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UNITED STATES PATENT OFFICE 
2,616,042 

STABILIZER ARRANGEMENT FOR 
CYCLOTRONS AND THE LIKE 

Robert Ray Weeks, Upton, N. Y., assignor, by 
mesne assignments, to the United States of 
America as represented by the United States 
Atomic Energy Commission 
Application May 1, 1950, Serial No. 162,493 

(C1. 250-27) 16 Clains, 

This invention relates to cyclotron systems, 
and more especially to stabilization and control 
thereof. 
A principal object of the invention relates to an 

improved arrangement for Stabilizing the excita 
tion and Operation of the dee electrodes of a 
cyclotron, or similar device, employing a plurality 
of large size electrodes which are designed to be 
electrically balanced with respect to a ground or 
other fixed reference potential. 
Another object is to provide a novel arrange 

ment for stabilizing the excitation frequency of 
the dee electrodes of a cyclotron or similar de 
WCe. 
Another object is to provide a novel arrange 

ment for maintaining the dee electrode of a 
cyclotron or similar device electrically balanced 
With respect to a predetermined peak voltage 
reference level or ground plane. 
A feature of the invention relates to a novel 

combination of circuits and apparatus for sinul 
taneously stabilizing the frequency and ground 
reference balance of the dees of a cyclotron. 
A further feature relates to an improved com 

bination of nanual and automatic controls, 
whereby the operating resonance frequency of a 
cyclotron can be accurately controlled from a re 
note point, While maintaining the required fre 
quency Stability and ground reference balance of 
the dees. 
A further feature relates to a control system 

for Cyclotrons whereby greater Speed of response 
is obtainable while Searching for the optimum ad 
justed relation between the magnetic field 
strength, and the dee excitation frequency. 
Furthermore, where a desired magnetic field 
pattern has been ascertained, it is possible to 
maintain the field-producing current and mag 
netic flux distribution fixed, while varying the 
'dee excitation frequency to maximize the cyclo 
tron beam. This provides an improved tuning 
procedure which renders possible closer approach 
to the theoretical energies arrived at by mathe 
matical computation. 
A Still further feature relates to the combina 

tion of a cyclotron with a specially-designed 
Servo-motor System, whereby two follow-up volt 
ages are generated, each corresponding respec 
tively to the frequency deviation of the dee ex 
citation and to the electrical unbalance of the 
dees. In accordance with this feature, one volt 
age is applied to cause the pair of motors to be 
turned respectively in the same sense, while the 
other voltage is applied to cause the motors to 
turn simultaneously in opposite senses. 
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A still further feature relates to the novel Or 

ganization, arrangement and relative intercon 
nection of parts which cooperate to provide an 
improved cyclotron system. 
Other features and advantages not particularly 

enumerated, will be apparent after a considera 
tion of the following detailed descriptions and the 
appended claim.S. 
In the drawing which ShoWS, by Way of ex 

ample, a cyclotron System embodying, the inven 
tive concepts, 

Fig. 1 is a schematic plan view of a cyclotron 
according to the invention. 

Fig. 2 is a schematic side view of the cyclotron 
of Fig. 1. 

Fig. 3 is a schematic wiring and block diagram 
of a complete control System according to the 
invention. 

Referring to FigS. 1 and 2, there is shown in 
Schematic form, a typical cyclotron comprising 
the usual separated hollow dees or electrodes fi, 

, which are Suitably mounted within an evacu 
ated enclosing chamber 2. A Suitable ion de 
veloping gun f3 projects the ions or other heavy 
charged particles into the space between the dees, 
which are located between the north and South 
pole pieces 4, 5, of a suitably energized electro 
magnet. The dees are provided with respective 
lead-in members insulatingly sealed through the 
Wall of chamber 2 and connected via a tiransmis 
Sion line 6 to any well-known radio frequency 
Oscillator-generator T, which, for example, may 
generate a dee excitation frequency selectable in 
the range of for example 10 to 14 megacycles per 
Second. Since the details of construction of the 
remaining elements of the cyclotron are Well 
known, further detailed description is not deemed 
necessary herein but reference for that purpose 
may be made to “Electronics,' first edition, by 
Millman & Seeley, pages 87 to 90, published by 
McGraw-Hill Book Company, Inc., New York, 
1941. 
Because of the relatively large size of the dees, 

they have an inherent capacity to ground sche 
imatically represented by the capacitances 3, 3, 
and as a result of which there is a virtual direct 
Current ground between the dees. The tank cir 
cuit of the oscillator 7 is schernatically repre 
sented by the dotted rectangle 2), and includes 
the inductance 2, the capacitances 8, 3, and 
two additional adjustable condensers 22, 23. 
Each of these condensers has its adjustable ele 
ment connected to a respective two-phase servo 
notor 24, 25, through respective gear trains 26, 
2, for purposes to be described hereinbelow. 
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Located in coupled relation to the tank circuit 
is a small pick-up loop or probe 28. It has been 
found that in Order to achieve the Optimum re 
Sults from a cyclotron, it is necessary to Imain 
tain the excitation of the dees at a constant Se 
lected frequency, and also to maintain the dees 
equally and Symmetrically balanced, or at a pre 
determined unbalance, in an electrical sense, with 
respect to ground or other fixed reference poten 
tial. Undesired variations of these factors may 
take place in the conventional cyclotron arrange 
ments as a result, for example, of thermal 
changes which affect the physical dimensions of 
the dees and the related structural parts, or as 
a result of the introduction of probes for various 
monitoring or neaSuring purposes. Furthermore, 
it is highly desirable to be able to adjust the fre 
quency of the dee excitation from a convenient 
remote point, Such for example as from a central 
console control panel or the like. 

Accordingly, there is provided a comparison 
Oscillator 23, which can be manually controlled, 
for example by the calibrated knob 3 at the 
control panel, to generate any selected frequency 
in the range 26.4 to 30.4 megacycles. The signal 
from oscillator 29 is fed to a frequency mixer 
device or network. 3 of any well-known kind, 
to which is also fed the signal picked up by men 
ber 28. If for example, the dees are operating 
at a frequency of 10 megacycles, then Oscillator 
29 can be set so as to generate 26.4 megacycles. 
Mixer 3 selects the difference frequency, for 
example 16.4-i-Af megacycles. This difference 
frequency Signal is then applied to any well 
known limiting amplifier 32 which limits the 
amplitude of the signal from mixer 3, so as to 
maintain the loop gain at a constant value. If 
the cyclotron oscillator system should change in 
frequency undesirably, for example to 11 mega 
cycles per second, the output of the mixer would 
then be 15.4 megacycles per second instead of 
16.4 megacycles per second. 
There is also provided a reference generator 

33 which is capable of generating, for example, 
a two-phase 60-cycle current, one phase being 
represented by the value Er sin (Ut--90°), the 
other phase being represented by the value Er 
Sin 20t. The output of generator 33 is at a con 
stant frequency and is applied to a modulator 9, 
together with the signal from the amplifier 32. 
Thus the output wave of amplifier 32 is modul 
lated by this constant frequency, and the modul 
lated wave is fed to a detector-discriminator 34. 
The output of this discriminator therefore is an 
alternating current whose amplitude is propor 
tional to the undesired change in frequency of 
the cyclotron oscillator as indicated by the value 
ACKEKA sin (ut--90), wherein the elements 
KE and KA respectively are constants of the 
modulator, and AC is a factor proportionate 
the drift in frequency of the cyclotron oscillator. 
Thus if the cyclotron oscillator is oscillating at 
the desired 10 megacycles per second, the ele 
ment AC=0, and the discriminator 34 gives no 
alternating current output. However, if the cy 
clotron oscillator has drifted by one megacycle, 
the discriminator Will produce an alternating cur 
rent output proportional to this error. 
The output from discriminator 34 is applied 

in parallel to a two-channel amplifier 35 and to 
a similar two-channel amplifier 36, and the out 
puts of these amplifiers are applied respectively 
to one of the phase windings of the correspond 
ing servo-motor 24, 25. The other 90° phase 
winding of each of these motors is excited by 
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4 
the voltage wave Er sin upt derived from gen 
erator 33. Since the two voltages applied to 
each motor are 90° out of phase, each motor 
Will turn in the same direction or sense, thus 
turning the corresponding adjustable element of 
the respective condenser 22, 23. These motors 
therefore keep turning until the output of an 
plifier 35 becomes zero. If the change in fre 
quency of the cyclotron oscillator had been an 
increase, in order to bring the cyclotron System 
back to the desired frequency, the motors 24, 
25, turn the condensers 22, 23, to increase both 
of their capacitances, thus causing a lowering of 
the Oscillator frequency. If the drift in fre 
quency had been a decrease, then the motors 24 
and 25 Would be rotated in a direction which 
Simultaneously decreases the capacitance of the 
condensers 22 and 23. In this manner the dees 
are maintained excited at the fixed desired fre 
quency. 
For the purpose of maintaining both dees 

equally and Symmetrically electrically balanced 
With respect to ground, the opposite terminals 
40, 4, of the tank circuit are connected to a bal 
ance discriminator 37 which, for example, may 
consist of two voltmeters connected in opposed 
Or differential arrangement so as to give at the 
output of the balance discriminator a direct cur 
rent voltage which is proportionate to the amount, 
of electric unbalance at each of the terminals 
40, 4, with respect to ground. This direct cur 
rent signal representing the unbalance, is ap 
plied to a modulator 38 to which the signal 
Er sin (ut--90) is also applied. This in effect 
adds a 60-cycle reference voltage from Source 33 
to the direct current output of discriminator. 37 
as represented by the expression 

ACKB K.E. sin (out--90) 
This latter signal is then amplified in the two 
channel amplifier 36 and applied to motor 24. 
This unbalance signal is also fed to the input of 
the two-channel amplifier 35 but after having 
passed through a 180° phase shifter network 39. 
Consequently if electrical unbalance occurs at 
the terminals 40, 4, one motor rotates to change 
the capacity 22 in one sense, while the other 
motor rotates to change the capacity 23 in the 
opposite sense. For example if the unbalance of 
the dees is such as to render terminal 40 higher 
in potential than terminal 4, the motor 24 turns 
in the proper direction to increase the capaci 
tance of condenser 22, while motor 25 simulta 
neously rotates in a direction to decrease the ca 
pacitance of condenser 23. The motors continue 
rotating until both terminals 40, 4, are brought 
back to the balanced electrical condition. It will 
be observed therefore that the frequency stabi 
lizing means and the direct current balancing 
means work simultaneously, and the motors 24 
and 25 respond to the additive results of the two 
corrections. 
With the foregoing described arrangement the 

various control functions are obtainable over a 
9-to-1 range of dee voltage. Thus the resonant 
frequency of the dee system can be automatically 
maintained within till kilocycle of the reference 
oscillator 29, with a stability of better than 75 
parts per million for a 24 hour period. Auto 
natic control is maintained notwithstanding ca 
pacity changes resulting from change in posi 
tioning of the dees, thermal changes in the sizes 
of the dees, introduction of probes, or other dis 
turbances, provided these disturbances are not 
so great as to exceed the range of tuning of the 
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condensers 22, 23, corresponding to an amount, 
for-example, of 0.4 megacycle froin the median 
portion. If desired, the condensers 22 and 23 
anay be shunted respectively by manually con 
trollable condensers so as to locate the system 
initially at its mid-point, and to determine the 
range of control of the system, in which case the 
condensei's 22 and 23 may be considered as auto 
matically-controlled trimmer condensei's. 
Also with this arrangement, the voltages of the 

two dees with respect to ground can be auto 
natically maintained equal within approximately 
2%. Single-ended disturbances will be compen 
sated within the range of the condensers 22, 23, 
and the range can be extended by the manually 
controlled shunt condensers as above mentioned. 
This feature assures a minimum power expendi 
ture in obtaining a given dee-to-dee voltage, and 
enables equality of grid drive for the oscillator 
tubes in the oscillator , thus resulting in equal 
loading of the two oscillator tube banks which 
are usually employed in the cyclotron oscillator. 
Furthermore, precession of the cyclotron beam 
is minimized by maintaining a symmetrically 
fringing flux between the lips of the dees. This 
also helps to maintain homogeneity of the energy 
in the cyclotron beam. 

It will be clear from the foregoing that by 
means of the knob. 3), the frequency of the cyclo 
tron oscillator can be varied within the laznge 
of the condensers 22, 23, and this knob can be 
operated by remote control at a suitable console 
panel. The cyclotron oscillator automatically 
follows the manual change in the comparison os 
cillator 29 within the range of the condensers 22, 
23. By this arrangement, the actual operating 
frequency of the cyclotron oscillator can be di 
rectly displayed at the Console panel. If the con 
densers 22, 23, at initial equilibrium are at mid 
Scale position, the previously-mentioned to.4 
negacycle range may be swept by adjustment of 
knob. 30. This feature is very useful since it pro 
vides greater speed of response when searching 
for the cyclotron resonance condition between 
magnetic field and oscillator frequency, since les 
time lag is obtainable than when searching with 
the magnetic field alone due to the large amount 
of energy stored in the field. 
From the foregoing it will be seen that the 

system as a whole, employs two main interlocked 
follow-up or Servo loops which are somewhat un 
usual in that two error signals are utilized in 
either or both of the two output devices as re 
quired. Two minor loops are used in performing 
the functions of the main loops. The first, minor 
loop is integral with the balance discriminator. 37 
and is, in effect, the normalizing device. The 
Second minor loop assures constant input to the 
mixer in the frequency error channel in view? of 
the changing power level of the cyclotron oscil 
lator. This minimizes spurious frequency error 
eSiOSeS. 
While one particular organization of apparatus 

has been disclosed herein, various changes and 
modifications may be made therein without de 
parting from the spirit and scope of the inven 
tion. 
What is claimed is: 
1. In a System of the type described, the com 

bination of a space discharge device having a pair 
of electrodes for Operation at a selected frequency 
and with an electrically symmetric balance With 
respect to a predetermined fixed base potential, 
a source of oscillations for exciting said elec 
trodes at said frequency, another source of com 
parison frequency, means to compare the fre 
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quency of both sources to derive a signal repre 
Senting departure of the first source from its se 
lected frequency, frequency adjusting means for 
the first-mentioned source, follow-up circuits for 
operating Said frequency adjusting means under 
control of said signal to restore the first source 
to its selected frequency, and means to control 
Said follow-up circuit to maintain said electrodes 
in said balanced condition, the last-mentioned 
means including a follow-up motor and circuits 
including a frequency discriminating detector for 
controlling said motor by said signal. 

2. In a System of the type described, the corn 
bination of a space discharge having a pair of 
electrodes for operation at a selected frequency 
and with an electrically symmetric balance with 
respect to a predetermined fixed base potential, 
a Source of oscillations for exciting said electrodes 
at Said frequencies, means including a comparison 
frequency Source and a mixer to derive a first 
error Signal corresponding to departure of said 
Source from Said Selected frequency, means in 
cluding a discriminator for producing a balance 
Signal proportionate to the relative unbalance 
cf said electrodes with respect to said base po 
tential to derive a Second error signal correspond 
ing to the departure of said electrodes from elec 
trical balance, frequency adjusting means for 
said Source, and follow-up circuits responsive to 
both Said error signals for automatically adjust 
ing said frequency adjusting means and for auto 
natically maintaining said electrodes electrically 
balanced, the last-mentioned means including a 
follow-up motor and a frequency discriminator 
detector to Which both said error signals are 
applied, and circuit connections for controlling 
Said notor by the output of said detector. 

3. A System according to claim 2, in which said 
electrodes are of Substantial area and respective 
iy have Substantial inherent capacitances to 
ground, and said iast-mentioned means main 
tains said electrodes automatically balanced with 
respect to ground. 

4. In a System of the type described, a space 
discharge device having a pair of electrodes, a 
gun for producing a beam by charged particles 
such as electrons, a magnetic field for controlling 
the trajectories of said charged particles: a 
Source of excitation frequency for said electrodes, 
adjustable eleminents for controlling the frequency 
of Said excitation and also the electrical balance 
of said electrodes with respect to a fixed base 
potential, a, Source of known comparison fre 
quency, means to compare both Sources to de 
rive an excitation frequency error Signal, means 
including a balanced discriminator and a mod 
ulator to produce a signal representing relative 
Inbalance of Said electrodes With respect to said 

base potential to derive from said electrodes a 
balance error signal, and follow-up circuits to 
which both said signals are applied to maintain 
said electrodes excited at said selected frequency 
and to raintain then Synnietrically balanced 
with respect to said base potential. 

5. A system according to claim 4, in which said 
Source of excitation frequency comprises a high 
frequency Oscillator having a tank circuit con 
stituted in part of said electrodes, and each of 
said adjustable elements comprises an adjustable 
capacitor each connected respectively between 
one of said electrodes and ground. 

6. In a System of the type described, a space 
discharge device having a pair of large area elec 
trodes with substantial capacity to ground, an 
excitation oscillator, means connecting said de 
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vice as part of a frequency-determining circuit 
to said oscillator, adjustable capacitors con 
nected to said electrodes to balance then elec 
trically With respect to ground, a reference OS 
cillator to known frequency, electric motor 
means connected respectively to said capacitors 
to adjust them, means to compare the frequency 
of the reference generator with the frequency 
of the excitation oscillator to derive a frequency 
drift error signal, means including a balance dis 
criminator connected to said electrodes to de 
rive a balance drift error signal proportionate 
to the relative unbalance of said electrodes with 
respect to ground, and electric circuits for con 
trolling said notor means by both said error sig 
nals. 

7. In combination, a cyclotron or similar de 
Vice, an excitation OScillator for the dees of the 
cyclotron, said oscillator having. a frequency 
determining tank circuit constituted in part by 
the inherent capacitance of said dees to ground, 
a pair of adjustable capacitors connected re 
Spectively between said dees and ground, a bal 
ance discriminator coupled to said dees, a refer 
ence oscillator of known frequency, a pair of 
polyphase alternating current servo-motors each 
geared respectivey to the adjustable element of 
a corresponding one of Said capacitors, a source 
of alternating current, means to energize the cor 
responding phases of the two motors directly 
froin Said alternating current source, neans to 
derive a quadrature phase current from Said 
alternating current source, means to derive from 
said reference oscillator and said excitation os 
cillator a frequency error signal, means to mod 
ulate said error signal with said quadrature phase 
current, and means to apply, said modulated sig 
nal to the other corresponding phases of the 
two motors for the purpose set forth. 

8. In combination, a cyclotron or similar de 
Vice, an excitation oscillator for the dees of the 
Cyclotron, Said dees being at Virtual ground po 
tential but direct current insulated from ground, 
Said oscillator having a frequency-determining 
tank circuit constituted in part of said dees, a 
pair of adjustable condensers each connected be 
tWeen one of Said dees and ground, Said coin 
dense's being normally adjusted to balance said 
dees electrically With respect to ground, a bal 
ance discriminator coupled to said dees, a ref 
erence oscillator of known frequency, a pair of 
polyphaSe alternating current motors for adjust 
ing Said condensers respectively, means to gen 
erate two phase-quadrature voltages of the same 
frequency, means to deitive a frequency deviation 
Signal representing the difference between the 
frequency of Said excitation oscillator and the 
frequency of said reference oscillator, means to 
intermodulate one phase of said alternating cur 
rent With Said frequency deviation signal to 
produce a desired nodulation product, means 
to apply Said nodulation product and the other 
phase of Said alternating current to both of said 
motors, means to derive an unbalance signal from 
said discriminator, means to intermodulate said 
unbalance signal with said one phase of said 
alternating current to derive another modulation 
product, means to apply Said Second modulation 
product to one motor, and means to apply said 
nodulation product after 180° phase shift to the 
other motor. 

9. In combination, a cyclotron or similar de 
vice, an excitation oscillator for the cyclotron 
dees, means including a master Oscillator and 
a mixer to produce a first signal representing a 
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8 
frequency deviation of said oscillator excitation, 
means including a balance discriminator con 
nected to said dees to produce a second signal 
representing electrical unbalance of Said dees 
with respect to ground, condenser means coupled 
to said dees for controlling the excitation fre 
quency of the oscillator and for balancing the 
dees to ground, servo-motor means geared to 
said condenser means, means to apply Said first 
signal to operate said motor means and Said con 
denser means to reduce said frequency deviation 
to substantially zero, and means to apply Said 
second signal to operate said motor means and 
said condenser means to maintain Said balance. 

10. The combination according to clain 9 in 
which said condenser means comprises a pair of 
adjustable condensers each connected between a 
respective One of the dees and ground, Said Imo 
tor means comprising a pair of polyphase alter 
nating current motors geared respectively to Said 
condensers, means to apply Said Signals to con 
trol the Operation of the notor's and including 
follow-up circuits controlled simultaneously by 
said first and Second signals. 

1. Cyclotron apparatus comprising a cyclo 
tron, a pair of adjustable condensers connected 
to the cyclotron dees to adjust the cyclotron ex 
citation frequency and to balance the dees with 
respect to ground, a pair of motors each geared 
respectively to said condensers to adjust the 
same, a source of alternating current having two 
phases in quadrature, ineans to apply one of Said 
phases directly to said motors, neans including 
a balance discriminator connected to said dees 
to derive a balance deviation signal proportional 
to the unbalance of said dees with respect to 
ground, means including a master OScillator and 
a mixer to derive an excitation frequency devi 
ation signal, means to modulate Said frequency 
deviation signal and said other phase to produce 
a first modulation product, means to modulate 
said balance deviation signal With Said other 
phase to derive a second modulation product, 
means to shift the phase of said Second modula 
tion product by 180°, means to apply the first 
modulation product and the 180° phase-shifted 
second modulation product to one of Said motors, 
and means to apply the first modulation product 
and the second modulation product to the other 
motor to cause said motor simultaneously to ad 
just said condensers in the same sense to control 
the excitation frequency of the cyclotron and to 
control said condensers simultaneously in the Op 
posite sense to balance the cyclotron dees With 
respect to ground. 

12. Cyclotron apparatus comprising a pair of 
adjustable condensers connected between each 
cyclotron dee and ground, a pair of motors, 
means to derive a balance deviation signal, means 
to derive an excitation frequency deviation sig 
nal, and follow-up loop circuits interconnecting 
said motors with said condensers and controlled 
simultaneously by both of said signals to sta 
bilize the excitation frequency at a selected value 
and to balance the cyclotron dees electrically 
With respect to ground. 

3. Cyclotron apparatus according to claim 12 
in which the means for deriving the said fre 
quency derivation signal comprises a comparison 
oscillator having means to adjust its frequency 
and thereby to control the excitation frequency 
of the cyclotron dees. 

14. In a System of the type described, a space 
discharge device having a pair of electrodes, a 
gun for producing a beam of charged particles 
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such as electrons, magnetic field means for con 
trolling the trajectories of said charged particles; 
a source of excitation frequency for Said elec 
trodes which electrodes have substantial inherent 
capacity to ground, adjustable capacitors con 
nected respectively to said electrodes for Syrin 
metrically balancing them with respect to 
ground, a balance discriminator connected Syn 
metrically to said electrodes and producing a bal 
ance signal proportionate to the unbalance of 
said electrodes to ground, a Source of comparison 
frequency, mixer means to compare Said con 
parison frequency with said excitation frequency 
to produce a frequency drift signal representing 
undesired frequency drift in Said excitation fre 
quency, electrical circuits to compare the signal 
from said balance discriminator With the fre 
quency drift signal to produce a motor-control 
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signal, and follow-up motor means for adjusting 
said capacitors and to which said motor control 
Signal is applied. 

i5. A system according to claim 14 in which 
each of Said adjustable capacitors is provided 
with a respective follow-up operating motor, cir 
cuit connections for applying the balance signal 
from said balance discriminator to operate one 
motor Without applying Said balance signal to 
electrical circuits, and circuit connections for 
applying said motor control signal to operate the 
other follow-up motor. 

16. A system according to claim 14 in which 
said motors adjust said capacitors Simultaneous 
ly in opposite Senses. 

ROBERT RAY WEEKS, 

No references cited. 


