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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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ABSTRACT

This report covers the design and fabrication of a narrow septum

- magnet installed in the LRL Bevatron external proton beam resonant

extraction system. It describes the sizingvof the copper conductor, the

- testing of insulating materials, and the choice of metallized ceramic as

the structural insulator. Magnetic-field-induced stresses in the septum

are calculated for the conductor and insulator. The report also reviews

alternative designs and the reasons for their rejection. Fabrication of

rectangular conductor from round tubing is described. The procedure is
givén for the joining by vacuum brazing of the conductors and insulators.

Coil operating data are listed.
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" INTRODUCTI ON

Th1s bend1ng magnet is the fourth in a series 1nsta11ed in- the

Bevatron East Tange_nt Tank. The first and sec_on'd'magnets were » »'

vess-entiallyv identical C t)lrI.).es w1th a s‘eptum" a'pproximately_ 1 .in.‘r;'wide_._ ‘
- The vfirst magnet developed severe radiation_damage on the'seI‘)tujm;v and

:Was 'repl_aced. '_ The third, designevd as a def\_relonm‘ental re's o'nan_t.—e‘x—“

traction study magnet, 2 has a"‘pole-face gradient' coil, a ‘septum coil

for bending., and a tWO-turn bump coil. The septum cons1sts of 14 turns

-Aof 0. 255 -in. -square conductor, water - cooled and wrapped with 1nsu1ators

The totalseptum width is approx1mately 0.335 in., All c01ls are potted in
an alumina epoxy mix. The magnet was completed and installed in -May
1967, It is presently stored.

be31gn was started on the fourth magnet (”Mark 4'") in late summer -

' of 1968 The a1m was to reduce the septum to 3 mm W1de (0 12 in. ), and

3
‘use a more radlatlon—reslstant material to secure the conductors. To

it was dec1ded that metallized ceramic msulators brazed between th1n ‘ Y

conductors would be the solution. This magnet was installe‘d in the

B 'Bevatron in July 1969. This report covers the septum coi_i of the"-rnagnet.
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DESIGN

The coil consists of 14 turns of OFHC copper hollow conductor .

0.262X0.118 in. with a 0.035-in. wall. The straight section of the coil

is approximately 35 in. long by 4.3 in. high. The .unéupport_ed vé rtical
gap between gradient coils is approximately 3.4 in. Tl_ie top and bdtt:_.om

of the se.ptum are potted in grooves left for this purpose_evin the potfed
gradient céil. This is a fixed-e_nd beam de_sign,v and it reduces fhé

field -induced bending moment on thé coil below that on a simply .s'ygipported
bearh, ‘_ché'usual septum design. The peak magnetic _field Qf 3.22 kilogauéé
in the gapvprod_uces a uniform horizontal cbil 1oavd'ing”ovf 6}psi. :Th.i.s_.is an
i.’nsulatorAst_ress of 2410 psi, a copper stress of _2680 psi.

The_ rhefhod selected for providing structural support and insﬁlatio‘n
between ébhductors was to use metalli'zed 'cé_ramic st‘ripsvva.cuurri-vfﬁrr‘xace-
brazed to the copper conductor. The stripsb ;ré‘._0;12 in. wide X 0042 in,
thick X 1. 0 in. long. The change in length in going from brazing temperature
to room témperature for these materials is a-piaro:_cimately 0.0008 in. /i_n. ,
or 0.0004'in; for the length selected. .The 9.4%".alumina insﬁla,ltors” are
molybderium-manganese coated and nickel plated on two sides, : T]L’le' four
edges are free of coating. Strips of 0.002-in. —'thiék Cusil (72% Ag,

28% Cu) are used as brazing filler. The insulators are spi‘ead anng the

vconductoré with a 0.04-in. gap between ends. Published data gi{re 10 000

psi as the tensile strength of the bond between the ceramic and coppex_'. B
Our. tests verified this. |

The coil is designed with one-half turn per water circuit fc:).r' a
total of 28 circuits in parallel. Two water m_anifoids at each énd of the coil

are provided for cooling water. The water manifolds at one end are also
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us‘ed‘Afor current supply tc a_nd from the coil. _Suivtable‘b'us barsr'ahd.
conhectcrs are used to ,ca_rrSr current and to distr.ibute'vwater from the
manifolds to the coils from turn to tdrn.' R .‘
In‘.b__the development of the s_eptum many cthe-r ideas Were congvide red

cn pa.pe'r but not rls.ed. A few of them were: | | - |

.(a)g A.coi.l of tx&o turns instead of 14. Each turn ‘wo‘uld' be supported by -
means. of a T slct in the pole face and cantilevered in‘the gap : Thls
- would be a water-cooled unit made from strips of copper formmg tens1on
‘vand compress1on members separated by shear- carrymg spacers runnlng
the length of the coil. Assembly Would be by electron beam weldmg
: Another similar design would use a solid T-shaped bar wlth a water
: dhole at th'e‘base of the T slct; ' Seven times as much current-as usf'e'd in the

‘cvcil selected would have been required to power this magnet, " The plunglng‘

- 'system probe tube could not be rede31gned easily to carry th1s current

(b) A multiturn arched septum. The arch would be de31gned for m1n1mum
_ __bendlng.st_resses .1mposed by the magnetic f1e1d; The cvonductor would be
e;ctruded with a water hole and male and female' dovetails. On assembly
_the dovetalls would be insulated with small ceramic strlps used in com-
' .. .pressmn.-- Lack of field uniformity and low strength of the dqveta;_l are
‘probler'nsv in 'thivs design. | |

(c) Various ceramic cements to bond and ineulate the ccnduc_tor. -None
proved ‘satisfactory. | | |
| (d) Various thermal expansion joints. We managed to keep the: coil

temperatures low on the final design and did not look for a solutic’n for this.
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TESTING

The ‘ceramic- bonded insulator was tested in several ways to prove .

-the braz1ng systern as well as bond strengths and thermal stabllity. Many

' samples were made, con31st1ng of approx1mately eight pieces of conductor

1 1n- long, brazmg strips, and seven 1nsulators These assemblles .were
evaluated by mountmg on a sultably machined f1xture and sealmg the edges .

-with s,ponge rubber and sealant. Uniform load was apphed by evacuating

the sealed yolume by a vacuum pumping stystem. The vacuum ‘was :selected

, to prov1de a beam stress duplicating the des1gn load on the c01l Elect'ro'nic
t1rn1ng equipment and an electrlcally operated 'solenoid air valve were used

~ to give a: repetitlon rate of 80 cycles per minute The samples broke_ at

the JOlnt, usually near the span center. Failed units were then.subj_ected

: to a cantilever beam load to failure on each rema1n1ng good Jomt

Failure occurred at random at the bond across the ceramlc, or

across both bonds. The average‘ultimate bending stress was 9100 psl. .

From this testing we found that to get maximum—strength joints extreme

care should be tkake'n to cle‘an the pﬁarts,v machine the surfaces to be bonded,

‘and supply adequate contact pressure dur1ng braz1ng

Two samples were cycled without failure at 200% load for 100 cycles_

and 100% equ1valent design load for 5><106 cycles. At this pomt we felt we.

'._had a good technique. A 33-in. -long Sample' of three conductors and two rows

of insul_ators brazed together was dipped altefrnately in cold'and 180 o water,
and then.dipped in liquid nitrogen and hot water, with no apparent failure. |
Figure 1 shows a piece from this sample. . |

Horizontal deflection of septum coilviass_embled in-_the ‘magnet was
0.003 in. meashred’ on the :center line of the g_a_;'pﬂ“ atZOOO ‘A_'input_ current..

. 4
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FABRICATION
We formed the conductor from 0.25-in. o.d. X. 0. 035 -in. wall
OFHC copper tub1ng, since time d1d not allow 1nvest1gat1on and buylng of
nonstandard extruded conductor.v The formmg. was done by 1nterna11y |
_ pressur1z1ng 6-ft 1engths of dead soft tube to 200 psi (approx1mate) and
then shaped to the des1red rectangular section on a 15 ton press brake
SpeC1al tool1ng was des1gned and bu11t for the purpose _ Large hor1zontal
forces are developed in this operat1on and the toohng mus’trb.’e'v veryr1g1d
The sealed hydrauhc circuit was pressur1zed to 800 psi peak dur1ng forrn1ng
,Pressunzatmn of the tub1ng and control of the brake stroke were requ1red
to get flat surfaces and sharp corners on the conductor. Stroke adJustme’nts ',
‘had to b_e'rnade to 0.00'2 in. Even then, 0. 002 in. had to be mach1ned from
t.wo surfaces to assure'a flat and parallel bond1ng surface on the co‘pper
The corners were sharpened up by th1s procedure and thus the beam depth
.wast 1ncreased The tub1ng was then part1a11y bent at the ends and ultra— _
‘somcally cleaned
Figure 2 shows the conductor‘,‘ insulators, and" ﬁller mater1a1
R assernble'd in the t'ooling in the vacuum furnace. Figure 3 shows the cover
' 1nsta11ed Vacuum brazing temperature was approx1mate1y 800° C ‘Uneven
'.heat1ng and heat losses at the ends caused problems in bramng, and re--
peated runs were necessary to correct this. No damage was rncurred bsr
Ath1s repet1t1on The final overall joint-brazing efficiency was estlrnated
at 95% .- Cleaning Wi_th a Ydental isandblast unit was required after brazing
‘_to remove flashing and copper deposited on the insulators’. |
‘The next procedure was to bend the leads and solder the bus bars

to the two half coils, as shown in Fig. 4. The blocks for mount1ng the

thermal protection switches were hard-soldered at this time.

i
S
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The ix)at|er manifolds and a fiberglass i'nsulatof.betwee;; we ljé »
attached to the bus bars with epoxy bonding film. Figures.5 and 6 shov#z
this. T.h'is was ﬂot é.ﬁ ivdebavl solution but time di:d not permit fui‘thel" de-
\erlopment'b-v"vork. We are now investigating metalii_zed ceramic ins'ublator_s
for the ménifolds. | | | |

' 'F.v"_ig.ubr{e 7 shows the aséemblﬁy.of the coil to the a.lu‘xhina’ oxide

‘ epoXy—pb"cté:d'gradient ar;d trim coils. ;I_‘he completed magnet is -shown-
in Figs. 8 and 9. |

The entire magnet; with the exception of the metallized insulators,
- was produced in the LRL éhops. |

Septum Coil Data |

Conductor size 0.274X0.118X0.035-in wall

'N'urnbe'r of turns ‘ 14 | )

Field 3.22 kG peak

Current 1810 A dc

Maximum power - 134 kKW at 38°C te.fnp rise

Water flo:w : 13.4 gal/min é,t' 60 psi differential
e at magnet :

Hydraulic circuits 28 -

Gap 4.32 in. sfeel to steel

'Core construction ' IL.ow-carbon steel, sheet bondéd

layer to layer with epoxy film
and oven cured.

' This work done under the auspices of the U. S. Atomic

Energy Commission.
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- FIGURE CAPTIONS

-Fig. 1. -Typical conductor and insulator cros”s sect.ion.

_‘ Fig. 2. Coil installed in tooling.

F1g 3. .C.over installed on tooling.

Flg 4, Bus bars and manifold.

Fig. 5. | Cbrﬁpiefed coil. |

Fig. 6. Completed coil.

. 7. Assembly of septum coil to gradien.t' coil.

8. ’S_eptum coil ‘i-n‘magnet.

9. Completed magnet.
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Fig, 3
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Fig, 8
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Fig, 9
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, 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 informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, 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 Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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