
The Berkeley SS-Inch Cyclotron Magnet 

C.G.Dols 

I intend to cover a little more material than is indicated by the title; I will dis­
cus s some full- scale magnet problems, and describe some of our procedures and 
re suits. 

Magnet Optimization. The first three figures show results of an optimization study 
made by Richard Burleigh. He made a fortunate selection of initial parameters: 
3,000 amp/in.2 in the conductors and a return-path-area-to-core-area ratio of 1. 
On that basis he computed the magnet co st as a function of average flux density. 
As you see (Fig. 87), the optimum is fairly broad, and for the machine we were 
planning then, minimum cost corresponded to average flux density of 17 kilogauss. 
At that time we were planning to build a 50-Mev deuteron machine with a 6-in. gap. 
Both of these numbers have since been modified. The plan now is for a 60-Mev 
deuteron machine with a 7-in. minimum gap. Figure 88 shows magnet cost as a 
function of current density, and indicates that the choice of 3,000 amp/in.2 is good. 
Figure 89 shows the cost as a function of the ratio of return-path area to core cross 
section, ar.d justifies the original assumption of a 1:1 ratio. Although the computed 
cost is lower for less return-path iron, it is easy to justify the 1: 1 ratio for the 
advantages of lower stray field and rigid mechanical structure. 

Model Magnet. On the basis of the optimization studies, we proceeded with the 
construction of the return path, core, and coils of a rnodel (Fig. 90). The work up 

to this point had been yuided by the re­
ports of Dr. Stahelin ( ,2). While the600.------,----,...--------r-----, 
model was being built we made some 
"pre-model tests". These tests were .,
 - similar to those that Dr. King described 

II: 500 I----+----+----t-------j yesterday. We put pairs of rectangularc 
.oJ 
.oJ pieces of iron in a parallel magnet gap 
o and measured the flux density between 
a 

them. By the time we had completed400 I----+---+----+~y'______i... those tests we had a copy of P. F.o 
Smith's r epor-tl 3) of the Harwell stud­.,
 

a ies and found the agreement excellent. 
z 
c We then proceeded with confidence to 
(I) design the pole tip for the magnet. 
~ 

o 
% The model is 115 scale with a pole.!:. 200 ~_=-___1--~.----!-____;_;......-d~ .-::::'""___1......

diameter of 17.6 inches. The size was 
~ selected to allow space in the gap for 
(I) model trim coils and the polar coordi­o 1001-----+---+-----+----1o nate gear. The cost increases rapidly 
~ with size for scale factors less than 
(I) 

II: 115 and this model seems to balance 
... OL-­__....L I....-.__....l ­ __----' such factors as cost, fabrication time, 

14 16 20 22 and position resolution. This model 

AVERAGE (KILOGAUSS) cost about $6000 and the polar coordi­
nate gear shown about $2000. 

Fig. 87. Magnet cost.!! average field. 
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Magnetic Measurements. In Figure 91,
COST VS CURRENT DENSITY 
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Fig.	 88. Magnet cost.!! current density. 
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Fig. 89. Magnet cost vs amount of iron. 

Fig. 90. The Berkeley 1/5 scale of 
model. 

the top of the magnet has been removed 
and we are looking down on the lower 
tip which is covered by the polar co­
ordinate measuring gear. A lead 
screw moves a temperature-regulated 
bismuth resistor in the radial direc­
tion and a pawl-and-lever arrange­
ment moves the plate in increments 
which are multiples of one-half de­
gree. The bismuth resistor(4) is one 
that we have been using for several 
years. 

Figure 92 shows the bismuth re­
sistor element. Two solenoids of bis­
muth wire are wound in opposite di­
rections. The length is approximately 
l!8th irr., the diameter is about 90 
mils. The change in resistance of the 
bismuth is observed on a precision re­
sistance recorder which has a resolu­
tion of 0.001 ohm in a range of 0 to 
100 ohms. The output of the recorder 
is converted to digital form and the 
magnitude of resistance is punched 
into IBM cards, along with radial and 
azimuthal position number s , 

We started out. emphasizing 4­
sector geometry. Figure 93 shows our 
first choice of sector iron. Figure 94 
is a printout of raw data, showing ra­
dial positions, the resistance of the 
bismuth, azimuthal position, coding 
information, and the sequence num­
ber of the card. 

At present. a complete field map 
for orbit calculations consists of about 
1600 flux density number s from 40 ra­
dial positions at each of 40 azimuths 
(in a 1200 sector). In a good day of 
operation. the magnet group turns out 
one set. Joe Dorst, who is in charge 
of the group, told me that he has 
turned out as many as 2500 cards, that 
is, 2500 points in a day. Between the 
time that the raw data for one field 
map is on cards and the time than an 

error-free summary is complete, two days have elapsed. The elimination of er­
rors is a very important step and requir.es unusually careful work by the magnet 
group. 
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Fig. 91. Polar-coordinate probe­
positioning gear. 

Fig. 92. Probe heater and bisrnuth 
resistor. 

The su:m:mary sheet (Fig. 95) in­
cludes interrnediate nurnbers which 
are used for getting a flutter factor, 
(F2 + 1), radial position in I /l00 irr., 
azimuthal average flux density, and 
average flux density normalized to the 
value at 4 inches. The data used in 
orbit calculations are punched in IBM 
cards, one card for each point. 

Figure 96 is a representation of 
1720 points for one value of current 
in the model magnet. The flux density 
is given as a function of azimuthal po­
sition at each of 43 radial positions. 
At the even inches the lines are em­
phasized. The intent of this figure is 
not to show details but to show the pat­
tern formed by 1720 points. 

Radial Profile Shaping. Yesterday Dr. 
Allen showed curves of average radial 
profile for his magnet. Figure 97 has 
similarly shaped curves from the 88­
in. model magnet with an interesting 
difference. Dr. Allen's radial profiles 
developed a "pedestal", Le •• the field 
at the center increased faster than the 
field at larger radii when the magnet 
current was increased. The S8-in. 
model has a pedestal at low fields 
which decreases in prominence as 
magnet current is increased. 

The 8S-in. model magnet and the 
Illinois magnet have central iron con­
figurations at opposite extremes. The 
88-in. model has sectors almost all 
the way to the center. The Illinois 
magnet sectors terminate on a com­
paratively large flat disk at the center 
of the magnet. It would seem then that 
a compromise shape such as sectors 
(with beveled edges) tapering in height 
as the center is approached should 
minimize the change in average pro­
file between low and high fields and 
also preserve some flutter magnitude 
at small radii. 

The way we hope to convert this 
Fig. 93. Model four-sector spiral pole rather strange looking shape into a 

tip. suitable field is by the use of a 
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Fig. 96. Example of flux density as a function of azimuthal position. 

combination of holes in the iron and with circular trimming coils. We spent some 
time in the early stages of our program attempting to avoid trimming coils almost 
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Fig. 97. Four- sector geometry average 
radial profiles. 

entirely, at least to have no trimming 
coils to correct the radial profile. We 
hoped to do it with moving rods of iron. 
We found that it is quite difficult to 
compensate over even a small range 
with any reasonable configuration of 
iron and gaps. The forces on the rods. 
for example, make the mechanical 
problem quite difficult. At that time 
we were concerned about the reliability 
of trimming coils, expecting that they 
would become radioactive and be very 
difficult to repair. We tried to work 
out a plan using moving rods outside 
the vacuum away from the gap. We 
next played with the idea of circular 
coils, again outside the vacuum sys­
tem in a special plate, well away from 
the gap. At the time we tested rectan­
gular pieces of iron we also tested the 
effect of conductors below the iron sur­
face. While they gave a rather satis­
factory change in the magnitude of the 
flux d enarty, their maximum gradient 
effect -- in other words, their ability 
to twist the shape of the field directly 
above the conductor was less than half 
of what we had hoped for. We felt then 
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that we would be forced to use trim coils in the gap, and fortunately Dick Burleigh 
suggested a design which is generally accepted as being sufficiently reliable. I 
would like to ask Dick, who has some pieces of costume jewelry with him, to de­

scribe these trim coils. 

BURLEIGH: I do just happen to have a sample with me [laughter]. This is 
really not a new idea; in fact; it is a kind of cable that was invented in France, and it 
turns out it is the only kind of cable that the French will allow in the Louvre. It is a 
fireproof cable. What it consists of is a copper tube with a copper rod in the center 
and the rod is surrounded by magnesium oxide. It is rather interesting the way they 
make this. They start with a large pipe and large rod, pack in the powder, and then 
draw the whole thing. In fact, they can draw four conductors together and not have 
them touch. 

The scheme is to solder this mineral-insulated conductor (made by General 
Cable Corporation), to a 1/8 in. copper sheet which forms the base for the coil and 
also serves as r-f liner. Then to the same sheet we would also solder cooling tubes. 
This scheme is not exactly new. It was used on the Livermore machine, although I 
guess it didn't play double duty as also the r-f shield. 

While we are passing the hardware around there is also another little item on 
dees. I know this has nothing to do with the discus sion at the moment but I might 
as well disturb the group just once. This is a possible construction for a dee. The 
design is always squeezed in thickness. This is a scheme which involves manufac­
tured items, commercial materials, one of which is stainless steel clad with cop­
per and the other is a dimpled stainless steel sheet which is known as "All-Stresst." 
I sound a little commercial here. This is what we propose to do then: Say, we are 
talking about the top layer of the dee; we will have this copperclad stainless steel, 
of course, on top and then the sandwich composed of this dimpled layer of stainless 
steel with the other layer of stainless steel underneath, and these will be spotwelded 
together. You have to introduce the other layer of stainles s steel underneath the 
copper because you cannot spot-weld to copper very satisfactorily. At the same 
time we will also spot-weld on a strip of the same copper- stainless material to 
which has been soldered a cooling tube. Holes are provided on the underside of 
the lower sheet to serve the double purpose of pump-out and also as access to in­
sert the welding electrode. 

DOLS: Figure 98 is a photograph showing a model trimming coil assembly. 
The upper pole of the model and the polar coordinate gear have been removed to 
show the lower coils of a test assembly in position in the model. The test assembly 
includes two pairs of coils, one pair of 3 in. dia and the other about 15 inches. The 
effects of these coils have been studied by looking at changes in average radial pro­
files. For the range of currents we expect to use the effect of a trimming coil pair 
is linear with trimming coil current. For fixed trimming-coil current the change 
in radial profile at an average field of 8 kilogauss is about 150% of the effect at 17 
kilogauss. The magnitudes and shapes of the effects of the 3-in. and the IS-in. coils 
are almost identical except that the larger coil has an understandably larger effect 
on the over-all average flux density level. 

Figure 99 shows the lower pole of the model with a three- sector poletip as s errr­
bly in position. Note the separable sector parts in the central region and the bev­
eled edges. The removable center parts are convenient for developing shapes that 
reduce the magnitude of the "pedestal" problem. Beveled edges are effective in 
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Fig. 98. Model trimming coils. 

Fig. 99. Three-sector model pole tip. 

Fig. 100. Model pole tip showing valley 
surface voids. 

controlling changes in shape of average 
radial profile as field level ios varied. 

We intend to compensate changes 
in shape of the radial profiles with a 
combination of trim coils and voids. 
We have two kinds of voids. To get 
fairly sharp gradient effects we expect 
to use holes in the surface of the val­
leys as shown in Figure 100. An ex­
ample of the other kind of void is shown 
in Figure 101; the hills and the valley 
plate with the holes have been removed 
to expose a series of concentric rings 
which is the test fixture for measuring 
the effect of holes below the pole-tip 
surface. In this photograph the rings 
between 3 and 5-in. radius have been 
removed. The effect of removing these 
rings is to cause saturation in the in­
termediate radial positions and thus 
introduce a compensating negative 
pedestal which is intended to balance 
the central and the outside in the ra­
dial profile shape. 

Azimuthal Average Search Coil 
System. Our measuring program has 
separated into two patterns. We need 
data for orbit plotting and we also need 
data to develop the means for correct­
ing the average radial·profile. These 
requirements are more or less inde­
pendent. Originally we took 1600 points 
(sometimes about 500 points) to get an 
average radial profile. This is tedious. 
A device for obtaining average radial 
profile information with less work is 
almost ready to use. 

Reference 5 describes a syste:m 
for obtaining the azimuthal average of 
the flux density at a series of radial 
positions. Figure 102 shows the search 
coil asse:mbly for the system. The 
plate shown has about 50 concentric 
coils. Each coil is connected in oppo­
sition to an adjacent coil and each coil 
of the pair has exactly as :many turns 
as its :mate. A coil pair thus responds 
only to the change in flux density in the 
annulus between the coils. If the area 
of a coil pair is adjusted to be exactly 
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equal to the area of another coil par, and the coil pairs are connected in opposition 
the output of the combination is proportional to the incremental difference in tl;1e 
average radial profile between the corresponding radial positions i.e., between a 
reference and any other radius. The output of the coils is fed into an electronic 
integrator. The integrated voltage is measured with a self-balancing strip chart 
recorder. In order to get a reproducible change in flux density the magnet current 
is reversed. Bob Smith has constructed a device for quickly reversing the magnet 
current, and in about 15 seconds 99.99% of the final flux change has been completed. 
Figure 102 also shows the switch panel which permits selecting any coil as a ref­
erence and connecting any other coil in opposition to it. 

The coil pairs are standardized in effective area by adjusting the ten-turn po­
tentiometers shown in Figure 103. The calibrated dials permit rapid initial adjust­
ments. Figure 104 is a closeup of the search coil plate. Each coil (of 50 to 75 
turns) is wound on 24 insulated brass nails in the bakelite base. 

Effect of Magnet Coil Position. As 
the design of the 88-in. magnet devel­
oped it became possible to move the 
coils closer together. Figure 105 dis­
plays average radial profiles for 3­
sector geometry and the effect of mov­
ing the coils. The change from 25 in. 
between coils to 15 in. permitted a re­
duction in current and improved the 
shape of the radial profile. At low 
fields the two curves are almost iden­
tical. Figure 106 and 107 show how 
the two coil positions were modeled. 
In order to move the coils together, 
the probe positioning equipment was 
redesigned. 

Fig. 101. Model of sub-surface voids. In conclusion: We are quite confi­
dent that the present trimming coil and 
void design will compensate the ex­
pected changes in the radial profile. 
We have yet to complete a plan for con­
trolling first and second harmonics. 

BOYER: I would like to make one 
comment on the coils. We have a set 
of correcting coils which are insulated 
with a 10-mil layer of fiberglass and 
epoxy resin. These have been running 
three or four years now, something 
like that, and there has never been any 
trouble with them. They are in the 
vacuum tank behind the 1I8-in. copper 
liner. These coils lead up and down 
over the Thomas shims, and whence 

Fig. 102. Search coil plate and selector they cross over they are protected with 
panel. only a 20-mil copper layer; they 
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Fig. 103. Rear view of selector panel. 

Fig. 104. Close-up view of search coil 
plate. 

118 

certainly have been subjected to a great 
deal of radiation and so far no trouble 
of any kind has developed. I think it 
would indicate you can get by with more 
than you might at first suspect. 

POWELL: I'll make just one com­
ment on the use of mineral insulated 
cable. We are planning to use this ca­
ble, too, and we are thinking of going 
to a rather small diameter, about 0.050 
on the sheath. This means that the 
conductor is about 1/32 in. dia and we 
can run it at about 9 amps. The ad­
vantage of this is that we can easily 
bring our controls out to the control 
room on about 30 separate coils. Are 
you planning to use the size of cable 
you passed around or are you thinking 
about drawing it down to a smaller di­
ameter? 

BURLEIGH: The sample being 
passed around is not the size we plan 
to use; it is a smaller size. 

BOYER: Have you investigated the 
effect of leaving a thin air gap under­
neath the plate on this saturation in the 
center. We have observed that in run­
ning at from 2 to almost 19 kilogauss 
and there is very little change in this; 
the only difference I can see is that 
there is an air gap between the pole­
face and the tip which might tend to 
redistribute the flux again. 

DOLS: Unfortunately, I don't have 
a slide, but our test data is quite en­
couraging. After this session I can 
show you some curves that illustrate 
the effect of our deep hole. The effect 
is quite large and looks good. 

Dr. Powell's question reminded 
me of Konrad's papezI 6) on ion phase 
measurements in the Birmingham cy­
clotron which is significant in relation 
to the problem of adjusting trim coil 
currents. We have felt uneasy about 
the problems the operator will face 
when tuning the cyclotron, since chang­
ing the current in any trim coil changes 
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Fig. 105. Three-sector average radial profiles. 

Fig. 106. Front view of the model Fig. 107. Front view of the model mag­
magnet. net after reducing the coil separation. 

the lux throughout the gap. It has been suggested that this problem be handled by a 
computer program. Whenever an open loop procedure begins to look involved we 
electrical engineers try to apply a closed loop. In this case it would seem that a 
closed loop might include the operator who would look at a display of the difference 
of the phase of the ions and r-f phase. On the basis of Konrad's report it would 
seem to be possible to run a probe in and out along a radial line and pick up ion 
phase information. The phase could be displayed as a function of radius and the 
operator would have an "instantaneous" indication of the effect of a change in trim 
coils current at all radii. 
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KING: I would like to inquire about the minimum gap you can use to accommo­
date your positioning gear. 

DOLS: Well, we could operate in 1 inch, the problem being that the positioning 
gear must be almost entirely on one side of the midplane. The apparatus that Dr. 
Snowden described yesterday is much more economical of gap space. 
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