pole 51 Maximum Field in Superconductor 31 kG
Insulation Thickness .004 in Effective Radius of Superconductor 1.838 in
(spiral wrap) Traction at Effective Radius
Inner Bore Tube Radius{304 §§) 1.125 in Angle x~-Traction y-Traction
Inner Bore Tube Wall Thickness .050 in (Deg) (1b/in?) (1b/in?)
Inner Cryostat Radius (304 SS) 2.50 in
: . 0 136 0
Inner Cryostat Wall Thickness .018 in
. ) 20 612 ~1448
Outer Cryostat Radius (304 SS) 2.625 in 55 714 -1399
Outer Cryostat Wall Thickness .018 in 45 0 5
Lamination Inner Radius 4.00 in 65 ~1399 714
(mild steel)

) ; . : 70 ~1448 612
Lamination Thickness .0625 in 90 a 136
Outside Dimension of Iron 10.0 in Dia. . -

1 Length of Iron 66 in Displacement Force
fota (x-displ. = .010 in) 2.71b/in

(y-displ. = .010 in) 2.71b/in

Table 9. INreoRaTeo wLTIPOLE STRUCTURE OF G-SERIES GRAOED DOUBLER DIPOLE
OROER OF POLE = 1 CALCULATIONAL MODE = NUMBER QF LAYERS . .
RIGHEST MULTIPOLE QRDER = i9 CONOUCTOR CURRENTIA) 2 2345.0000 REFEREMCE RADIUS(INY = 1.8000
INMER IRON RADIUS(IN) = 4.0000 SIHPSONS RULE INTERVAL (DEG}I= 1.0006 HORIZONTAL INCREMENT (IN) = .1000
INSULATION THICKNESSIING x 0040
LAYER TURNS CURDEN THeFAS THETAF SPACER RINNER ROUTER LENGTH
(KALINZINY (0EGH (DEGY (INY (IN) (341} {IN}
1 29,00 215.531 L1267 8L.7456 00045 1.5000  1.86S0  234.0000
2 27.00  215.531 J1138 68,1899 L006027  1.6808  1.8650 235.04G0
1 30,00  320.522 20389 45,8796 00062  1,9450 2.1100 23a.3000
4 z8.00  32c.522 (3908 Y9.4065  -.006852  2.1250 2.2900 24d.0000
YULTIPOLE COEFFICIENTS
TN = 8.813E¢03 =-9.544E¢00 -2,327E¢00 ~1.054E000 <1,577E-01  5.659E~0L =2.392E-01  7.678E-02 ~5,920E-02 2.781£-02
SEN) = 2.0126003  6.692E400 ~5.565E~02 -1.269E~03  2.295E~06 2.709E-07 6.746E-10 ~B6.172E=11 ~6s6L0E=13 9. TGLE-15
R{NY = 1.000E+0C ~2.633E-L4 =2.204E-06 =~9.7833F-04 ~1.956E-05 5.2256~05 -2.209E~05 7.089E~06 ~5.466E-06 2.5686-06
XEINY IFIKG=IN} BAIKG-IN} BSIKG+IN} LL]
«004d0u 10033.13097 BRL8.06655 2012,08442 1.00000
219404 10882,2022¢ 2217.35086 2012.15i36 1.00039
#20003 10830.31240 8817.66038 2612.35202 + 39999
30060 10829.84728 3817.16102 2012.60627 99997
L4000 13829,57039 4016, 41666 2013,15373 99995
50000 10829, 15614 8815.35021 2013.7539) L 99991
+80300 10A248,30377 4813.81753 20146 .48624 «99983
»2000C 10526492608 4811.574%99 2015.399488 +33970
.30356 10826.58596 3808.24202 2016.38394 £99949
Lan3ae 16820,72729 4843425997 2017.46732 .99913
1.4908608 10814.56807 8795.84930 205i8,.71877 + 49856
1.10068 10805, 46826 8784.97138 2025.09668 +99763
1,208 16799, 92907 8769.32903 2021,60€064 99638
1. 12008 10225.77413 87T 56767 2023.22666 L 99452
1.60063 13744, G0066 #719,02652 2026.9741s .99225
1.50000 1671375822 7686.91535 2026.84087 L9892
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Table

10.

INTEGRATED MULTIPOLE STRUCTURE OF C-SERLES

GRADED 0DUBLER DIPOLE

ORQER OF POLE = 1 CALCULATIONAL MODE = NUWBER OF LAYERS
HIGHESY MULTLPOLL ORDER = 19 CONDUCTOR CURRENT(A) ® 2345.0000 REFERENCE RADILSCIN
INNER IRON RADIUS(IM = 4.0000 SIMPSONS RULE INTERVAL{DEG)S Ll.0008 HORIZONTAL INCREMENT
INSULATION THICKNESSUIND = 20350
LAYER  TURIINS CURDEN THETAS THETAF SPACER RINNER ROUTER LENGTH
147 INZIN) DEG) (DEG) (94, 1] [SL. 1) tINY (IND
L 29.00 215,531 L1267 3L.T456 00045 1.5330 1.6650 1.0400
2 27.00 215.531 .113a 68,1893 85027 1.5680C 18650 1.03C0
3 39,00 320.522 -0349 45,8796 =~ 00082 13450 2.41048 1.0300
LY 8.0 320.522 $ 34908 39,4065 206852 241250 242900 10300
HULTIPOLE COEFFICIENTS
TN 3.064E¢d1 ~2.8B1E-L2 1.709-0% ~4.335E+02 ~6.386E-04 2abbsE=D3  -=1.03iE-03 3. 364E-G4
SIN) 3.336E040 2,8L8E-02 ~2.287E-04 =-5.2208-0F 9.464E-09 1.133E-09 2a939E~12 ~2.544E-13
RAND = 1.000€¢L0 -9.64tE=(h ~1.2868E<06 ~9.639E-06 =9,750E-06 SskILE-D5 -2.226E-05 ToL79€-06
OELRINI = ToSTui-uk L.578E-0C5 SeI1TE-C7 2.6u2E-080 1. 280E-09 6e56TE~11 Jeu7iE~12 1.88LE~13
XCIND AT IKG-IN} BA(XG~IN} a5 {KG=IN) anN
L 0000C 4iea 98035 36 .66u67 8.33569 1.00000
» 30003 iy 38035 3654038 8.33597 1.00000
20000 44.98033 36.64352 3.33682 1.00008
23220 “laIBU2S 36.86206 8.33822 1.00€802
+»&020C W4s 30011 36,6330 8.36019 » 99999
»50006¢C “ee 97957 36.536435 8.30272 »39398
+6800¢C kea97847 36.63237 8.34580 299995
RO el 97506 36,62562 8,349 » 39988
PLRRIN ko 96382 36.61519 8.35363 « 39974
.9800¢C 44.95735 36459439 8.35836 « 39343
1430063 4493771 36.G7408 8.36364 « 39905
1,1836¢ 43, 95598 36453553 8.369404 + 99835
1.2000 44235731 36443153 B8.37578 9497128
1.3000C 44+ 730489 36.90425 6.38266 +9357)
1od0CL 44 HI3IBL J6.30131 8,334L00 + 99383
1.503G¢ 4253637 36.19549 8.33768 99142
MAX. FIELY ON I0ONIKG) = 15.6964 IRAN PERMEABILITY AT amaxFi= 232.637% FLUX IN IRON{KG~IN)

Table

11l.

DROKR OF POLZ = 2 CALCULATIONAL MOOE =
HIGHESY MULTIPOLE O20ER = 1A CONOUCTOR CURRENTIA) = 2365,0000
TNNSR [RIN RADIUSIING = 4.0000 SIMPIONS RULE INTERVAL(DEG)= L.0000
INSULATION THIGKNISSUINY = wuCa
LAYER  TURNS CUBDEN r4eTAS THETAF SPACER RINNER ROUTER LENGTH
[KAZIN/IND (JEG) (DEG) IN «INy (IN) 1IN
1 17.0C 320,522 L.ue82 36,1045 ~. 00164 1.5000 1.6650 59,0060
2 16,00 320.522 1.3003 2546932  -.00148 1.6800 1.8450 53,0300
3 11,00 120,522 1.3406 18,0238 -.00028 1.2659 2.4100 Steu2a0
& 9.00 320,522 1.0342 13,7738 =.00233 2.1250 2.23900 b2, 3200
MULYIPOLE COEFFICIENTS
TN} = 1.223E+03 ~5.575€=01  =2.927E¢0C L.270E-G1 =~B.742E-02
S NI = S49I0E+EL Se7abE~J] 2.561E-67 ~2.1626-10 ~1.063E-13
RIND = La30GE00  -&,3136-04 ~2.286E-03 .931E~05 ~4.488E-0S
XCINY CTIKG-INZIN) GA(KG~INZIND G5 (KG-INZTIN) GN
#L0UGY 1279, 25313 1223435889 55.89924 1.60000
#1046 1279, 25307 1223435583 55.89924 1.00300
«21960 1279, 25724 1223435799 55.89925 1.00000
»30903 1273.25347 1223,35418 55.89929 1.00000
20000 1273, 26209 1223.34270 55.83939 +93939
53004 12793, 21226 1223431264 55.83960 + 99996
+60002 1273.13772 1223.23774 55.89999 - 99991
$70033 1278,9534% 1223.05766 55.90062 99377
285002 1278456817 1222.64657 55.90160 39945
33663 1277.56136 122175934 55.90302 « 39875
1.39003 1275, 34891 1219.3463%1 55.,90580 +997 34
L.13300 1272, 31069 1216.43301 55.90768 + 39057
La2040C 1265,59915 1209,697986 55491119 +989332
L.33002 1252, Jbbll 1197.02%1 55491574 97941
1.42003 1224. 63732 1172, 71643 55.92139 «96043
1540498 1188, 21556 1126,287L3 55492843 +92254

Table 12.

INTEGRATED MULTIPOLE STRUCTURE OF G-SERIES UNGRADED DOUHBLER 2UADRUPOLE

NUMBER OF LAYERS
REFERENCE RADIUS(IN)

{IN) =

+24518E-04
~2.721E=45
*5.598€-06

1.03TE~4n

HORLZONTAL INCREMENTIIN) =

INTEGRATED MULTIPOLE STRUCTURE OF C-SERIES UNGRAUED JOJBLER QUADRUPOLE

QRQER OF POLE = 2 CALCULATTONAL “ODE z
MIGHEST MULTI®ILE ORDER = 18 CCNDUCTOR CURRENTLA) = 2365.3330
INNER IRON RADLUSH(INI = #.030G0 SIMPSONS RULE INTERVAL {0EGH= 1,323
INSULATION THICKNESS(ING = 202360
LAYER  TURNS CURDEN THETYAS THETAF SPACER RINMER ROUTER LENGTH
AKAZINZIND tDEG) {0EG) M 1IN (IN} [BL1]
1 17,09 320.%22 Lawies2 3v. 1045 ~a00164 1.5008 1.6650 145060
2 16,00 320.522 1.3003 25:6932 -+G0108 1,6800 18450 1.0000
3 11.24% 3z20.522 1.130% 18,5233 “s00028 1.93650 2.1100 1.3200
. 9.93 320.522 1.0382 13,1738 -«000809 201250 2.2900 L.Gd00
MHLTIPOLE COEFFICIENTS
Tx) = 1.379€+31 4.129E-08  ~6.FI2E-02 20240E=03 «9.584E~0t
SN} =z B.33%E-01 “.uB7E-09 =~3.3u8E-12 ~1.677E~15
RN} = 1.3038+50 ~2,317E~03 L.CAJE=06 ~4,638E-05
DELRINY = Ao LT AF-05 1.A85E-18 5.260E-13 1.538E-15
XtIND GTIKG-INZINY CAIXG-IN/IND GSAKG=INZINY OGN
L 88200 2J.08322 19.78988 489335 1.00602
» 18803 2u. 08322 13.78388 +893138 1.00000
$20L02 23. 58322 13.78388 39115 1.00037
.333c0 23.68322 19.73387 39335 1.00000
Pl G2 24.68320 13.78935 +89133% t.00000
<5326 23.568308 13.763963 «89315 + 99939
W B06 00 20,6264 13.78908 »89316 + 39998
«TRABC 23, 68053 13.78744 «89337 + 99987
PRI T 28.67535 13,7397 «89333 + 99962
«30C. 28. 06312 L9.76371 2833461 » 99903
1,800 20,6668 L3.76326 «8334k 299775
1410332 22.58327 13.68979 53343 99517
1.c¢238C 20.%7362 13458609 89358 » 99016
1.3%ai4 27.28103 13,3878 89361 + 38058
1567067 13.39468 13.00097 83371 96187
1450002 19. 11673 1%.22291 83382 292426
SAX. FIELD ON IR3N(KGH = 6.3576 IR0M PERMEAYLLITY AY BMAXFEz 667.6002
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MUMBER OF LAYERS
REFERENCE RACIUSUING
HORIZONTAL INCREMENT

FLUL IN IRON(XG-IN)

LIN}

*

“
1.8006
.1340

11956404
b BBE-LT
2.658E-Ch
$.801E-1b

67,7712

t.o00c
»4000

13
1.0000
«1ye0

Lo 4223
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MEDICAL USES OF ACCELERATORS

Editorial Comment

This session on the medical uses of accelerators was a panel discussion

composed of the following members:

Chairman: Edward Knapp

Los Alamos Scientific Laboratory

Los Alamos, New Mexico 87544

Bruce Cork

Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

Robert S. Heusinkveld
University of Arizona Medical Center
Tucson, Arizona :

Andrew Koehler
Harvard University
Cambridge, Massachusetts 02138

Peter Almond

M. D. Anderson Hospital & Tumor Institute

University of Texas
Houston, Texas 77025

Ronald Martin
Argonne National Laboratory
Argonne, I1linois 60439

Donald Young

Fermi National Accelerator Laboratory
P. 0. Box 500

Batavia, I11inois 60510

Only the remarks of Dr. Heusinkveld are available for these proceedings. For
those wishing further information on the contribution made by each panel member,
it is suggested that they be contacted directly at their laboratories.
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