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Abstract 
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A phase feedback system is described that references the flue
tuating phase of the time varying radio-frequency drift-tube voltage of the 
Bevatron to the phase of the fundamental frequency component of the internal 
beam. The system is provided with controls that permit the selection of the 
optimum phase and the optimum phase -loop gain. When the feedback loop is 
closed the beam intensity is increased by more than a factor of two and losses 
that formerly occurred at high energies are eliminated. A brief description 
is given of the design and performance of the appa>ratus::as' in tests coriduct~d. 
inJunel959. 
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Phase oscillations in a weak-focusing proton synchrotron occur 
at a very low frequency and consequently have a very weak restoring force. 
In addition there is very little damping of disturbances that are produced by 
magnet-power-supply ripple, and fluctuations in the phase and amplitude of· 
the radio-frequency accelerating voltage. Early in the development of the 

. Bevatron the results of experimental studies verified theoretical predictions 
that by far the most significant source of noise during the acceleratiolJ czycje 
was frequency modulation in the frequency band of phase oscillations. ' ' 
The initial attack on this problem was to reduce interference from any such 
sources as directly as possible. 

1 
Edward J. Lofgren and Harry G. Heard, Bevatron Operation and Develop-
ment III, UCRL-2822, Feb. 8, 1955. 

2 
N. M. Blachman, Synchrotron Oscillation Resonance, Rev. Sci. Inst. 21, 
908 (1950), and~, 250 (1952}. 

3 
Lloyd Smith, Influence of Imperfections in the rf System on Phase Oscillations 
in the Bevatron, UCRL-3045, June 1955. 
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Because little improvement in performance was obtained from 
this approach, attention was focused on more pressing problems, and little 
emphasis was placed upon this phase of Bevatron development. Recent 
desire for increased beam intensity led to a re-examination of the problem 
of phase disturbances, and the development of equipments outlined below 
to reduce these phase disturbances by other means. The' system to be des
cribed uses feedback techniques to provide strong damping of phase oscilla
tions. The net result of this effort has been to increase the efficiency of the 
over -all accelerator by a factor of more than two. The peak beam intensity 
of the accelerator, as now limited by the quantity of injected charge, is of 
the order of 2 to 3X 10 11 protons per pulse. Average integrated beams of 
2 X 10 15 protons per 24-hour day are not uncommon and a-re directly related 
to the performance of the ion source in the injector. At this level of beam 
intensity the accelerator p~rformance is very nearly limited by existing 
radiation shielding. 

II. Principle of Operation· 

Protons gain energy in the Bevatron from the difference in the 
radio.-frequency electric field established across two 3-inch gaps at the 
ends of an 11-foot drift tube. When the peak radio-frequency voltage is of 
the order of 10 kilovolts, the energy gain by the protons in their transit 
through the drift tube is of the order of 2 kv. This is to be expected, as the 
frequency of the drift tube voltage is always programmed so as to maintain 

·the electrical length of the drift tube nearly equal to its mechanical length, 
regardless of the momentum of the particle. As the peak available energy 
gain is always about twice that required to keep a particie:0in phase synchro
nism, the equilibrium phase angle is centered around 150 degrees of the rf 
cycle. 

The bunched protons are nondestructively detected in the Bevatron 
by means of electric-induction electrodes located in a strai~ht section on 
that of the synchrotron ring magnet opposite the drift-tube. Therefore, 
the relative equilibrium phase angle of the particles with respect to the 
drift-tube voltage, as seen at the induction electrodes, is 330 degrees. If 
the phase of the drift-tube voltage is delayed by 30 degrees and the signal is 
inverted, a 180 -degree reference phase may be established and a phase null 
may be used to damp phase differences between the proton beam and the 
radio-frequency drift-tube voltage. · 

A system design that incorporates these general principles is 
outlined in block diagram form in Fig. 1. The reference phase of the · 
bunched beam signal is obtained 'fr_om the first harmonic of the beam signal. 

4 
Harry G. Heard, Bevatron Beam Induction Electrodes, UCRL-3609, February 
12, 1957. 



BEAM 
(REFERENCE) 

-5-

VIDEBAND DIFFERENTIATING 
PHASE PHASE AMPLIFIER· AND 
CCMPARATOR ERROR CAPACITOR 

~ MODULATOR 

VIDEIWID 
PHASE SHIFTER 1..-

Llli•LEVEL 

~ 
TRACKING 
C6CILLATOR 

VIDEBAND 
ATTENUATOR 

UCRL-9238 

H PilfER 
AMPLIFIER> 

RF VOLTS TO 
DRIFT TUBE 

MU-20318 

Fig. 1. Block diagram of the phase-loop control system. 
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The phase-shifted rf signal is combined with the beam signal in a multiplier 
circuit, the filtered output of which contains a signal proportional to the 
time -dependent phase difference between rf and the fundamental component 
of the beam pulse. Th~ derivative of this phase-error signal is applied to 
pn-junction capacitors in the low-level oscillator to close the feedback 
loop and obtain the desired phase damping. 

III. Description of the Apparatus 

The unique characteristics of the phase-loop control syostem from 
the large bandwidth over which precision operation must be maintained. 
For example, both the phase comparator and the phase shifter must operate 
over a frequency range in excess of 7:1. How such performance is obtal.ned 
is outlined briefly below. For the circuit details of these units the reader 
is referred to UCRL drawings 6Y6144, 6Y6134, and 7Y6124. 

Wide-Band Phase Comparator 
,, 

To extract the relative phase information from two signals whose 
frequency varies from 350 kc in approximately 2 seconds requires some 
ingenuity. The key to the solution of this problem lies in the use of the non
linear characteristics of multigrid mixer tubes connected as a multiplier. 
Consider, for example, the small signal characteristics of identical mixer 
tubes. The plate current of one tube may be expanded as a power series. 
Neglecting all but the first two terms, one obtains 

Similarly, the other tube has a plate current 

wherein eg
1 

and eg
2 

refer respectively to the rf signal as 

eg 
1 

= Er f sin wt + Em sin (wt++) 

5 Harry G. Heard, Electrostatic Tracking of the Proton Beam of the 
Bevatron, UCRL-8808, June 11, 1959. 

(1) 

(2) 

{ 3) 
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and the fundamental of the beam signal as 

eg2 = Er f sin wt + Em sin (wt+cf> ) . ( 4 ) 

Substit'l.lting Eqs . (3) and (4) into ( l) and (2) and subtracting the results , one 
obta ins , on the assumpti on that the plate voltages ep ex ip, a signal proper ·· 
t i onal to the phase error plus terms of higher frequency which are sub
sequently removed by filtering. 

E l ectronically the above outlined results are accomplished by 
feed ing the control gr i ds of the mixer tubes in push - pull with one signal , and 
by fe eding the remaining oscillator gr i ds of the m ixer tubes in push - push . 
T he f il tered output s i gnals are subtracted e l ectronically by a difference 
ampl ifier . The wide- band requirements of the phase comparator are readily 
sati sfi ed i n thi s system because the rf amplification is confined to the mixer 
tubes a nd their associated drive circuitry. Following the mixer stage only 
the l ow-frequency components representing the phase-error information are 
of interest. S ince this information resides in the frequency range of a few 
k il ocycles , no special techniques are required . Even the required differ
enti ation that converts the phase -error signal to a frequency-error signal 
is accomplished by straightforward techniques . 

The performance of the phase -error detection equipment is readily 
s e en in F i g . 2 , where the beam signal of the induct i on electrode is displayed 
s imultaneously w ith the phase-error signal. Note that the largest losses in 
the circulating beam intensity correspond to phase discontinuiti es , where 
smooth but cont inuous losses occur . The t ime scale of this disp l ay i s such 
that the essentially sinusoidal nature of the phase oscillati ons is not eas ily 
observed. However , the periodicity of the phase motion may be inferred 
from the gross structure on the trace . The d i scontinui ty in phase near the 
end of the trace was purposely introduced to i llustrate that large phase 
j umps can cause all of the beam to become asynchronous within a few milli
seconds . 

The per i odi c cha racter of the phase os cillations and the rel at i vely 
small natural damp ing are both clearly evident i n Fig . 3 . A phase d i sturbance 
int roduc e d near the center of the trace takes nearly 6 cycles to damp t o the 
background level. During this damping time , the proton bunch circulate 
through the drift tube several thoh sand times . 
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ZN-2475 

Fig. 2. Top Trace. Phase error between the radio-frequency drift-tube 
voltage and the beam. Time scale: 200 milliseconds per em. 
Bottom Trace: Beam induction electrode signal. Note that the 
phase-error signal is periodic. Abrupt changes in phase are directly 
related to large beam losses. The large phase jump near the end of 
the trace was intentionally introduced. This phase jump caused the 
beam to become asynchronous in a few milliseconds. As coherent 
oscillations no longer occur, the beam debunches and the signal 
disappears from the beam induction electrode trace. 
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Fig. 3. Top Trace: Beam induction electrode signal. Time scale 
1 millisecond per em. 

ZN-2476 

Bottom Trace: Phase-error output signal from phase comparator. 
Note phase excursions and beam loss resulting from perturbation 
introduced by modulating the rf. At this time in the acceleration 
cycle the phase oscillation frequency is approximately 2 kc. The 
disturbance is damped in approximately 6 cycles, corresponding to 
several thousand revolutions of the bunched beam. 
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Wide-Band Phase Shifter 

To obtain a controlled phase shift of the order of - 50± 30 degrees 
over the frequency range from 350 kc to 2500 kc presents an interesting 
problem. First of all, it is necessary that any amplifiers used in the system 
be sufficiently wide-band to produce no frequency-sensitive phase errors. 
Second, it is necessary that interanl feedback control be introduced so that 
a set value of phase shift is automatically maintained as the radio frequency 
is increased by a factor of seven. As amplifiers with le5! s than a few degrees 
of phase shift are rather difficult to construct, it was decided to use only high
level signals and to employ cathode followers throughout t~e phase shifter. 

The requisite controlled phase shi ft was obtained with a cathode 
follower in which the plate current of the tube was controlled over a range of 
the order of 1000 to 1. The equivalent circuit of the phase shifter consists , 
simply enough, of a generator in series with an e l ectronically controlled 
res i stor , whose value is determined by the transadmi.ttance of the tube, and 
a shunt capacitor. As the transadmittance of the tube varies as the cube root 
of the plate current, the phase shift at any frequency may be adjusted by 
varying the grid bias of the tube. 

If a constant phase shift is to be maintained as the frequency in
creases, the plate current of the tube must vary as the cube of the frequency. 
To obtain the desired nonlinear relation between plate current and frequency 
it is necessary to vary the grid bias , from its base value , approximately as 
the square root of the frequency. As the Bevatron frequency varies with 
time in accord with a different fractional power law, direct programming 
appears to be almost hopeless. It is, however, possible to make the phase 
shifter follow the desired frequency dependence automatically by utilizing 
inverse feedback. Now, the amplitude of the phase-shifted rf signal at any 
frequency is related to the total phase excursion. If, therefore , the difference 
between the phase-shifted rf signal amplitude and a chosen fraction of the 
direct rf signal amplitude is obtained, the discrepancy is related, at any 
frequency, to the deviation in phase shift from the prescribed value. With 
sufficient gain in the feedback loop, this error signal may be used to maintain 
the phase of the resulting nutput signal at a desired value independent of fre
quency . The desired phase shift is then obtained by controlling the fraction 
of the rf signal that is available for amplitude comparison. In the phase-loop 
control for the accelerator, the phase shift may be adjusted to and maintained 
at any desired value within the dynamic range of the equipment. Figure 4 
shows a dynamic phase-shift characteristic obtained in the range from 100 kc 
to 10 Me. · Except at very low frequencies , the phase shift is acceptably constant 
over a 10 : 1 frequency range. It is worth noting that although manual selection 
of phase shift was employed in this circuit, dynamic phase variati on of the order 
of -50 ± 30 degrees could easily be obtained by electronically varying the ampli
tude of the direct rf signal before phase comparison. 

• 
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ZN-2477 

Fig. 4. Variation of phase shift of the wide-band phase shifter with 
frequency over a 10:1 frequency range. At frequencies of the 
order of 100 kc the phase shift is not controlled. As this frequency 
is low compared with the Bevatron frequency range, the performance 
was adjudged quite adequate. 
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IV. Performance 

Figure 5 may be compared with Fig. 2 to illustrate the effects 
observed when the equipment was installed and adjusted, Not only was an 
over-all increase observed in beam intensity, but the beam losses that 
interfere with emulsion exposures were also markedly reduced. 

When this equipment was installed there was little time to obtain 
quantitative measurement that would relate the loop gain in terms of oscillator 
frequency deviation to the degree of phase shift of the beam, However, the 
following pertinent observations were made. It was possible to increase, the 
loop gain to the point of instability. The optimum value of gain was observed 
to vary with Bevatron frequency. As the loop gain is sensitive to the intensity 
of the beam, a compromise in loop gain was required to obtain maximum beam 
intensity . . (This is not a fundamental limitation, as a constant-output amplifier 
may be constructed to augment the equipment). If the gain was too high, phase 
oscillations were observed to grow exponentially with time, and beam losses 
became severe. It was possible to override the feedback loop by introducing 
sufficiently large and abrupt changes in the frequency of the low-level tracking 
oscillator, 

The performance of the other beam -position-control equipment was 
not degraded when the phase-control loop was closed. This is to be expected, 
as the phase loop·is ac-coupled. 

The electronic circuitry in this equipment was constructed with 
vacuum tubes as active elements. The required circuitry can be transistorized 
as soon as sufficient measurements are made to completely define the system 
requirements. 

V. Conclusions 

A system is described that is capable of varying the frequency of a 
proton synchrotron so as to force the radio-frequency accelerating voltage 
to follow the bunched beam as a phase reference. The system introduces 
sufficient electronic phase damping to essentially eliminate phase losses during 
the acceleration cycle, In test operation, this equipment has increased the 
beam efficiency of the accelerator by a factor of at least two and has eliminated ' 
troublesome beam losses that occur · during the high-energy portion of the 
acceleration cycle. Independent measurements of beam flux indicate that the 
observed increase in beam intensity is real and is not merely a change in the 
density of the proton bunch. 

This work was done under the auspices of the U. S. Atomic Energy 
Commission. 
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ZN-2478 

Fig. 5. Bevatron beam versus time as observed with the beam induction 
electrodes after the phase loop was closed. The variation in 
amplitude of the signal displayed here is only indirectly related to 
the beam intensity, as the frequency response of the entire moni
toring system is sufficient to display individual beam pulses. Thus, 
very narrow beam pulses containing the same number of particles 
have greater amplitudes. Independent measurements of the beam 
intensity show that closing the phase loop increases the beam intensity 
by a factor of more than two. 
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