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ABSTRACT

MAGNETIC COIL DESIGN FOR A SUPERCONDUCTING

AIR-CORED 40-MEV CYCLOTRON

by Richard Berg

Recently discovered hard superconductors open the

possibility of constructing iron—free particle accelerators

of various types. Medium energy cyclotrons appear to be

particularly suited to initial application of the technique

since the field is fixed and the magnets are of moderate

size. As an aid in assessing the feasibility of such a

device the physical configuration of the coil network was

calculated. The resulting coils are appealingly simple.

In addition, in order to obtain an initial acquaintance

with pertinent technical problems. a small super—conducting

Nb-Zr solenoid was constructed and operated.
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INTRODUCTION

The conventional cyclotron, developed in the early

1930's by E. 0. Lawrence and associates, has significant

energy limitations due to conflicting requirements placed

on the magnetic field: 1) to achieve focusing, the field

must decrease with radius, and 2) for relativistic particles

to retain constant orbital angular velocities, the field must

increase with radius as the mass of the particle. Thus,

for the conventional cyclotron, the attainment of moderately

relativistic particles is impractical unless one modulates

the radio frequency dee voltage, as in the synchrocyclotron,

a process which severely limits the current output.

In 1938, L. H. Thomas demonstrated the practicability

of a fixed frequency relativistic cyclotron,l by showing that

one could obtain additional focusing through the introduction

of an azimuthally—varying field, thus eliminating the neces-

sity of the first of the above requirements. Cyclotrons of

this general type are usually called sector-focused, or

Fixed—FieldéAlternating-Gradient (FFAG), cyclotrons.

Due to a substantial increase in the design compli-

cation, no attempt was made to construct a sectored cyclotron



for over a decade.2 Nearly two decades elapsed before the

idea took full flower in the late 1950's with efforts under-

taken at a number of institutions to construct machines in

the medium energy range. At the present time there are

roughly half a dozen operating FFAG cyclotrons in the world,

and several others in various stages of design or construction.

Most of the new cyclotrons now under construction or design

are sectored, and plans to convert several other conventional

cyclotrons to the sectored type have been made.

Studies thus far have shown sectored cyclotrons to

have superior focusing properties, while at the same time

retaining the high output current of the conventional fixed-

frequency cyclotron. This is achieved while producing

relativistic particles not possible with the conventional

machine.

Nevertheless, many of the problems met with the conven—

tional cyclotron are still present in the sectored cyclotron.

The magnitude of the magnetic field is limited by the per—

meability of the iron, and the size of the pole tips is

limited in many cases by the amount of iron necessary and

its related cost. Further, the design of the pole tips is

quite involved due to the complicated behavior of iron in

high magnetic fields.

The phenomenon of superconductivity, whereby the



electrical resistance of a substance becomes identically

zero at temperatures near absolute zero, was discovered in

1911 by Heike Kamerlingh Onnes.4 Since that time, super—

conductivity has been discovered in many elements, compounds.

and alloys. Ensuing investigation has also disclosed that

for each superconducting substance there are critical values

of temperature, magnetic field, and current density, above

which the superconductivity ceases. These three critical

values are found to depend upon each other as well as upon

the type of material involved.

For many years most of the known superconducting

substances were in a class called "soft" superconductors,

characterized in general by physical softness, very low

critical temperatures, and low critical magnetic fields and

current densities. The current in a soft superconductor is

carried primarily in the thin shell at the surface of the

wire. More recently, a class of "hard" superconductors has

been discovered,5 being generally characterized by physical

hardness and brittleness, higher critical temperatures, and

extremely high critical magnetic fields and current densities.

In a hard superconductor the current is believed to be

transported by filaments which are evenly distributed through—

out the wire. The number of these filaments can be increased

by physically working the wire before it is cooled.



An example of the "hard" superconductors is the alloy

Niobium—25% Zirconium, which was used in the work described.

Its critical temperature is greater than 100K, and the critical

current density is more than 20,000 amperes per square

centimeter in fields of 50,000 gauss.6 Although it is very

hard, and tends to be brittle, it is quite workable if one

exercises a certain amount of care.

One significant outgrowth of the recent discovery and

investigation of the hard superconductors has been the in—

creasing ease with which very high magnetic fields may be

produced. Superconducting magnets have been suggested7 and

are commercially available8 for lasers, masers, Mfissbauer

experiments, and NMR experiments, and further consideration

suggests their adaptability to cyclotrons as well.

Such a cyclotron would have several advantages. Its

field would not be limited to the traditional 20 kilogauss

maximum of iron, but by the critical field of the super-

conducting substance used. The practical size limitations

could be relaxed since the weight of the machine would be

significantly reduced. Design procedure could be immensely

simplified; most of the design work could be done by compu-

tation alone, without recourse to model magnets, and without

the necessity of dealing with the peculiarities of odd-shaped

iron pole pieces. Even with refrigeration power included, the



total power consumption of the machine should decrease

significantly.

Of course, there are problems involved with this type

of machine also, the most significant of which seem to be

the cost of the superconducting material and the details

concerning the low temperature bath. It is likely, however,

that in the near future physicists will develop materials

which will become superconducting at substantially higher

temperatures, and, hopefully, that some day the art of

producing these superconducting materials will be advanced to

the point where they may be made less expensively. It is

quite probable that the reduction in power consumed by a

superconducting magnet system will more than compensate for

the additional cost of materials and cooling.

The objective of this work is to indicate the feasi-

bility of construcing such a superconducting magnet for a

medium energy cyclotron using Nb—25% Zr alloy. Thin wire

approximations are first used to calculate a workable field.

From this the cross—sectional area of wire bundles needed

to produce the field without exceeding the critical current

density is derived and a final network of coils developed.

The calculated orbits of particles in this field show stability

up to the various extraction energies, and the placement of



the resulting wire loops indicates a very convenient arrange—

ment of coils may be obtained.



UNITS AND DEFINITIONS

For this thesis, the usual right cylindrical polar

coordinate system is used, with the origin at the geometrical

center of the magnetic field. The axial reference plane is

the "median plane,' i.e., the plane of symmetry of the mag-

netic field. The magnetic field on the median plane is

strictly axial, and can be given by a Fourier series:

'=— + + . 9Bz(r,9) B (r) g (HnN (r) cos n N9 GnN (r) Sin n N )

where N is the number of sectors. For small values of Z,

the axial component of the magnetic field remains approxi—

mately constant, and the radial and azimuthal components

can be calculated by expanding the median plane field in a

Taylor series:

de (r,9)

or

a g 5132 (r,e)
B6 (r,9,Z) r 19

 

Br (r,9,Z) " Z

 

As a convenience in the numerical calculations, a

set of dimensionless, relativistic units well suited to

cyclotron work, called "cyclotron units,' is employed.9

Fundamental quantities are taken to be the rest mass m theol

speed of light c, and the charge q. If the angular frequency



'wrf of the radio-frequency accelerating voltage is arbitrarily

chosen, the magnetic field unit B0 is then given by

 

and the unit of time is then given by

T__l_
w

0 rf

The cyclotron length unit is then defined:

._2_

w

r

f

a =

All quantities are then given as ratios to the appropriate

cyclotron units: energies in units of the rest energy mocz,

momenta in units of moc, lengths in units of a, magnetic

field in units of Bo, frequencies in units of wrf’

For any energy, the.equilibrium orbit is defined as

the median plane orbit which returns to its original co-

ordinates in radial phase space (r,pr) after one sector.

Radial and axial betatron oscillations are the small

oscillatory deviations of the trajectory of the particle‘

about its equilibrium orbit. The small amplitude radial

and axial focusing frequencies are defined respectively as

the ratio of the radial and axial betatron oscillation

frequency to the particle angular frequency:



If particles of all energies have a constant rotation

period, the field is isochronous.



COMPUTER PROGRAMS

Several computer programs were used regularly through-

out the course of the work. A magnetic field routine was

written which calculates the field of an arbitrary series of

thin straight wire segments by evaluating the Biot-Savart

expression.10 Another routine calculates the off-axis

field of a circular turn of thin wire by evaluating the

elliptic integrals numerically with a rapidly converging

iteration.11 Most of the field fitting was done with a

least squares computer routine, which considers the coil.

data as the coefficients of a set of simultaneous linear

equations, and numerically calculates the best solutions.12

A Fourier series routine was used to make a harmonic analysis

of the flutter field.13 An equilibrium orbit program inte-

grates the equations of motion in the median plane to find

the radial phase space co-ordinates of the equilibrium

orbits at 9 = 00 as a function of energy.14 This program

also gives the average radius and orbital frequency of the

particle in this orbit and its small amplitude radial and

axial focusing frequencies. Isochronous average fields

were calculated in a two-part sequence: given a first

10
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approximation of the isochronous field, and the flutter

field, a second approximation was calculated; then, using

this field and the equilibrium orbits obtained in it, a more

refined approximation was made.15 Other programs were help-

ful in various phases of the numerical work.



DESIGN PROCEDURE

To design a set of coils producing fields capable of

giving the proper characteristics to an accelerating beam of

any of the desired particles, the following general proce-

dure was adopted. First, as indicated in detail below, an

ideal combination of flutter and average fields was found.

The ideal flutter was then matched with a proposed set of

flutter coils. For preliminary design, a fictitious particle

whose mass increase (and therefore whose increase in isochronous

average field) lay between that of the light and heavy

particles was chosen. The isochronous average field for the

proposed flutter field was calculated, and was then matched

by a group of chosen circular coils in a sequence of least

square fits. The coils chosen by this procedure could then

be used to produce an adequate field for any of the several

particles.

In developing an appropriate ideal combination of

flutter and average fields, three general requirements were

placed on the equilibrium orbits: l) the orbits must be

isochronous to one part per thousand, i.e., the phase slip

per turn cannot exceed this limit, 2) the axial focusing

12
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frequency Vz must be approximately equal to 0.2, within

about 25% tolerance, 3) the radial focusing frequence Vr

must be greater than one over the range of acceleration,

- passing through the Vr = l resonance at the extraction

energy. Further, Vr and V2 must remain approximately

constant until near the extraction energy in order that other

resonances do not occur.

Approximate relations may be obtained between the

equilibrium orbit parameters and the fields and their deriva-

tives.16 In the circular orbit approximation (i.e., field

increasing with radius, no azimuthal variation) the isochronous

average field is given by

B

B<r> = ° (1)

flfij— rZ/E2I

where B0 is the central field, r is the radius, and a is the

 

 

cyclotron length unit. First approximations of the axial and

radial focusing frequencies are given by the "smooth

. . "l7
apprOXimation :

2
v:- ,Z k+F (2)

v2 = 1 + k, (3)

r

for strictly radial sectors (no spiral).

Here k is the field index defined by

_ r d'E

k _ '3 dr (4)
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where E is the average field as a function of radius:

2w

'§(r) = B (r,9) d9. (5)
.1.

2w

F is the flutter function defined by

{Bing} - emf}
F(r) =

'§2(r)

(6)

Using the flutter field in the calculations, a more accurate

 

approximation for the isochronous average field i318

1 + 34—

2N2

(13> = B (7)
o 2 1/2 1 dF

(.1 5(r) ) ( l m [6F 2r (SJ)

where N is the number of sectors, and

<1+—§5), (8)

2N}

The equations for isochronous average field, Vr' and

6(r) =

W
I
H

Vz are coupled, with the result that specification. of

isochronism and either Vr or Vz essentially determines the

other. In the present case it was desired to obtain an

isochronous field with VZ = 0.2 i 25%, as specified above.

To find the ideal field to produce such orbit characteristics

an iteration process was used. A first approximation of the

isochronous average field was calculated from equation (1).

Using this, the flutter needed to give Vz = 0.2 was
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calculated by equation (2), and this in turn used in

equation (7) to find a better isochronous average field.

Equations (2) and (7) were then used in succession to obtain

a combination of average and flutter fields in which the

parameters of the equilibrium orbits converged to the desired

values. The smooth approximation (B) and the resulting <B>

and flutter after the iteration converged are shown in

Figure l as a function of radius. Table 1 shows the properties

of typical equilibrium orbits in such an ideal field obtained

from the computer. The values of the functions listed are

observed to fall within the specifications which were given.

Since the circular coils produce no azimuthal

variation, the design problem is simplified if the sector

coils are first designed such as to produce the desired

flutter as nearly as possible. With this flutter field, the

appropriate isochronous average field can then be produced

by a set of circular coils.

Since the desired coil design was to be such as to

render the cyclotron capable of accelerating several types

of ions, preliminary design of the coils was carried through

using the fictitious particle previously referred to; the

relativistic mass increase of this particle and hence the

rate of increase of the average field, lies midway between

that of the proton and the heavy ions. After carrying through
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Table l. Equilibrium orbits in an isochronous, Vz =

0.2 field produced by iteration of equations

(2) and (7).

00000000000 10 HEX RK +0050000000 +9382300

E R AV PHASE R PR NU R NU Z

+00800 +12930460 -00007913 +13443274 -00000002 +10286198 +02025789

+01600 +18158790 -00014680 +18944398 -00000002 +10443215 +019l7013

+02400 +22086321 —00021697 +23113818 -00000003 +10603742 +01800503

+03200 +25328620 —00030027 +26582430 -00000003 +10765883 +01691049

+04000 +28126200 -0003999l +29595821 -00000003 +10938329 +01506979
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the preliminary design, a set of coils resulted which could

readily be programmed for fields with slightly lower or

slightly higher average field gradient.

A symmetric kite-shaped turn as shown in Figure 2

was chosen for the sector coil. The total flutter field is

produced by six of these turns, three at 1200 spacing above

the median plane, and three in a mirror image below the

median plane. The cyclotron magnetic field thus consisted

of three strictly radial sectors. The dimensions indicated

in Figure 2 are in cyclotron units, a particle at the extraction

energy having an average radius of approximately 0.20, in

these units.

The field of a flutter coil was calculated at a

polar grid of points on the median plane, using 48 angle

values at each radius, and a radial spacing of 0.005 cyclo-

tron units, which yields forty radius values at which the

field is stored out to the extraction radius. Having the

field of a single coil, the total symmetric flutter field of

the six coils was synthesized.

Choosing 9 = 00 at the center of one of the loops

as in Figure 2, a Fourier analysis of the field at each

radius was performed, and the field expressed in the form

- 3 / I
B(r,9) = §(r) + 2 H (r) cos 3nd + G (r) sin 3ne .

n=l \ 3n 3n /



 

 

  
 

 

I 60. 60. o.ns47o

90° 90°

0.230940

I

0.200000

30° 30°

1

°°°°' MACHINE

CENTER 2 = 0.042500

DIMENSIONS IN CYCLOTRON UNITS

Fig. 2: Geometry of the flutter coils.
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The shape of an equilibrium orbit in such a

magnetic field is given to first order by the expression

f

_ n(r)

r(0) — r0 1 + % 37::— cos n0

when the field is expressed in the form

B(r,9) = B l + 2f (r) cos n0

0 n
n

Because of the symmetries chosen, only the cosine components

of order 3n appear in the expansion. The amplitude of

each successive harmonic was found to be down by more than

an order of magnitude from the preceding one. Since the

effect of the n212 harmonic on the shape of the trajectory

goes roughly as(;§?I), only the third harmonic was retained

for use in the equilibrium orbit code. The sector coil

flutter is then given by

2

H3 (r)

F(r; 21372”).

The sector coil current was adjusted such that this flutter

matched as nearly as possible the ideal flutter. The

resulting flutter is plotted in Figure 3 with the ideal

flutter as a function of radius. With this flutter field,

the isochronous average field and equilibrium orbits were

calculated. The resulting isochronous average field is

shown in Figure 4, and the equilibrium orbit properties
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summarized in Table 2, for the combination of the flutter

coil and its ideal isochronous average field. The results

indicate that such a flutter field produced by the chosen

coil set is an acceptable choice.

The isochronous average field minus the average field

of the flutter coils must be produced by a group of circular

coils: this field is shown in Figure 5. The average field

must be isochronous only to the extraction radius: beyond

this it may fall with radius. This also, by equation (3).

insures that the Vr = 1 resonance occurs at the extraction

energy. Therefore, the ideal average field was matched out

to this radius (40 Ar steps) and allowed to faIl off normally

after this point.

In order to avoid inefficient current arrangements

(neighboring coils carrying large oppositely-directed currents)

which often result from least square computations, the

matching of the ideal field was accomplished in three steps.

The shape of the ideal average field of the circular coils.

shown in Figure 5, suggests that it may be matched most

.efficiently for a first approximation by two main coils.

A pair of turns which matched this most closely with a

least squares fit was found: the resulting matched field and

. residue are also shown in Figure 5. The resulting error with

this fit is less than 5% of the original field.



24

 

 

Table 2. Equilibrium orbits in the field composed of the

flutter field of Figure 3 and its ideal isochronous

average field.

1000010000 +187549600 10 HEX RK STEPS +00500000 =R INC.

E R AV PHASE R PR NU R NU Z

+000100 +032632 +000006 +033025 +000000 +100522 +010137 1N 01

+000200 +046098 +000001 +04709l —000000 +101287 +016l42 lJ 01

+000400 +065062 +000000 +067136 -000000 +102174 +020952 lN 01

+000600 +079562 ~000000 +082494 ~000000 +102550 +022539 1N Ol

+000800 +09l756 -000001 +095384 -000000 +102732 +023064 1L 01

+001200 +112149 —000000 +116866 -000000 +102937 +022978 l— 00

+001600 +129269 -000001 +134837 -000000 +103116 +022340 1N 00

+002000 +144286 -000004 +150563 —000000 +103275 +021375 1N 00

+002400 +157805 —000019 +164669 —000000 +103291 +019818 1N 00

+002800 +170195 —000064 +177469 —000000 +102959~+017l49 lN 00

+003200 +181724 —000088 +189087 —000000 +102007 +016201 1N 00

+003600 +192615 +00006l +199533 —000000 +101164 +024936 1N 00

+003800 +197850 +000134 +204301 -000000 +101413 +03l747 lJ 00

+003900 +2004ll +000143 +206574 —000000 +101700 +035209 1N 00

+004000 +202935 +000129 +208778 —000000 +102125 +038165 l— 00

+004200 +207874 +000071 +213008 -000000 +102974 +042950 1N 01
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The shape of the residual field suggests that it may

most readily be produced by a small turn near the center and

a pair of larger coils, closely spaced with opposing currents.

A triplet of coils which most nearly matched the desired

'curve was found, and the resulting fit and residue plotted

in Figure 6. It was found that this fit reduces the error

by approximately an order of magnitude, while requiring

currents down more than an order of magnitude from the

currents in the main coils.

The equilibrium orbits in the resulting field were

found, and the Vr = l resonance observed to occur early,

which would result in an energy loss in the extracted beam.

Therefore, the field was altered slightly by increasing

the current in one of the secondary coils to postpone the

resonance until the desired extraction energy.

Equilibrium orbits were then found in the corrected

field. The phase of an accelerating particle is given by19

E

w

2? _ rf

ETTET dB

0

' ¢ = ' ¢ + —

Sln (E) Sln o V

o

where in this case ¢o = 00, V is the voltage gain per

revolution, and wrf is the angular frequency of the r.f.
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accelerating voltage. The results of this calculation are

indicated in Figure 7 for a voltage gain per turn of 280

kilovolts. By scaling the field values and the cyclotron

unit by a small amount, the phase can be minimized; here the

phase at 40 Mev, the extraction energy, was set approximately

equal to zero. The results of the scaling are also shown

in Figure 7. This was found to be an acceptable basic

field, the resonance appearing at the cornact energy and the

phase not becoming excessive as the particle accelerates up

through the extraction energy.

Finally, this field was corrected to give the desired

phase limits by a carefully selected set of trimming coils.

The final error in the ideal—matched fields was less than

0.02%, and the curnants in the trimming coils were found to

be down approximately one order of magnitude from the currents

in the secondary coils.

A set of equilibrium orbits was found in the final

field, and is presented in Table 3. The field satisfies

the extraction requirements, as well as the basic focusing

and isochronism requirements to within the specified tolerances.

A summary of the coil data from the above field fittings

is presented in Table 4, where the central magnetic field is

approximately 14 kilogauss. Several observations may be made

concerning these data. The procedure used has led to the
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Table 3. Equilibrium orbits in the field produced by the

flutter of Figure 3 and average field matched

with the three sets of circular coils.

1000010000 +187549600 10 HEX RK STEPS +00500000 =R INC.

E R AV PHASE R PR ‘IU R NU Z

+000100 +032629 —000017 +033015 +000000 +100541 +009538 IN 01

+000200 +046075 —00009l +047047 +000000 +101316 +015299 1N 01

+000400 +065023 —000115 +067053 -000000 +102111 +020469 lJ 01

+000600 +079503 —000143 +082372 -000000 +1024ll +022170 lJ 01

+000800 +091686 -000151 +095237 —000000 +102681 +022275 20 01

+001200 +112056 —000165 +116672 -000000 +102863 +02229l lJ Ol

+001600 +129l72 —000153 +134620 -000000 +102944 +022074 1N 00

+002000 +144203 —000124 +150348 -000000 +103132 I021022 1N 00'

+002400 +157707 -000134 +164429 -000000 +103390 +018754 1N 00

+002800 +170111 -000120 +177228 -000000 +102931 +018794 1N 00

+003200 +l8l790 +000020 +188993 -000000 +102392 +020704 lN 00

+003600 +192855 +000195 +1996l7 —000000 +101702 +028337 lL 01

+003800 +198245 +000554 +204512 -000000 +100906 +039374 l- 00

+003900 +200956 +000901 +206897 -000000 +099942 +046484 lJ Ol

+004000 +203722 +001275 +209287 —000000 +098298 +053869 1N 01

+004200 +209668 +002811 +214325 -000000 +092020 +069244 1N 01
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Table 4. Relative currents in the several coils used to

produce the field (EO's in Table 3).

 

 

 

'Coil Relative Currents

Sectors 0.0226

. . #1 1.0000

Main Co1ls #2 0.3071

#1 0.0324

Sec. Coils #2 —0.0257

#3 0.0074

#1 0.0100

#2 +0.0004

Trim. Coils #3 0.0002

#4 0.0044

#5 -0.0069

 

1 unit ~ 6.5 x 106 ampere turns.
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satisfactory condition of having most of the average field

produced by two main coils, the rest being produced by two

groups of smaller coils, whose ampere—turn requirement is

down considerably from the main coils. The spacing of the

coils (discussed in detail in a following section) will not

interfere with other necessary parts of the machine, such

as dees, which must be placed inside the lowest coil layer.

Further, most of the coils are located in a relatively small

volume, which simplifies the necessary cooling apparatus.

Having developed a set of coils which will adequately

produce the fields for the preliminary run, it is necessary

to make a somewhat arbitrary choice of cyclotron parameters.

Desiring the cyclotron to yield 40 Mev protons, the hydrogen

cyclotron unit was chosen as 2.25 meters (approximately 88.5

inches). This fixed the central field at 13.93 kilogauss.

The spacing between the radii where fields were stored was

then 0.615 inches. These choices give the following

extraction energies for the respective particles: 40 Mev

protons, 20 Mev deuterons, 50 Mev C4+ ions, keeping the central

field and the radial spacing constant.

Using the chosen coils, a procedure similar to that

indicated above was then used to obtain empirical fields for

the three particles at the above energies. The resulting

. . . + +'

average field and third harmonic are shown for H , D , and
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+ . . . .

C4 ions in Figures 8, 9, and 10 respectively. Tables 5, 6,

and 7 indicate the properties of the equilibrium orbits in

the three respective cases. Figures 11-16 show the axial and

radial focusing frequencies, and the phase as a function of

energy. Table 8 presents programs for the coils to produce

each of the three fields. The radius and distance from the

median plane of each coil is given, along with its respective

current. The cross-sectional area necessary for each of these

wire bundles was then calculated, using an accepted value20

of the allowable current density with a 25% safety factor.

and is shown in Table 9. One-quarter of the cross-sectional

View of the final superconducting coil arrangement is shown

in Figure 17. The space occupied by the sector coils

(Figure 2) is indicated by the slanted lines. For the

purpose of the field matching, several of the individual

turns have been used more than once, the total current being

indicated in the table. This set of superconducting elements

is then sufficient to produce isochronous cyclotron fields

for 40 Mev H+, 20 Mev D+, and 50 Mev C4+ ions.
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Table 5. Equilibrium orbits in the 40 Mev H+.. field.

1000010000 +938230000 10 HEX RK STEPS +00695423 =R INC.

E R AV PHASE R PR NU R NU Z

+001000 +046115 +000123 +046818 ~000000 +100886 +012275 1N 01

+002000 +065071 -000240 +066826 —000000 +102090 +019626 lJ 01

+004000 +09l738 +000051 +095367 -000000 +103344 +025809 1N 01

+006000 +112086 +000337 +117193 -000000 +104028 +027239 1N Ol

+008000 +129l36 +000323 +135430 -000000 +104430 +027330 1N 01

+012000 +157517 f000039 +165647 -000000 +104855 +026579 1L 01

+016000 +181282 +000105 +190835 -000000 +105031 +025952 1N 00

+020000 +202076 +000351 +212812 ~000000 +105496 +023851 IN 00

+024000 +220616 +00007l +232317 —000000 +105974 +019322 IN 00

+028000 +237527 —000270 +249859 -000000 +105038 +016620 1N 00

+032000 +253361 +000002 +265782 -000000 +103554 +015872 lJ 01

+036000 +268312 +000431 +279929 -000000 +102274.+029715 1- 00

+038000 +275589 +000933 +286331 —000000 +101792 +044312 lJ 01

+039000 4279241 +001455 +289417 -000000 +101111 +052747 l- 01

+040000 +282954 +002338 +292483 -000000 +099876 +O6l494 1- 01

+042000 +290963 +006526 +298935 -000000 +092781 +079762 1J 01



38

 

 

Table 6. Equilibrium orbits in the 20 Mev D+ field.

1000020000 +187549600 10 HEX RK STEPS +00347890 =R INC.

E R AV PHASE R PR NU R NU Z

+000100 +032606 -000098 +033312 -000000 +101270 +016242 lJ 01

+000200 +046044 +000035 +047509 -000000 +101960 +021603 1N 01

+000300 +056342 +000251 +058406 -000000 +102290 +023166 lJ 01

+000400 +065007 +000290 +067557 -000000 +102457 +023637 lJ 01

+000600 +079505 +000099 +082813 -000000 +102588 +023775 1N 01

+000800 +09l718 +000130 +095623 -000000 +102511 +024211 1N 01

+001000 +102470 +000286 +106875 —000000 +102649 +023408 1N 01

+001200 +112133 +000025 +116943 —000000 +102722 +021216 1J 00

+001400 +121028 —000117 +126078 -000000 +101644 +021362 1F 01

+001600 +129384 +000172 +134389 -000000 +100652 +022397 lJ 01

+001700 +13337l +000202 +138186 ~000000 +100339 +026965 1N 01

+001800 +137281 +000405 +141760 —000000 +099515 +037994 lJ 01

+001900 +141243 +001632 +145227 —000000 +096950 +0534l9 lJ 01

+002000 +145553 +005830 +148875 —000000 +090166 +070289 1N 01
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Table 7. Equilibrium orbits in the 50 Mev C4 field.

1000030000

E

+00001O

+000020

+000030

+000060

+000090

+000120

+000180

+000240

+000300

+000360

+000420

+000450

+000480

+000490

+000510

R AV

+013376

+018903

+023135

+032680

+039996

+046154

+056472

+065185

+072842

+079747

+08617O

+089220

+092201

+093198

+095241

+111754800

PHASE

+000104

-000027

-000156

+000126

+000286

+000255

+000056

+000234

+000172

-000153

+000153

+000204

+000425

+000711

+002065

4-?

j

10 HEX RK STEPS +00233535

R PR NU R NU z

+013497 +oooooo +100296 +008268

+019232 +oooooo +100891 +013928

+023675 -oooooo +101341 +017539

+033768 -oooooo +102001 +022442

+041506 -oooooo +102266 +023829

+048004 -oooooo +102371 +024307

+058851 -odbooo +102354 +024832

+067982 —oooooo +102280 +025176

+075983 —oooooo +102449 +023576

+083120 -oooooo +101926 +023067

+08956l —oooooo +101431 +024079

+092485 -oooooo +101165 +028190

+095215 -oooooo +100186 +039882

+096097 -oooooo +099584 +045437

+097864 -oooooo +097067 +057436

v_—

j

=R INC.

IN

IN

IN

1F

1N

1N

lJ

1N

1J

1N

IN

IN

lJ

IL

01

01

01

01

00

00

00

00

00

00

00

00

00

01

01
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Table 8. Curregts in the several coils used to produce the

H+I D l C4+ fields o

+

Coil r(m.) z(m.) C4

5 5 5

Sector ~ .133 1.81 10 1.45 10 1.45 x 10

. 6 6 . 6

Main #1 .813 .813 5.78 10 6.43 10 6.52 x 10

6 6 6

#2 .923 .125 1.96 10 1.87 10 1.83 x 10

‘ 5 5 5

Sec. #1 .782 .094 2.22 10 1.83 10 1.83 x 10

5 5 5

#2 .626 .094 -1.56 10 —l.40 10 -l.39 x 10

i 4 4 4
#3 .157 .094 2.99 10 1.78 10 1.86 x 10

. 4 4 4

Trim. #1 .063 .094 7.71 10 6.30 10 6.23 x 10

3 3 3

#2 .220 .094 6.01 10 3.97 10 3.68 x 10

3 3 3

#3 .377 .094 3.60 10 1.79 10 2.06 x 10

4 4 4

#4 .471 .094 3.67 10 2.78 10 2.75 x 10

4 4 4

#5 .565 .094 -7.46 10 -4.50 10 -4.55 x 10
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Table 9. Diameters of the coil windings necessary to carry

the needed currents.

 

 

 

Coil Diameter (inches)

Sector 1.30

Main #1 7.50

#2 4.20

Sec. #1 1.60

#2 1.51

#3 0.77

Trim. #1 0.82

#2 0.23

#3 0.18

#4 0.57

#5 0.81
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THE SUPERCONDUCTING MAGNET

To develop an initial acquaintance with the techno-

logical problems involved in a cyclotron of the sort here

contemplated, a small solenoid was constructed using .040

inch Niobium—25% Zirconium wire.21 The axial magnetic field

at the center point of a thick solenoid (geometry shown in

Figure 18), assuming a uniform current density is given by

b +’J1 + b2

Bz =uo J1 logE fi—

a +41 + a

where J is the current density, 1 is the half-length of the

solenoid, and a and b are respectively the inner and outer

radii.

In View of the cost of the wire, the criterion ofr

choosing the shape of the coil was minimization of the volume

of the actual coil windings, or equivalently, minimization of

the length of wire used to produce the desired field.22

Having chosen the inner radius to leave enough space for a

small search coil with which the field was measured, a short

computer routine calculated the length and outer radius of the

coil corresponding to the minimum volume of superconductor

49
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necessary to produce a specified maximum field at the center

of the coil. The coil specifications chosen were inner

radius one centimeter, outer radius 2.3 centimeters, and

length 2.8 centimeters.

The wire was insulated by a nylon serving and fusing

process23 which added approximately 0.002 inch to the outer

diameter. The resulting coil, approximately 310 turns and

requiring about 110 feet of insulated wire, was wound on a

maple wood spool and potted in an epoxy resin.24 The

inductance of the coil was approximately 600 microhenrys,

and its normal resistance approximately 15 ohms.

Two trials were made, the details concerning the

experimental arrangement being somewhat different for each

case. In both cases heavy copper wires were used for leads

from the top of the Dewar to the coil. To minimize conduction

of heat to the helium bath, the tops of these leads were

kept in a liquid air bath. For the first trial, the current

was taken from a 6-volt storage battery, and varied by means

of a slide wire using .03 ohm per foot nichrome ribbon. The

copper leads were mechanically clamped to the Nb-Zr coil

leads. Due to the extremely sensitive adjustment necessary

to increase the current to its maximum, this arrangement

proved to be insufficient, so for the second trial the
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current was obtained from a generator-regulator, in which

the current adjustment was made with a potentiometer. In

the second run the copper-Nb-Zr connection was also changed

to a soldered joint. Since one cannot solder directly to

Nb-Zr, the wire was first etched in a solution of hydro-

fluoric and nitric acids, then copper plated by electrolysis.25

The copper plated Nb-Zr leads were soldered directly to the

copper leads.

The basic circuit for the second trial is shown in

Figure 19. To protect the coil from the surge voltage

produced by the regulator when the coil went normal, a shunt

of resistance approximately 0.1 ohm was provided. The shunt

also provided a situation whereby the magnetic energy stored

in the coil could be dissipated outside of the Dewar when-

ever the current was stopped. The safety precautions embodied

in the shunt were found necessary to minimize the release

of power to the helium bath and thus preserve the helium.

and to prevent permanent changes in the properties of the

superconducting wire which occur when large amounts of energy

are dissipated therein.26 Two methods were used to measure

the field inside the superconducting coil. A small search

coil consisting of 50 turns of number 38 enameled copper

wire was wound on a half-inch wooden dowel and inserted into

the center of the coil. A ballistic galvenometer was
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calibrated, and the average field obtained by using the

deflection-field conversion; from the average field the peak

field was easily found. The use of this method was of course

limited to situations where the field was either turned on

or off. The other method used was to calibrate the coil in

the normal state, obtaining a gauss per ampere conversion

factor. Since the field equations are dependent only upon

the current and the geometry (i.e., independent of the

conduction mechanism), this could then be applied directly

to find the field for any current in the superconducting

state. As the critical current density was reached and the

superconducting coil went normal, the field collapsed inside

the coil giving a galvenometer deflection, from which the

maximum field was calculated. At the same time the current

through the coil dropped to essentially zero and a small

voltage temporarily appeared across the coil.

The maximum current attainable was substantially

below that which had been expected. The current was approxi-

mately 80 amperes (current density 6.5 x 104 amperes per

square inch), which gave a field of 7.5 kilogauss. Quali-

tative investigation indicates that the explanation for this

lies in the induction of eddy currents Within the wires.

As the current rises through the superconductor due to

external sources, it produces an associated increaSing
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magnetic field, which in turn gives rise to currents which

circulate within a single wire, either parallel to a cross

section or back and forth along the wire. This was evidenced

by a strong observed residual field, which persisted after

the current was switched off manually. If the current was

increased past its critical value, the wire would regain

its resistivity, and no residual currents were observed.

These eddy currents could become quite large, and perhaps

the field they produce is sufficient to saturate the super—

conducting wire and cause it to return to the normal state.

It appears that this mechanism increases rapidly with the

size of the wire, its ultimate result being that the maximum

attainable current density is roughly proportional to the

diameter of the wire, and not to the area, as one would

probably expect.

Although the results obtained indicated a lower

critical current density than expected, the assumptions of

current density used in the previous section are consistent

with results obtained at other laboratories (see indicated

references).

By the time actual construction of such a machine is

considered, further developments will undoubtedly allow

greater ease in production of such superconductor fields.
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