
Feb. 3, 1959 E. M. MCMILLAN ETAL 2,872,574 
CLOVERLEAF CYCLOTRON 

Filed April 12, 1956 4. Sheets-Sheet l 

c72, Z. 
3. 
N $1. 

N dž7. 5, 
INVENTORS. 

wn 73 aw EDWIN M. MCMILLAN 
BY DAVID L. JUDD 

ATTORNEY 

  



Feb. 3, 1959 E. M. MCMLLAN ETAL 2,872,574 
CLOWERLEAF CYCLOTRON 

2 
O 

A 

ATTORNEY 

  

  

  

  



Feb. 3, 1959 E. M. McMILLAN ETAL 2,872,574 
CLOWERLEAF CYCLOTRON 

Filed April 12, 1956 4. Sheets-Sheet 3 

INVENTORS. 
EDWIN M. MCMILLAN 

BY DAVID L. JUDD 

ATTORNEY 

  





United States Patent Office 2,872,574 
Patented Feb. 3, 1959 

2,872,574 
CLOVERLEAF CYCLOSTRON 

Edwin M. McMillan and David L. Sudd, Berkeley, Calif., 
assignors to the Uaited States of Aaerica as represented 
by the United States Atomic Energy Commission 

Application April 2, 1956, Seria No. 577,906 
11 Claims. (C. 250-27) 

The present invention relates to charged particle accel 
erators and more particularly to machines of the cyclotron 
class wherein magnetically confined particles are accel 
erated by repeated passage through an alternating electric 
field. 
The basic cyclotron, as described in U. S. Patent No. 

1,948,384, Method and Apparatus for the Acceleration 
of Ions, issued to Ernest O. Lawrence, February 20, 1934, 
comprises spaced apart coaxial magnetic poles and a dee 
electrode structure disposed therebetween. The dee struc 
ture is energized to provide an alternating electric field at 
right angles to the magnetic field whereby charged parti 
cles introduced near the center of the system are accel 
erated. Owing to the magnetic field, the particles de 
scribe a curvilinear orbit which expands as the particles 
gain energy by repeated passage through the electric field. 
A detailed description of the basic cyclotron, as well as 
the operating principles thereof, may be had by refer 
ence to the above-mentioned patent or by reference to 
the many publications available within the art. 

Following the enunciation of the cyclotron principle 
by Lawrence in 1928, continuing efforts have been made 
to maximize the final energy of particle beams accelerated 
in such devices. It has been found, however, that cer 
tain phenomena tend to limit the attainable energy. 
Prominent among these is the mass increase experienced 
by particles at extremely high velocities. The funda 
mental cyclotron principle requires that the time for one 
revolution of a particle in the magnetic field be constant 
and independent of the particle energy. Thus the mag 
netic field, electric field, and the frequency thereof, may 
be held at fixed values throughout the period of particle 
acceleration. This requirement pre-supposes a like con 
stancy in the mass of the particle. However, as the parti 
cles are accelerated into the relativistic range of velocities, 
a mass increase occurs and the particles pass out of phase 
with the alternating electric field, with consequent loss 
of the beam. 
One means of overcoming the above-stated limitation 

is to progressively lower the frequency of the alternat 
ing electric field as a given pulse of particles is acceler 
ated. In such manner a satisfactory phase relationship 
is maintained and acceleration to extremely high energy 
is accomplished. The foregoing method of operation is 
embodied in the frequency modulated synchrocyclotron 
and may be studied in detail by reference to U. S. Patent 
No. 2,615,129, Synchrocyclotron, issued to Edwin M. Mc 
Millan, October 21, 1952. 
The frequency modulation system imposes a severe 

limitation on beam current. Machines of the latter class 
accelerate particles in widely separated pulses, one pulse 
to each frequency modulation cycle. Thus the average 
beam current is low in comparison with a conventional 
cyclotron. - 

A second means of compensating for relativistic aSS 
increase of the particles is to provide a magnetic field 
increasing in intensity as the particles move outward 
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from the center of the system. Heretofore, such solution 
has been considered undesirable inasmuch as the stability 
of the particle beam is adversely affected and, as will 
hereinafter be described in more detail, particles accel 
erated in a simple field of the stated configuration exhibit 
axial instability, i. e., the particles experience axial repel 
ling forces at right angles to the desired orbit and, if 
unchecked, strike the magnet tips or dee structure. For 
the foregoing reason, it has heretofore been considered 
necessary in a high energy cyclotron to utilize a uniform 
magnetic field or a magnetic field which decreases in 
intensity from the center outward, the latter configuration 
having a positive effect on the axial stability of the parti 
cle beam. 
The present invention is a cyclotron embodying a 

unique magnetic field configuration, which configuration 
increases in intensity with radius and therefore com 
pensates for the relativistic mass effect, the field having 
further convolutions productive of axial stability in the 
particle beam. By reconciling the seemingly opposed re 
quirements of mass increase compensation on one hand 
and axial stability on the other, the production of ex 
tremely high current particle beams in the relativistic en 
ergy range is made feasible. Certain further advantages 
inhere in the invention, notably an increase in the usable 
magnet gap, simplified and more efficient extraction of 
the beam from the accelerator, and ready adaptation to 
the use of multiply phased excitation as contrasted with 
the single phased systems heretofore utilized. 

it is therefore an object of the invention to provide 
improved means for the production of high energy charge 
particle beams. 

It is also an object of the invention to provide a con 
stant frequency cyclotron capable of accelerating charged 
particles to relativistic energies. 

It is a further object of the invention to provide a 
cyclotron delivering a greater beam current at high en 
ergies than has heretofore been feasible. - 

Still another object of the present invention is to pro 
vide a constant frequency cyclotron characterized by 
axial stability of the particle beam and further char 
acterized by means compensating for the phase disrupt 
ing effect of relativistic mass increase of the particles. 

It is a still further object of the invention to provide 
means for maximizing the usable magnetic gap width 
in a cyclotron. 

It is another important object of the invention to pro 
vide a cyclotron embodying a multiple dee structure and 
multiply phased radio-frequency excitation. - 

Still another object of the invention is to provide a 
cyclotron having means for the ready extraction of a 
large proportion of the internal particle beam. - 
The invention, both as to its organization and method 

of operation, together with further objects and advan 
tages thereof will best be understood by reference to 
the following specification taken in conjunction with the 
accompanying drawings in which: 

Figure 1, having Part A and Part B, is a radial section 
of two possible configurations of a circular magnet pole. 
tip of the type customarily employed in cyclotrons, and 
showing the forces experienced by a charged particle 
circulating within the fields thereof; 

Figure 2 is a perspective view of a magnet pole tip 
having a configuration conforming with the present in 
vention; 

Figure 3 is an elevation view of the magnet pole tip 
shown in Fig. 2 further clarifying the structure thereof; 

Figure 4 is a cross-section view of the magnet pole 
tip shown in Fig. 2, taken along line 4-4 thereof; 

Figure 5 is a schematic drawing of portions of the 
orbit described by a charged particle circulating within 
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the magnetic field established between pole tips as illus 
trated in Fig. 2; 

Figure 6 is an elevational cross section of one embodi 
ment of the invention; 

Figure 7 is a plan view of the apparatus taken along 
line 7-7 of Fig. 6; and 

Figure 8 is a block diagram of the radio-frequency 
excitation System of the cyclotron shown in Figs. 6 and 7. 

Referring now to the drawing and more particularly 
to Fig. 1 thereof, there will first be discussed certain 
general factors relating to the behavior of charged par 
ticles in the field of opposed coaxial circular magnets of 
the class generally enployed in cyclotrons. 

In a cyclotron, particles circulate in an expanding 
orbit which occupies a plane at right angles to the axis 
of the magnet, the plane generally being the median 
plane between the opposed pole tips. The particles may, 
under certain conditions, depart from the preferred orbit, 
such deviation being resolved for purposes of discussion 
into lateral movement within the median plane which 
effect is termed radial deviation, and movement at right 
angles to the median plane which effect is termed axial 
deviation. These deviations may, in certain circum 
stances, give rise to forces tending to increase them, re 
sulting in loss of the particles, in which case the cyclotron 
is characterized as radially unstable or axially unstable. 

Considering now the phenomenon of axial instability, 
Fig. 1A represents a magnetic field decreasing in intensity 
from its center outward. As may be seen by consider 
ing the convexity of the magnetic flux lines with respect 
to the center of such a field, a circulating particle which 
has deviated from the median plane will be axially stable 
in that it experiences a component of force directed to 
ward the median plane. However, the weakened intensity 
towards the periphery of the field results in an increase 
in the time required for a particle to complete a revo 
lution. This increase adds to the increase brought about 
by relativistic mass effects with the result that the particle 
rapidly passes out of phase with the alternating electric 
field. 

Conversely Fig. 1B represents a magnetic field increas 
ing in intensity from the axis outward. A field of such 
configuration compensates for the relativistic effect in 
that the mass increase experienced by a particle moving 
outward from the center of the system may be matched 
by a corresponding increase in the restraining magnetic 
field. As is seen, however, a field of this configuration 
is productive of axial instability in that deviant particles 
are subjected to a component of force directed away from 
the median plane. 
The frequency modulated synchrocyclotron may be 

considered as utilizing an axially stable field configura 
tion, Fig. 1A, with the provision of secondary means to 
compensate for the mass increase effect. 
The present invention solves the problem by a converse 

technique, the utilization of what is basically a mass in 
crease compensating field, Fig. 1B, having superimposed 
thereon provision to overcome the axial instability nor 
mally characteristic of such fields. Specifically, the 
present invention utilizes a magnetic field which both 
increases with radius and varies in intensity with azimuth. 
Referring now to Figs. 2, 3, and 4 there is shown a mag 
net pole tip 11 suitable for use with the present invention. 
The magnet pole face contour varies in elevation with 
azimuth, the variation following a sinusoidal curve and 
increasing in amplitude outward from the center of the 
Surface. The resultant protruding areas 42 and indented 
areas 3 will be termed hills and valleys, respectively. 
The determination of a suitable contour or shape for 

the pole tip is depends on the establishment of a rela 
tionship defining the magnetic field at the median plane 
between two such pole tips coaxially spaced apart, as in 
a cyclotron. The principle of combined axial focusing 
and phase compensation embodied in this invention can 
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relationships. In the course of the work leading to this 
invention and its realization, a number of general classes 
of such relations were invented and their properties de 
termined. The general properties common to all the 
relations studied are first, an increase with increasing 
radius of the azimuthally averaged magnetic field and 
second, an azimuthal variation of field having M-fold 
symmetry, with Man integer greater than two, the amount 
of this variation increasing with increasing radius. Spe 
cific characteristics in which they differ are the wave 
forms of these varations with radius and azimuth. Sulc 
cessful operation can be achieved with any of the general 
classes studied. The form of field selected as an example, 
in constructing the cyclotron described herein, was: 

H(r,0=H1 +A() cos M0-- 
B(t)+c(t) COS Mo+D(i)+ C C C 

E() COS Mo+F(i)+ - O 
where: 
H(i,0) is the magnetic field at any point in the median 
plane as determined by the polar coordinates r and 0, 

H is the field at the center of the magnet gap (the uni 
form field component), 

cy is 2nt times the frequency of circulation of particles 
in the magnetic field, and is a constant, 

c is the free-space velocity of light, 
M is the number of azimuthal maxima (hills) in the 

magnetic field, and 
A, B, C, D, E, and F are constants which define the 
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axial and radial focusing forces and are also adjusted 
to provide the phase compensation, 
The series shown in the expression for the field could 

in principle be carried on indefinitely but sufficient ac 
curacy for practice was obtained by calculating only the 
terms explicitly written. The value of the integer M=3 
was chosen for the cyclotron described herein to simplify 
the pole face shaping problem to the greatest possible 
extent, although other larger integral values of M could 
be used. Some of the relationships to follow are there 
fore specialized to this case. 
A corresponding expression for the magnetic equipo 

tential surface required to produce the magnetic field 
defined above, the parameter M being fixed at three, and 
thus an expression for the face contour of the pole tips 
11, as used in this embodiment, is as follows: 

where g is the magnetic scalar potential at a point de 
fined by the radius r, the azimuthal angle 0 and the 
distance Z from the median plane. 
The above expressions define the shape of the magnet 

pole tips 11 to a sufficient degree of precision provided 
the iron in the pole tips does not saturate. In Some 
instances, saturation effects at the periphery of the mag 
netic field may require modification of the pole tip con 
tour, the necessary modification being best determined 
empirically for each individual embodiment of the in 
vention. For this reason terms in b arising from the 
small correction terms in E and F have not been included. 
The constants, B, D, F, . . . are determined in terms 

of the constants A, C, E, . . . by the requirement that 
be realized for a great variety of such magnetic field 75, the increase in average magnetic field with radius be 



5 
appropriate to compensate for the relativistic mass in 
crease of the accelerated particles. The constants A, C, 
and E, are then determinative of the degree of axial 
and radial focusing in the field, or in the physical sense 
fix the curvature of the azimuthal convolutions in the 
pole faces. Increasing any of these constants increases 
the strength of both the axial and radial restoring forces. 
For any cyclotron of this type there exists a maximum 
strength of radial restoring force above which the radial 
oscillations become unstable. The radial restoring force 
must necessarily increase with particle velocity even if 
the axial force is kept constant. Thus, the larger the 
axial restoring force is, the lower is the particle velocity 
at which the beam will become radially unstable. Theo 
retical maximum particle energy would be obtained by 
setting the axial restoring forces at zero, corresponding 
to certain minimum values of the constants A, C, 
E, . . . , fixed by the condition that the axial focusing 
forces due to the azimuthal variations must cancel the 
defocusing forces produced by the radially increasing 
magnetic field. For the present embodiment, with M-3, 
suitable values for the constants A, C, and E were found 
to be: 

A=1.30 
C-0.80 
EsO 

Values for the constants B and ) were determined 
from the relationships: - 

1 A2 

and 

-8.9 a 2-3 9 D=S+ is A-4C+204 
The constant F was adjusted empirically in the cyclotron 
herein described, about a calculated value of 0.42 ob 
tained from a formula similar to these, which apply to 

... the case M=3. 
Referring now to Fig. 5, there are shown portions of 

the orbit of a charged particle circulating within the 
magnetic field described above, the particle being assumed 
to be circulating under the influence of a constant fre 
quency alternating electric field. The orbit will deform 
from a substantially circular one 4 in the initial stages 
to a later configuration 4 having M curvilinear seg 
ments joined by M nodes of relatively greater curvature, 
the factor M in the present example being fixed at a 
value of three. 

Since the azimuthally averaged field increases with 
radius, the field is one in which the Inass increase of ac 
celerated particles may be compensated for and a phase 
stable particle beam may be accelerated at constant 
frequency. 
mally be productive of axial instability. Considering 
now the mechanism by which the axial defocusing forces 
are overcome, it may be seen that a distortion of the 
symmetric field of Fig. 1B is present. Whereas in the 
field of Fig. 1B the magnetic flux lines are bowed directly 
inward toward the center of the field and produce a 
defocusing effect on the particle beam, a portion of the 
flux lines in the presently described field bow from the 
hills in the direction of the adjacent valleys. A charged 
particle tracing these portions of the orbit thus ex 
periences a field in which the flux lines are bowed out 
ward with respect to the particle's instantaneous center 
of curvature, i. e., the field as experience by the particle 
is loosely analogous to the field of Fig. 1A in contrast to 
that of Fig. 1B. This focusing effect is operative only 
in those sectors of the field which are intermediate be 
tween the valley and hill maxima. 
At the high points of the hills and the troughs of the 

valleys, distortion of the magnetic flux lines is radially 
inward and outward, respectively. Thus, in these regions 

This is also the condition which would nor- is 
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the effects of simple radially increasing or decreasing fields 
occur, corresponding to defocusing on hills and focusing 
in valleys. As described above, the azimuthally averaged 
field increases to provide phase compensation, so that 
the defocusing effect on the hills outweighs the focusing 
effect in the valleys. The focusing effect in the transition 
sections is large enough to overcompensate this net de 
focusing on hills and valleys with the selection of con 
stants made above. An especially interesting fact is that 
the very alternation between focusing and defocusing de 
scribed above produces a net focusing action which en 
hances the favorable focusing effect of the transition re 
gions as described above. This constitutes an application 
of the theory of the Mathieu-Hill differential equation, 
and, more generally, of the Floquet theory of differential 
equations with periodic coefficients, to the problem of the 
stability of particle orbits in accelerators. These theories 
were used in detail to calculate the focusing properties dis 
cussed above. 

It is important to note that the restoring of focusing 
forces acting to reduce an unwanted departure of a par 
ticle from its desired orbit in the radial direction arise as 
a combination of two aiding effects and not as a differ 
ence between a focusing and a defocusing effect as de 
scribed above for vertical focusing. These two effects are 
first, that due to the average increase in field (which in it 
self produces stronger radial focusing than in a conven 
tional cyclotron with average decrease in field with in 
creasing radius) and Second, that due to the special prop 
erty of the present field (the azimuthal field variation and 
the noncircular orbits resulting therefrom). This second 
focusing effect may again be divided into two parts, one 
due to the outward bowing of the flux lines in transition 
regions between hills and valleys as described above, 
which tends to reduce the strength of radial focusing, and 
one due to the alternating gradients between focusing 
and defocusing on hills and valleys also described above, 
which also depends on the theory of differential equa 
tions with periodic coefficients as mentioned earlier. 
An important property of systems governed by Stich 

equations is that loss of stability may result from too 
strong a focusing effect just as it may also result from 
a simple negative or defocusing effect. This property 
results in the fact that instability in the radial direction 
will result if the radial focusing is so strong as to produce 
one half wave of a full focusing oscillation within an 
azimuthal extent equal to that between two successive 
hills of the magnetic field configuration. The effect is of 
importance in two ways in cyclotrons utilizing the prin 
ciples here disclosed. First, increasing the size of the 
focusing parameters A, C, etc., which increases the axial 
focusing force as required to counteract the axially un 
favorable increase of field with radius, also results in in 
creasing the radial focusing force leading to attainment 
of the radial overshoot type of instability at a lower final 
particle energy. Conversely, reducing these parameters 
postpones radial instability to a higher final particle in 
stability but reduces the energy at which axial stability is 
lost. For this reason there exists an optimum choice in 
a restricted sense, that if a cyclotron were operable with 
only infinitestimal magnetic axial stability there would 
exist values of A, C, etc., to provide it which would be 
minimal and therefore would postpone the radial over 
shoot instability to the greatest possible final particle 
energy. In practice, however, a finite amount of axial 
focusing must be provided, its amount being a matter of 
judgment and experience, and in itself determining the 
amount by which the absolute upper limit of attainable 
particle energy exceeds a practically attainable value for 
any particular choice of field configuration such as the 
sinusoidal one adopted herein. The constants listed above 
represent a successful solution of this problem for the 
field configuration chosen. 
The second important aspect of the radial overshoot in 

stability is its application, on the cyclotron described 
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herein, to the problem of extracting the accelerated beam 
from the cyclotron. This is accomplished by so choosing 
the parameters A, C, etc., so as to produce the radial 
instability at the final orbit, of full energy, at the pe 
riphery of the magnetic field. On entering this region 
of instability, particles will possess radial osciliations, 
under the focusing forces described, of varying ampli 
tudes and random phases with respect to the magnet 
structure. The instability is such as to sort out the phases 
by causing those amplitudes of one phase to fail ex 
ponentially and those of the opposite phase to grow ex 
ponentially, so that after a few turns in this region, all 
particles will experience the crests of their radial oscil 
lations at the same positions on the magnet structure, the 
crests being further outward radially after every turn. 
This property enhances the ease of ejecting the accelerated 
particles from the magnet at a particular azimuth in a 
relatively well-directed beam. 
A still further property of magnetic fields of the type 

described is important in beam extraction, even if the 
overshoot instability is not exploited, and serves to further 
differentiate such cyclotrons from conventional ones with 
axially symmetric fields. In conventional cyclotrons the 
frequency of radial oscillation is less than the frequency 
of circulation of particles around the magnetic field, while 
with fields having the properties herein described, the 
relationship is reversed and the radial oscillation fre 
quency is greater. The result of this is that in a conven 
tional cyclotron a local region of depressed or weakened 
magnetic field at the periphery of the magnet does not 
attract the high energy beam toward itself to facilitate 
beam extraction, but, on the contrary, repels it, while 
in the fields described the opposite occurs, a locally weak 
region attracting the beam so as to make the process con 
tinue in that the beam will continue to drift in the desired 
direction into an ever decreasing field from which it can 
be made to emerge from the magnet. All of the focusing 
properties described above have been verified to exist on 
the cyclotron herein described. 

Considering the adaptation of the described magnetic 
field to use in a cyclotron, it will be found that the ac 
celerating electrodes or dees, providing the electric field, 
will be most conveniently disposed in the valley Sectors 
of the magnet in order to maximize the gap available 
for the particle beam. Since the number of valleys (M) 
may equial or exceed three, the cyclotron is adaptable to 
the use of a multiple dee system in contrast to the one 
or two dee systems heretofore employed. Thus a Juin 
ber of accelerating electrodes equal to the value M tacy 
be conveniently used, one inserted in each valley Sector 
of the magnet gap. Excitation may then be provided with 
an 27t/M phase angle between adjacent electrodes. It 
will be appreciated that less than M. dees may be satis 
factorily employed, for example, a single dee inserted in 
one valley sector might be used. Similarly, various al 
ternative phase relationships will be found workable in 
a multiple dee system, for example, all dees may be ex 
cited at a single phase having a frequency equal to M 
divided by the period of orbital revolution cf particles 
within the field. 

Referring incw to Figs. 6 and 7, there is shown a cyclo 
tron utilizing the described magnetic field and embodying 
certain novel components adapted for use therewith. 
Two right cylindrical coaxial magnet poles, an upper 

pole 6 and lower pole G' are spaced apart along a ver 
tical axis, the lower pole 6' resting upon a suitabie 
coincrete foundation 7. Heavy stanchions 8 are spaced 
around the periphery of the magnet structure supporting 
the upper pole piece 6. To provide excitation for the 
magnet, a multi-turn winding is disposed coaxially about 
each pole piece, an upper coil 9 being disposed in an 
annular step 2 at the lower extremity of the upper pole 
piece 16, and a lower coil 9' being disposed in a similar 
annular step 21 in the upper extremity of the lower pole 
piece 16'. 

. 
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An upper pole tip 22, having the lower face contoured 

in accordance with the previously given expressions, is 
secured in a coaxial manner to the lower extremity of 
the upper pole piece 16, the pole tip being fastened by 
heavy bolts 23 which pass through vertical bores 24 in 
the pole piece and engage threaded bores 26 in t2 upper 
extremity of the pole tip. A lower pole tip 22 of similar 
configuration is mounted cn the upper face of the lower 
pole piece 16' by bolts 23. It will be observed that the 
hill sections 27 of the upper pole tip 22 are positioned 
directly above the hill sections 27 of the lower pole tip 
22' in order to produce the desired magnetic ficid, the 
two pole tips being separated by a gap 28 through which 
particles may be accelerated. 

Provision for the maintenance of a vacuum in the 
particle accelerating region comprises a tank 29 Sir 
rounding the central portion of the magnet structure and 
sealing the gap 28 from external atmosphere. The tank 
29, in this embodiment, is constructed in a generally tri 
angular plan and, in detail, comprises a triangular top 
plate 31 having a circular central opening 32 through 
which the upper magnet pole tip 22 passes. The central 
opening 32 is provided with an upwardly projecting rim 
33 fitting tightly against the pole tip 22, suitable vacuum 
sealing means 34 being disposed in the juncture. As 
best shown in Fig. 7, the tank 29, and thus the top plate 
3, are truncated at the apices which are utilized as 
vacuum manifolding as will hereinafter be described. 
Similarly, the top plate 35 is indented at suitable points 
36 to provide for the passage of the upper magnet Sup 
porting stanchions 18. 
A lower vacuum tank plate 31, similar in configuration 

and alignment to the top plate 31, is disposed surround 
ing the lower pole tip 22, the lower plate being provided 
with a centrai opening 32' having a downwardly project 
ing rim 33' which sealingly fits against the lower pole tip. 
Each lateral face of the tank 29 is formed by two ad 
joining plate sections 37 and 38, vertical posts 39 being 
disposed between the upper plate 3i and lower plate 31' 
to provide bearing surfaces for sealing the junctures of 
the two plate sections. Angled side plates 4 extend be 
tween the upper plate 31 and lower plate 31 at the 
stanchion accommodating indentations 36. Similarly, 
plates 42 close the truncated apices of the triangular tank 
29. It will be appreciated that all junctures between the 
various plates forming the tank 29 must be made vacuum 
tight as by suitable gaskets or by brazed joints. 
The first plate sections 37 are positioned at the azi 

muthal portions of the magnet corresponding to the val 
leys and each is provided with an oblique outwardly pro 
jecting tubulation 43, the axis of the tubulation being co 
linear with the centerline of the valley. 
An elongated cylindrical dee electrode stem 44 is dis 

posed within each tubulation 43 and aligned along the 
centerline of the adjacent magnet valley, one extremity 
of the dee stem being transpierced through an aperture 
in the extremity of the tubulation and being rigidly sc 
cured thereto by a suitable bracket 46. The dee cec 
trodes each comprises two spaced parallel, substantially 
triangular conducting plates 47 disposed in the vailey 
sectors of the magnet gap 28, one above and one below 
the median plane of the gap. Each set of dee platas 47 
is mounted by means of a conducting yoke 50 to the 
innermost extremity of a dee stem 44. 
To utilize the dee structure 47 as a resonant trais 

mission line, thus facilitating the transfer of radio-frc 
quency excitation thereto, and to properly shape the re 
Sultant electric field in the particle accelerating region of 
the magnet gap, a conducting dice liner 48 is disosca 
surrounding the finaicr portic; cf the dec Stern 44 and 
dee electrodes 47. Each liner 43 includes a cylindric: 
section 49 disposed within the tubulation 43 ccaxial with 
the dee stem 44, an adjoining tapered transition secti; in 

, and two dished triangular plate sections 52 disposed 
one above and one below the dee plates 47. The liner 
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plate sections 52 are spaced from the dee plate sections 
47 and are curved at the edges to bring the edges into 
the planes of the dee plates in such a manner that the 
electric field lines between the edges of the dee plates 
and the edges of the liner plates will be substantially hori 
zontal. In order that the dee stem 44, dee plates 47, 
and liner 48 will effectively form a coaxial resonator, all 
joints between the component pieces must be made elec 
trically conductive. In the present embodiment the sys 
tem resonates as a one quarter wave line closed at one 
extremity, the closure being made by an ainular coinciuct 
ing plate 53 coaxially disposed between the dee Stein si4 
and cylindrical section 49 of the liner $3 adjacent the 
extremity of tubulation 43. 

Delivery of radio-frequency excitation to the dees is 
effected by a coaxial conductor 54 which terminates at 
an aperture 56 in the tubulation 43. The center con 
ductor 57 of the coaxial conductor 54 projects into the 
interior cavity of the liner 48 and connects with one end 
of a coupling loop 58, the opposite end of the loop being 
electrically connected with the adjacent wall of the liner. 
For proper transfer of energy to the resonant system, 
the loop 58 must lie in a plane which is parallel to the 
dee stem 44. The coaxial conductor 54 is excited by 
oscillator means which will hereinafter be described. 

Considering now provision for the introduction of 
charged particles into the accelerating region of the 
magnet gap 28, it will be appreciated that any of the 
varieties of particles customarily accelerated in cyclo 
trons may be accelerated in the present invention, for } 
example, protons, deuterons, or electrons may be readily 
accelerated. Similarly, the ion source utilized in the 
present invention may be of conventional design, pref 
erably of a design emitting high particle current to realize 
the beam current potentialities of the present invention. 
It will be found preferable to dispose the source 59 at 
the lower extremity of an elongated probe 61 which is 
inserted through an axial bore 62 in the upper pole 6 
and upper pole face 22. The upper extremity of the 
probe 61 is provided with a flange 63 which bears against 
a corresponding flange 64 of a cylindrical insert 66 which 
lines the upper portion of the bore 62, an annular sealing 
element 67 being disposed between the two flanges. The 
ion source 59 should be positioned in such a manner that 
ions are emitted in the median plane between the opposed 
pole faces and with a component of motion in the median 
plane. 
To evacuate atmosphere from the particle accelerating 

region of the magnet gap 28, diffusion vacuum pumps 63 
are secured to the underside of the vacuum tank 29, at 
the apices thereof, the inlets of the pumps being opened 
to the interior of the tank. As is well understood in 
the art, the diffusion pumps 68 should be connected to 
Suitable mechanical roughing pumps which exhaust to 
the atmosphere. To prevent the passage of vapors into 
the interior of the vacuum tank, a refrigerated baffle 63 
is disposed in each apex of the tank. The baffles 69 in 
this embodiment take the form of a gridwork of coolant 
conduits 71 disposed obliquely within the lower corner 
of each apex of the vacuum tank 29, the gridwork having 
vertical triangular side portions 72 whereby the assembly 
covers the passage between the magnet gap 28 and the 
inlet to the vacuum pumps 68. A refrigerant such as 
liquid nitrogen is circulated through the conduits 7 to 
provide the desired low temperature. 
As will hereinafter be described in more detail, par 

ticles emanating from the source 59 circulate about the 
axis of the magnet gap 28 in an orbit which expands in 
radius, the particles gaining energy by repeated passage 
through the electric field which exists between the dees 
47 and dee liners 48. Upon reaching the periphery of 
the magnet gap 28, in the absence of auxiliary extractor. 
means, the particles will be found to emerge in a generally 
tangential direction with respect to the magnet structure. 
The azimuthal distribution of the emergent particles will 
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normally be found to be unever, the emergent particles 
being somewhat concentrated at the azimuths correspond 
ing to the hill sectors of the magnet. 

In many instances it will be more desirable to focus 
the emergent particles into one or more well-defined 
beams. It will be found that the particles may be made 
to emerge preferentially from a particular hill by weaken 
ing the field at the outer terminus of the hill. A similar 
effect may be achieved by strengthening the field at the 
outer terminus of the diametrically opposed valley. The 
two effects may be used jointly or singly to produce a 
semi-focused beam from one or more of the magnet 
hills. It will be apparent that conventional beam focus 
ing lenses, solenoid lenses, or quadripole alternating gra 
dient lenses for example, may be utilized to further focus 
the particles which have been removed from the magnet 

Means by which the desired alterations in the mag 
netic field may be accomplished include the addition of 
peripherally mounted ferromagnetic shims at the hill 
points where it is desired to spread the magnetic flux 
and thus weaken the field, and the addition of internally 
mounted shims at the valley points where it is desired 
to concentrate flux and thus strengthen the field. It 

5 will be apparent that auxiliary windings might be mount 
ed on the pole faces to effect the desired alterations in 
the field. Similarly, various forms of magnetic channel 
might be employed to divert the beam at a particular 
azimuth. 

in the present embodiment the particle extraction . 
means comprises a magnetic shim formed by two spaced 
ferromagnetic blocks 73 and 73, the first block 73 being 
Secured to the periphery of the upper magnet tip 22 sub 
stantially at the centerline of a hill sector and the second 
block 73' being secured to the periphery of the lower 
magnet tip 22 at a similar azimuth. The effect of the 
blocks 73 and 73' is to distribute the local magnetic flux 
over a wider area and thus create a region of weakened 
field. Circulating particles encountering the weakened 
region will seek an orbit of greater radius and by thus 
moving outward will be enabled to escape from the mag 
netic field, the action being aided by the considerations 
relative to radial instability as hereinbefore discussed. 
To minimize beam loss at the point where the beam passes 
through the wall of the vacuum tank 29, a thin window 
74 is disposed in the wall, the wall being provided with 
an angled section 76 in order that the window may be 
oriented at right angles to the beam. 

Referring now to Fig. 8, there will be described means 
for Supplying radio-frequency excitation to the dee struc 
tures. A crystal oscillator 77, resonant at one half the 
Cyclotron operating frequency, delivers a signal to a 
frequency doubler 78. It will be apparent that the oscil 
lator 77 could be selected to operate at the cyclotron 
frequency eliminating the need for the frequency doubler 
78; however, signal strength and stability are more easily 
maximized in a lower frequency oscillator. The output 
of the frequency doubler 78 is connected to the input 
of a phase line driving amplifier 79 which drives three 
independent delay lines 81, 82, and 83. The delay lines 
8, 82, and 83 serve to separate the original signal into 
three signals differing in phase by 120 degrees in order 
that the three dees of the cyclotron may be excited in a 
corresponding manner. 
The first of A phase delay line 81 is terminated in an 

amplifier84 which is series connected with three further 
Stages of amplification, an isolating or buffer amplifier 
86, a driver amplifier 87, and a final or power amplifier 
88. Excitation from the final amplifier 88 is transmitted 
through coaxial line 54 to the dee assembly 89. Similar 
ly the B phase delay line 82 connects through a terminat 
ing amplifier 91, buffer amplifier 92, driver amplifier 93, 
and final amplifier 94 to a coaxial line 54 which delivers 
excitation to the second dee assembly 96. The C phase 
delay line 83 is similarly connected through terminating 
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amplifier 97, buffer amplifier 98, driver amplifier 99, 
final amplifier 101, and coaxial line 54' to the third dee 
assembly 02. It will be apparent that with proper selec 
tion of components the above system is susceptible to 
servo operated phase and voltage controls should Such 
be desired. 

In operation, magnet coils i9 and 19 are energized 
from a suitable source of stabilized direct current, setting 

5 

up a field in the magnet gap 23 having a configuration cor 
responding to the previously given expressions. The dee 
resonator assemblies are excited by the oscillator-ampli 
fier system to produce alternating electric fields between 
the dees 47 and dee liners 48. Source 59 is energized 
to emit ions into the magnet gap 28, the gap being con 
tinually evacuated by the action of the diffusion pumps SS. 
The ions, encountering the electric fields within the dec 
structures, will be accelerated, the resultant ion trajectory 
being curvilinear about the axis of the magnet owing to the 
presence of the magnetic field at right angles to the electric 
field. With each traversal across the gap between a dee 47 
and dee liner 43, the increment of energy will be imparted 
to the ions resulting in an increase in the averaged radius 
of the ion orbit. As has been described, the ion orbit 
will depart increasingly from a circular one as the 
averaged radius increases owing to the convolutions in the 
inagnetic field introduced by the hill and valley Sectors 
of the magnet. The deviation so introduced will com 
pensate for the increasing mass of the ions with the result 

5. 

that the period of revolution of the ions in the cyclotron 
will be constant at all radii. 
Upon reaching the periphery of the magnet gap 28, 

the weakened field brought about by extractor shims 73 
and 73 causes the ions to depart entirely from the accel 
erator through the tank window 74. The beam. So pro 
duced may be focused and utilized in any of the Well 
known applications to which high energy particle beams 
are adaptable. 

While the invention has been disclosed with respect to 
a single embodiment, it will be apparent to. those skilled 
in the art that numerous variations and modifications may i. 
be made within the spirit and scope of the invention and 
thus it is not intended to limit the invention except as 
defined in the following claims. 
What is claimed is: 
1. in a cyclotron the combination comprising coaxial 

cylindrical magnet poles spaced apart to form a magnet 
gap, the proximal faces of said magnet poles having a 
nonplanar contour characterized by depressed sectors al 
ternated with elevated sectors, the magnitude of said de 
pressions and elevations increasing with radius, vacuum 
wall means sealing said magnet gap from external atmos 
phere, a source unit emitting charged particles into said 
magnet gap, at least one dee electrode disposed between 
said magnet poles at an azimuthal position corresponding 
to one of the depressed sectors of said magnet pole faces, 5i 
and electrical oscillator means energizing said dee elec 
trode to produce an alternating electric field within said 
magnet gap, 

2. A cyclotron substantially as described in claim 1 and 
further characterized by means producing a variation in 
intensity of the magnetic field in at least one region on 
the periphery of said magnet gap whereby particles cir 
culating within the field of said poles are caused to 
emerge from said magnetic field. 

3. A cyclotron comprising, in combination, two Spaced 
coaxial cylindrical magnet poles each having a nonplana 
pole face characterized by axially projected sectors alter 
nated with axially recessed sectors, said projected sectors 
and recessed sectors being formed by sinusoidal undula 
tions along tha azimuth of said pole faces, said sinusoidal 
undulations being of continually greater amplitude to 
wards the periphery of said magnet pole faces, a vacuum 
barrier shielding the region between said poles from ex 
ternal atmosphere, a plurality of wedge shaped dee elec 
trodes disposed between said magnet poles at azimuthal 
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12 
positions corresponding to the axially recessed sectors 
thereof, each of said dee electrodes having a continuous 
particle passage in the region of the median plane 
between said magnet poles, oscillator means Supplying 
excitation to each of said plurality of dee electrodes, 
means controlling the relative phase of the excitation Sup 
pied to each of said dee electrodes, and a source unit emit 
ting charged particles substantially at the center of the 
gap between said magnet poles. 

4. A cyclotron substantially as described in clain 3 
and further characterized by particle extraction means 
comprising a block of ferromagnetic material disposed 
on each pole face of said magnet poles adjacent the pe 
riphery thereof whereby particles are caused to emerge 
from between said magnet poles at a particular azimuth 

ereof. 
5. in a cyclotron the combination comprising two co 

axial cylindrical magnet poles spaced apart to form a 
magnet gap, the faces of said magnet poles having an 
azimuthally undulated contour forming a magnetic field 
at the median plane of said magnet gap which field is 
characterized by M maxima located along radii separated 
by substantially 27/M radians of azimuth and it field 
minima separated by a similar azimuthal angle, vhere the 

5 factor M is an integer greater than two, Said field maxima 
being alternated with said field minima, said field maxirina 
and said field minima being of progressively greater mag 
nitude outward along said radii, at least one triangular 
dica electrode disposed between said magnet poles, the 
bisector of said dee electrode being aligned with the radii 
corresponding to one of said field minima, Said dee elec 
trade having an cpen particle passage at the median plane 
of said magnet gap, oscillator means Supplying excitation 
to said dec electrode, vacuum barrier means Sealing Said 

6 gap from the external atmosphere, and an ion 
scarce emiting particles substantially at the center of Said 

agilise gap. 
3. A cyclotron substantially as describid in cairn 5 

wherein the factor M has a value equal to three and said 
diee e in number. three 

r 

e eactrodes are 
7. A cyclotron substantially as described in claim 5 

wherein said magnetic field is further characterized by a 
Iocaiized variation in intensity in at least cine region ad 
jaceit the periphery of said field whereby the extraction 

t articises therefrom is facilitated. 
8. En a cyclic-tron the combination comprising two co 

axial cylindrical magnet poles of dissimilar polarity, said 
poles being separated to define a magnet gap, the faces 
of said pole pieces having an azimuthaily undulated con 
tour forming three ridges aligned along radii separated 
by Substantially 2/3rr radius of azimuth alternated with 
three valleys aligned along radii separated by a similar 
azimuthal angle, the amplitude of said azimuthal undula 
tions giving rise to said hills and said valleys being of pro 
gressively greater magnitude outward from the centers 
of said pole pieces, at least one wedge shaped dee elec 
trode disposed in one of said valleys and directed along 
the centerline thereof, said dee electrode being formed of 
two triangular plates spaced one above and one below the 
median plane of said magnet gap, said dee electrode being 
che terminus of the center conductor of a two conduc 
tor resonator, the outer conductor of said resonator be 
ing comprised of dee liners projected into said magnet 
gap one proximal to each major face of Said dee elec 
trode, at least one electrical oscillator energizing said 
resonator to produce an alternating electric field between 
said dee electrode and said dee liner, a gas-tight vacuum 
Walt enclosing said magnet gap, and a charged particle 
Source emitting particles at the center of said gap. 

9. In a cyclotron, as described in claim 8 wherein said 
dee electrodes and attendant resonators are three in num 
ber, one of said dee electrodes being disposed in each of 
said valleys, the further combination comprising a phase 
i'egulating circuit fixing the energization supplied each 
one of said resonators at a predetermined phase with 
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respect to the energization supplied each other of Said References Cited in the file of this patent 
reSOratorS. 

10. In a cyclotron as described in claim 8 wherein said UNITED STATES PATENTS 
dee electrodes and attendant resonators are three in num- 1,645,304 Slepian --------------- Oct. 11, 1927 
ber, one of said dee electrodes being disposed in each. 5 
of said valleys, the further combination of circuitry 56 G d as a - a as a - a va aaa as a A. 3. 3. 
phasing the energization supplied each said resonator sub- sww. - Westendorp ------------ lug. 5U, 
stantially 120 electrical degrees apart from the energiza- 2,615,129 McMillan -------------- Oct. 21, 1952 
tion supplied each other of said resonators. 2,640,923 Pollock,--------------- June 2, 1953 

11. In a cyclotron substantially as described in claim 10 2,713,635 Weissenberg ----------- July 19, 1955 
8, the further combination of two blocks of ferromag- 2,736,799 Philos ---------------- Feb. 28, 1956 
netic material one secured to each of said pole pieces ad- 2,777,099 Foss ------------------ Jan. 8, 1957 
jacent the periphery thereof and at a common azimuth. 2,777,958 Poole ----------------- Jan. 15, 1957 


