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The present invention relates to a ?xed-frequency cyclo 
tron-type particle accelerator. 
The orbital frequency of electrically charged particles 

is proportional to their charge-mass ratio and the mag 
netic induction, While the orbital frequency is independent 
of the particle velocity, the latter being proportional to the 
radius of the orbit. It is on these considerations that 
the Lawrence principle of the ion accelerating cyclotron 
is based. The ions, which are guided along circular paths 
by strong magnetic ?elds, pass through 211 (n=1, 2, 
3 . . .) accelerating gaps, during which passage they peri 
odically take over energy from the generator which feeds 
the accelerating system. The frequency of the high-fre 
quency generator should match the orbital frequency of 
the ions in order that as much energy as possible is trans 
ferred to the ions every time they pass through an acceler 
ating gap, which, in turn, will cause the ions to reach the 
?nal radius as quickly, i.e., with as few orbits, as possible. 
If the accelerating and orbital frequencies are not equal to 
each other, the cyclotron will lose phase stability, because 
every time an ion passes through the accelerating gap 
there will be an increased phase shift, as a result of which 
the acceleration per gap decreases until it ?nally may 
even become negative. In the case of ?xed~frequency or 
so-called isochron cyclotrons, it is therefore of the ut 
most importance that the induction across the air gap and 
the frequency of the accelerating voltage be matched to 
each other. 
When the ions are accelerated to such an extent that 

the relativistic mass increase can no longer be ignored, 
this must be compensated for by a corresponding decrease 
in the air gap induction. This, however, requires special 
measures in order to avoid defocussing the ?eld; to this 
end, so-called ?xed-?eld, alternating-gradient (FFAG) 
machines or strong focussing have been used, in which 
the beam will, throughout each orbit, pass through a plu 
rality of strong and weak magnetic ?elds as a result of 
which strong focussing forces are brought to bear on the 
ions. This makes it possible to use ?xed-frequency cyclo 
trons for accelerating ions well into the region where they 
undergo relativistic mass increases. 

It has been found that only a small portion of the 
energy delivered by the high-frequency generator produc 
ing the accelerating voltage is effective insofar as the 
actual ion acceleration is concerned, the remainder being 
lost in the accelerating system as current-generated heat. 
Inasmuch as this heat loss increases with the square of the 
accelerating voltage, it has been sought to increase the 
e?iciency by making do with low accelerating voltages. 
However, inasmuch as the number of orbits is inversely 
proportional to the accelerating voltage, efforts have been 
made to reduce the number of orbits by using especially 
high accelerating voltages, the reason being that the 
greater the number of orbits, the more precise does the 
magnetic ?eld have to be. Therefore, the number of 
orbits is limited by the practical considerations which, 
due to physical and technological reasons, cannot go 
beyond certain limits. 

It is, therefore, an object of the present invention to 
overcome the above drawbacks, namely, to provide a 
cyclotron in which optimal acceleration at all of the 

10 

15 

20 

25 

30 

35 

45 

50 

55 

60 

65 

70 

1 3,227,957 
Patented Jan. 4, 1966 

,. 

IC@ 

2 
accelerating gaps is obtained even though the ions will, 
due to low accelerating voltage, have to execute a large 
number of turns or orbits before attaining the ?nal veloc 
ity, and even though the magnetic guide ?eld is of rela 
tively low accuracy. 
With the above object in view, the present invention 

involves a ?xed-frequency cyclotron having a magnet 
for producing the magnetic guide ?eld which con?nes the 
particles and thus de?nes their path of travel, and a high 
frequency generator for accelerating the particles along 
the con?ned path. The invention speci?cally resides in 
the fact that special additional magnetic ?elds, which may 
be referred to as vernier ?elds, are provided approximately 
along the paths of the particles, the con?gurations of 
which ?elds are automatically regulated as a function of 
the phase of the orbiting particles taken with respect to 
the phase of the accelerating voltage. 
As will be more particularly described below, the in 

stant invention thus comprises a ?xed-frequency cyclo 
tron-type particle accelerator having means for generat 
ing a magnetic guide ?eld providing a path for the particles, 
a high-frequency generator for accelerating the particles 
along the path, a plurality of additional magnet means for 
generating additional magnetic ?elds at different places 
along the path, and a plurality of control systems associ 
ated with the plurality of additional magnet means, re 
spectively, each control system being responsive to the 
phase difference between the orbital frequency of the par 
ticles at the place at which the respective additional mag 
net means is located and the frequency of the high-fre 
quency generator for automatically controlling the re 
spective additional magnet means to bring the orbital fre 
quency of the particles into substantially in-phase rela 
tionship with the frequency of the high-frequency gen 
erator. 

According to one embodiment of the present inven 
tion, the additional magnet means each comprise mag 
netic exciter windings arranged along the path, and each 
of the control systems comprises a probe located at the 
place at which the winding with which the respective con 
trol system is connected is located, as well as a phase 
comparison circuit having two inputs, one of which is 
connected to the probe and the other of which is con 
nected to the high-frequency generator, and an output 
connected to the respective winding. In practice, it is ex 
pedient to interpose an ampli?er between the output of the 
phase comparison circuit and the respective winding. 
The present invention further resides in a method of 

controlling a ?xed-frequency cyclotron-type particle ac 
celerator having means for generating a magnetic guide 
?eld providing a path for the particles and a high-fre 
quency generator for accelerating the particles along the 
path. The method comprises the steps of comparing the 
phase of the orbital frequency of the particles, at a place 
along the path, with frequency of high-frequency gen 
erator, and applying at such point a vernier magnetic ?eld 
whose size is a function of the phase difference between 
the two frequencies for bringing the orbital frequency of 
the particles into substantially in-phase relationship with , 
the frequency of the high-frequency generator. 

Additional objects and advantages of the present in 
vention will become apparent upon consideration of the 
following description when taken in conjunction with 
the accompanying drawing in which the single ?gure is 
a diagrammatic illustration of a cyclotron according to 
the present invention. 

Referring now to the drawing, the same shows a cyclo 
tron incorporating vernier or ?ne adjustment means for 
adjusting the magnetic ?eld effective on the ions to an 
optimum value. In particular, the ?ne adjustment means 
comprises a plurality of control systems, of which three 



3,227,957 
3 

are shown. The ?rst control system has a probe S1 con 
nected to one of the two inputs of a phase comparison 
circuit S11 whose other input is connected to the high 
frequency generator represented schematically as HF. 
The output of the phase comparison circuit S11 is con 
nected to the input of an impli?er V1 whose output is 
connected to a vernier winding W1. Similarly, the other 
two control systems have probes S2, S3, phase comparison 
circuits SJZ, S13, and ampli?ers V2, V3, respectively, the 
various components parts of each system being connected 
to each other and to the respective vernier windings W2, 
W3, in the manner described in connection with the ?rst 
system. The three windings are suitably mounted on a 
pole shoe 10 of a guide ?eld magnet which is otherwise 
not shown. The ion source of the cyclotron is indicated 
at 11, and the path of the particles is indicated by the 
arrow shown in dashed lines. 
The windings W1, W2, W3, are fashioned, for instance, 

as single turn coils through which flow currents indi 
cated by the arrows. The crosses represent the direction 
of the magnetic ?elds produced by the windings. In 
stead of the precise windings arrangement shown in the 
?gure, the distance between the coils can be smaller; 
moreover, the present invention is not limited to speci?cal 
ly three windings since more can be used, as indicated 
by the winding Wn, shown in dashed lines; indeed, the 
greater the number of windings, the more accurate will 
the ?ne adjustment or vernier effect of the windings be. 
Nor it is essential that the windings have the actual con 
?guration depicted in the drawing. Also, each winding 
can be composed of a plurality of suitably connected sub 
windings, i.e., individual windings which together make 
up the total winding for any one control system. 
As shown in ?gure, the three windings are depicted 

as being arranged at different selected radii of the pole 
shoe 10. Each winding is fed from its respective ampli 
?er which, in turn, is controlled by its respective phase 
comparison circuit. The latter compares the phase of 
the accelerating voltage HF with the phase position of 
the orbiting ions on the respective portion of the spiral 
path. The latter will, of course, be obtained from the 
respective probe. 
The operation of the cyclotron is as follows: 
The frequency of the accelerating generator as well 

as the current for the main exciter coils of the guide 
magnet (not shown) are kept constant. When the ion 
source 11 is turned on, the ions cannot at once be ac 
celerated to travel along the outermost or maximum 
radius orbit because the magnetic ?eld produced by the 
main guide magnet is not su?iciently accurate, the reason 
being, as explained above, the lack of phase stability. 
After the ?rst orbits of the ions, when the path of the 
latter reach the radial position corresponding to the 
probe S1, this prove will pick up the phase of the ions 
and feed it to the phase comparison circuit S11 which 
compares this phase with that of the high-frequency ac 
celerating voltage HF. The amount of this phase dif 
ference is fed, via the ampli?er V1, to the vernier winding 
W1 which acts as a booster in that it produces a supple 
mental magnetic ?eld acting on the ions, thereby reducing 
the phase difference to a negligible value. It will be ap 
preciated, therefore, that the winding W1 serves, in effect 
as an auxiliary accelerating ring. 
The ions, after having been subjected to the action of 

winding W1, will after a number of further orbits, come 
under the in?uence of the second control system, i.e., the 
probe S2 will now pick up the phase of the ions, the phase 
comparison circuit S12 will compare this phase with that 
of HF, and the winding W2, receiving its signal via ampli 
?er V2, will produce the necessary vernier booster ?eld, 
thereby once again bringing the ions into phase with the 
HF. After a number of further orbits, the ions will be 
subjected to the action of the third control system which 
functions in precisely the same manner. 
Thanks to the above-described arrangement of cooper 
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4 
ating control systems, the ions will be kept in phase with 
the HF, even though there are relatively large deviations 
from the magnetic ?eld strength which the main guide 
magnet theoretically should produce. Consequently, a cy 
clotron equipped with the ?ne adjustment according to 
the present invention will maintain a very high degree 
of phase‘ stability while operating with relatively low 
accelerating voltages. This, as explained above, is de 
sirable because low accelerating voltages involve low 
current heat losses. Moreover, it will be appreciated 
that the complexity of a ?ne adjustment means of the 
above-described type is far less than that of a magnetic 
?eld which, in some other way, is made to maintain the 
desired accuracy. According to the instant invention 
all that is required is that the frequency of the accelerat 
ing generator be kept constant with a high degree of 
accuracy, which can readily be done, for instance, by, 
conventional frequency control techniques involving the 
use of a standard reference frequency. Under these cir 
cumstances, the speed with which the frequency control 
system responds need not be particularly high because 
the electrical inertia of the magnetic ?eld will inherently 
and effectively prevent any rapid ?uctuations. In con 
tradistinction thereto, the speed with which the orbital 
frequency of the ions can be measured by the measuring 
probes is exceeedingly high, as is the speed at which 
this measurement can be processed by phase comparison 
circuits. Therefore, there will be no dynamic difficulties 
involved, which, in turn, allows the use of high ampli?ica 
tion factors by the ampli?ers incorporated in the several 
control systems. 

It will be understood that the above description of the 
present invention is susceptible to various modi?cations, 
changes, and adaptations, and the same are intended to 
be comprehended within the meaning and range of 
equivalents of the appended claims. 
What is claimed is: 
1. A ?xed-frequency cyclotron-type particle acceler 

ator, comprising, in combination: 
(a) means for generating a magnetic guide ?eld pro 

viding a path for the particles; 
(b) a high-frequency generator for accelerating the 

particles along said path; 
(0) a plurality of additional magnet means for gen 

erating additional magnetic ?elds at selected places 
along said path; and 

(d) a plurality of control systems associated with said 
plurality of additional magnet means, respectively, 
each control system being responsive to the phase 
difference between the orbital frequency of the 
particles at the place at which the respective addi 
tional magnet means is located and the frequency 
of said high-frequency generator for automatically 
controlling said respective additional magnet means 
to bring the orbital frequency of the particles into 
substantially in-phase relationship with the frequency 
of said high-frequency generator, 

(1) a probe located at the place at which the 
additional magnet means with which the re 
spective control system is connected is located; 
and . 

(2) a phase comparison circuit having 
(i) two inputs, one of which is connected to 

the probe and the other of which is con 
nected to said high-frequency generator, 
and > 

(ii) an output connected to the respective 
additional magnet means. 

2. A particle accelerator as de?ned in claim 1 wherein 
each control system further comprises an ampli?er inter 
posed between the output of said phase comparison cir 
cuit and said respective additional magnet means. 

3. In a ?xed-frequency cyclotron-type particle ac 
celerator having a magnet for generating a guide ?eld 
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providing a path for the particles and a high-frequency 
generator for accelerating the particles along the path, 
the improvement which comprises: a plurality of Vernier 
magnets for generating Vernier ?elds at selected places 
along the path; and a plurality of control systems as 
sociated with said Vernier magnets, respectively, each 
control system including a circuit responsive to the phase 
difference between the orbital frequency of the particles 
at the place at which the respective vernier magnet is 
located and the frequency of the high-frequency generator 
for automatically controlling said vernier magnet to bring 
the orbital frequency of the particles into substantially 

6 
in-phase relationship with the frequency of the high-fre 
quency generator. 
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