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Magnet exciting coils which have been 
built at the Cambridge Electron Accelera- 
tor are described. The paper gives the 
indices used in designing the coils, and 
evaluates the properties of various types 
of insulation. 

The fields obtained in bending mag- 
nets and in quadrupole magnets have been 
measured, and the magnetic efficiencies of 
the flux circuits are recorded. Designs 
of some unique coils will be shown, which 
include the following: The exciting coils 
on the alternating gradient magnets of the 
accelerator, the coils on the choke that 
powers the accelerator, a bending magnet, 
a quadrupole magnet, and the large sole- 
noid coil on a spark chamber magnet. 

Exciting Coils on the CEA Machine 

One hundred and ninety six coils, 
each with two layers of stranded cable, 
are used to excite the alternating gradi- 
ent magnets of the Cambridge Electron 
Accelerator. The cable contains 91 strands 
of Formvar coated copper wire. Each strand 
has a bare diameter of 0.0523 inch, after 
Formvar coating a diameter of 0.0541 inch, 
and the 91 strands produce a cable with a 
maximum external diameter of 0.635 inch. 
Two parallel cables have a combined net 
copper cross-section of 0.39 square inch. 
The cables are cast in epoxy resin, with 
a 5/16 inch water cooled tube in the cen- 
tral portion of the coil. Power losses in 
the conductor will raise its temperature 
above the temperature of the surrounding 
resin. Heat flow from a linear foot of 
parallel cables to the encased water tube 
is through a resin barrier about 12 square 
inches in cross-section and l/l6 inch 
thick. 

After the coil was removed from the 
casting form, mica insulated glass tape, 
impregnated with partially cured epoxy 
resin, was hand wrapped around the outside 
of the coil to form the ground insulation. 
Each coil was baked a second time to fix 
the ground insulation, which was then 
tested by applying 10,000 volts rms, 60 
cycles, for a period of one minute. The 
coils are operated at a maximum potential 
of 4000 volts to ground. 

Pulsed coils often fail due to stress 
embrittlement of the copper. The Cambridge 
Electron Accelerator has been operating 
since August, 1962, and no stress embrit- 
tlement in the machine exciting coils has 
been observed. Only one coil has failed, 
and this failure occurred at a point where 
the ground insulation had been chafed by 
the steel of the magnet frame. The burned 
insulation was removed to inspect the coil 
windings, which are shown in Fig. 1. 

Choke Coils 

The coils are excited with current in 
the form of a biased sine wave at 60 cycles 
per second. At maximum excitation, about 
13 watts are dissipated in each linear foot 
of a pair of cables. If a heat transfer 
coefficient of 0.15 Btu/(hr)(ft2)(OF per ft) 
is assigned to epoxy resin, calculations 
indicate that there will be a 20°F tempera- 
ture differential between the exciting 
coils and the adjacent water cooling tube. 

The choke is shown in Fig. 2. Twelve 
choke core blocks of laminated steel are 
separated by 2-l/2 inch thick micarta spac- 
ers. At maximum excitation each of the 
spacers is compressed by a force of about 
100 tons, which generates 60 cycle vibra- 
tions. All coil supports which have been 
devised to date transmit some vibration to 
the coils. Of the twelve coils that were 
originally installed, six have failed. 

The coils were fabricated by the Na- 
tional Electric Coil Company. The cables 
and the water cooling tube, complete with - 

The coils form a girdle around a core 
block. Each girdle is made up of two 
secondary coils and one primary coil, cast 
into a single form to enhance the mechani- 
cal strength of the assembly. New coils 
were installed about nine months ago, with 
the thin primary winding cast in place bet- 
ween the heavier secondary windings. As 

glass insulating barriers, were wouna onto of this date, none of the new coils has 

June 

a steel form. The free ends of the elec- 
trical cable and the water cooling tube 
.were hard soldered to terminal blocks. A 
steel cap was then bolted onto the winding 
form to produce a vacuum tight coil form. 
Air was pumped from the top of the coil 
form, and epoxy resin was flowed into the 
bottom of the form until all crevices in 
the coil were filled with resin. The coil 
and coil form were then placed in an oven 
and cured at a temperature of 160'F for a 
period of three hours. 
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failed. Two core blocks, each with extra 
coils in place, are retained as spares. 
If a coil fails, it can be replaced with 
a spare in a period of about six hours. 

The choke conductor is solid rectan- 
gular cable with water cooling through a 
pierced hole in the center of the conduc- 
tor. The operating parameters of the mag- 
net and the choke coils at maximum excita- 
tion are recorded in Table I. 

Coils with Pierced Conductors 

All coils at the Cambridge Electron 
Accelerator, with the single exception of 
the machine exciting coils, are cooled by 
flowing water through a pierced hole in 
the central portion of the conductor. 
Observers have shown that the coefficient 
of heat transfer at a water-metal inter- 
face increases with the 0.8 power of the 
water velocity.1 With a water velocity 
5 feet per second through a tube of 3/8 
inch internal diameter, heat transfer at 
the water-metal interface will take place 
at a rate of about 1200 Btu/(hr)(ft2)('F). 

As an example of a typical conductor, 
consider a copper bar 5/8 inch square, 
with 3/8 inch diameter water hole. The 
conductor has a net cross-section of 0.281 
square inch. A linear foot of the conduc- 
tor has a wetted area of 0.0985 square 
feet and an electrical resistance of 
3.25 x lo-5 ohms at 50°C. The temperature 
gradient at the wetted surface is directly 
proportional to the heat generated in the 
conductor. At a current density of 2000 
amperes per square inch, the temperature 
gradient at the metal-water interface is 
0.3OF; at 20,000 amperes per square inch 
the temperature gradient is 30°F. Small 
coils, where total power consumption is of 
little interest, may well employ high cur- 
rent densities. In large apparatus, where 
power consumption is a matter of impor- 
tance, coils are operated at relatively 
low current densities. 

The design parameters of some of the 
magnets now in use at the Cambridge Elec- 
tron Accelerator are shown in Table II. 

Water Flow 

A typical "H" magnet is shown in Fig. 
3, and a quadrupole in Fig. 4. 

The velocity of water flow through a 
long tube can be calculated by the equa- 
tion: 

g*D*Ap 
v = 

v----- 
2-f. 

PL 
When the water velocity is of the order of 
5 feet per second, the flow will be turbu- 
lent, and the value of the friction factor, 
f, will not exceed 0.01.2 In the CEA labo- 
ratory, AP, the differential pressure bet- 
ween water inlet and water outlet is about 
160 psi. 

A multiplicity of parallel water pas- 
sages must be used to deliver a sufficient 
volume of cooling water to the larger mag- 
nets. The spark chamber magnet is shown 
in Fig. 5. Here each separate winding is 
made with four parallel strands of con- 
ductor, and a total of 22 windings com- 
prise the finished coil. Water flows 
through 88 parallel passages, each of 
which is electrically isolated by rubber 
hose connections at the terminals. Water 
flows through the spark chamber magnet at 
the rate of 120 gallons per minute. 

costs 

Pierced copper coils, both for bend- 
ing magnets and for quadrupole magnets, 
were purchased at unit costs in the price 
range of $2.00 to $2.50 per pound of cop- 
per. The 220 machine exciting coils were 
purchased at a unit cost of $1.75 per 
pound of stranded conductor. The unit 
cost of the choke coils, which are com- 
plex with high voltage insulation, was 
$3.50 per pound of conductor. 

Costs on steel magnet frames, inc- 
luding the material and fabrication, have 
been as low as 22# per pound for simple 
bending magnets and 324 per pound for 
quadrupole magnets. The laminated blocks 
that comprise the alternating gradient 
sectors on the machine were purchased at 
a unit cost of 41# per pound. 
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Fig. 1. Machine exciting ~013, FLg. 3. l%endi.ng magnet. 

Fig. 2. Choke. 

Fig. 5. Spark chamber magnet. 

Fi:. II. Quadrupo’!e magnet. 


