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. * BEVATRON BEAM SPILL BY AMPLITUDE MODULATION 

Fred H. G. Lothrop 

Lawrence Radiation Laboratory 
. University of California 

Berkeley, California 

September 30, 1965 

ABSTRACT 

A more efficient method for the delivery of protons.onto Bevatron targets 

has been devised. This method involves amplitude modulation of the r£ accel-

erating voltage by a closed-loop system that regulates the rate of loss of 

circulating beam, as observed on a pickup electrode. The efficiency and 

reliability of this new method are considerably greater than those of previous 

methods, and the flexibility of proton-delivery control has been enhanced. 
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INTRODUCTION 

1 Many experiments performed at the Bevatron,. a proton synchrotron, 

involve the use of scintillation counters and spark chambers. After parti-

cles have passed through these devices, particle passage is not registered 

for a brief period known as 11deadtime. 11 In order that a minimum number 
. . 

. of particles pass during deadtime, it is desirable that the delivery of parti-

cle pulses to the experiment be as long and uniform as possible. The 

delivery (or spill) time available at the Bevatron extends to about one second. 

The previous method used for spilling beam during this extended time 

was to plunge energy-loss fibers
2 

into the circulating beam once for each 
! 

Bevatron pulse (11 pulses per minute). Some of the protons that strike:.: a 

fiber, having lost sufficient energy, become phase unstable and spiral into 

a target. These fibers also scattered and interacted with the proton beam, 

so that only about half of the circulating protons actually struck the target. 

The spill was controlled by the choice of fiber diameter (::::: 0.003 inch), the 

spacing between fibers, (::::: 1/Z inch), and the rate at which fibers pl~nged i. 

into the proton beam. Fiber lifetime· at current Bevatron beam intensities 

was approximately a week because of local heating and radiation damage. 

A new method of achieving extended spills without the attendant disadvantages 

of the fiber spille.r:·c was highly desirable. 

A preli,:ni~ry experiment3 demonstrated that another method was 

indeed available, wherein the amplitude of the rf accelerating voltage was 

. modulated accordirlg to a feedback signal derived from a beam-pickup elec-
~ . 

trode in the Bevatr~n, and the operational system described below was thus 
·~:\ 
H . 

developed. The following design requirements were imposed on the elec­
~~! 

tronic beam spiller~ 

1. The time rate of beam spill is to be constant . 

.. 
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2. The amount of beam spilled is to be adjustable with an accuracy of 

±-5% . 

3. Controls are to provide the choice of spilling a certain percentage 

of the circulating beam, or of spilling to a fixed amount of circulating 

beam. 

PRINCIPLES OF OPERATION 

The electronic beam spiller {EBS} closes a negative feedback loop 

around a path consisting of the proton beam, the pickup electrode, and the 

amplitude -modulation portion of the rf accelerating system. A block di-

agram of the EBS is shown in Fig. 1. Reduction of the amplitude of the ac- · 

celerating voltage amounts to an increase of the equilibrium pha,se angle 

and a reduction in the bucket size and hence the amount of beam available for 

stable acceleration. The bucket-size reduction carries particles outside the 

region of stability, and the rising magnetic field of the Bevatron guides them 

onto a target. Careful control of the bucket size by amplitude modulation 

thus leads to a controlled flow of particles onto the target. The feedback 

loop modulates the bucket size in response to the rate at 'which particles 

spill out of the synd_hronous circulating beam. · 

For this cont~olled spill, any quantity betwe~n 5 and 100% of the cir-
i . 

culating:beam may !be required at a constant spill rate during a specified 

time interval. Thus, the reference signal must be a ramp with adjustable 

slope and end-point amplitude. The adjustable slope determines the length 

of time required fo;r the ramp to reach its end point. The end-point ampli-

tudy determines the amount of beam to be spilled. In Fig. 2 the required 
' 

refe renee voltage kk shown as a function of time. Here v0 is the starting-

voltage level, which corresponds to the amount of beam circulating in the 

Bevatron. For a given end-point voltage, or stop voltage, (V 5 ), two spill 
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durations are shown, {t
1 

- t
0

} and {t2 - t 0 ); each is obtai.ned by adjustment 

of the s)ope of the .refe renee voltage. A change in the stop voltage for a 

. given duration of spill requhes that the slope also be changed. As the stop 

voltage is increased, the slope must be reduced. 

v -B-

The function to t>e generated is expressed as follows: 
v 

[ ( - - s b.t)] • Where II II V 0 1 - k 1 V 
0 

T , VB is the desired beam analog voltage, 

b.t{=t - t
0

) is the spill duration, T is a time constant, and k is a dimension-

less slope constant. 

The slope constant k permits ~djustment of the wave -form slope 

independent of the other parameters, so that the duration of spill will be an 

independent variable. 
I 

When V S is zero, all the beam will be spilled in a 

time interval dependent on k and T {T is a constant of the system, and is 

established during the design phase of the electronic equipment). 

The electronics required to generate ·the refernce signal and to pro-

vide the error signal is shown in Fig. 3. ·The error signal feeds into the am-

plitude -modulation facility of the Bevatron accelerating system; the error 

voltage V E is the sum of three voltages: 

If the feedback loop were to have infinite gain, V E would be zero and Vj3 

would then be the desired function. In Fig. 3, the detector supplies to the 

system a slowly varying voltage that is proportional to the proton beam cir-
~ ~~< 

cula ting in the Be~~tron. The sample -and-hold circuit extracts the beam·-
,.j. n~· 

' 
intensity inform~Ht?n when the spiller turns on, supplying V 0 to an inverter 

and an integrator. ;_ . 
. ' 

As the beam btensity at the Bevatron varies. ±20% from pulse to pulse, 
. ~ : 

. .~·(~! 

v 0 will vary accor'dingly. If a fixed percentage of the beam is to be spilled, 
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V S is obtained from V 0 . The amount of beam spilled will vary with total 

beam, but the ratio· of spilled beam to~total beam will be constant. If, how-
• 

ever, a fixed amount of beam is to be left circulating after a spill, V S is 

obtained from a Zener -diode reference -voltage source. 

COMPLETE UNIT 

A block diagram of the complete unit appears in Fig. 4. The flex-

ibility required in Bevatron operation suggested that four channels for the 

spiller be made. One basic unit with switchable reference levels w'as ac-

cordingly designed. Four sets of controls, each set consisting of "spill 

time," "level," and "fixed level, off, percent" controls, are switched by 

relays to the appropriate points in the circuit upon command of one of four 

timing pips generated by the Bevatron. Five silicon controlled rectifiers 

(SCR 1 s) are used in an "exclusive or" arrangement, so that triggering a~y 

one of them on causes the other four to turn off. Four of the SCR' s energize 

the relays; the fifth turns off the first four SCR' s upon command from a 

comparator circuit. Inclusion of the partial-spill features required the 

addition of a comparator circuit for turning off the unit when the desired 

level was reached. The comparator is a high-gain summing amplifier that 

operates SCR flip -fldps when the sum of the reference ramp, the sample arid 

hold, and the stop vJltages is zero. The amplifier moves from one saturated 

state to the other, producing a positive spike that triggers SCR5 on. 

Proton-beam ihformation is obtained from pickup electrodes at a 2.5 -Me 

rate. However, 2.5· Me is the frequency of the fundamental component of the 
~-

information, and halt-monies up to the tenth and higher are present. En.velope 

detection of the wa.J~ form would result in erroneous indications of the proton-
·.::. 

beam intensity, sil1.b;e the harmonic content of the signal changes with Bevatron 

operating condition:~~- and the amplitude of the electrode wave -form is dependent 
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on the harmonic content of the signal. Therefore, since the fundamental 

compop.ent amplitude gives a more reliable indication of beam intensity, the . 
first stage in the detector is an integrating amplifier, which serves to filter 

and average the harmonic content of the beam signal. An emitter follower 

and power amplifier supply a 2.5-Mc signal to a full-wave diode detector. 

The output of the detector is filtered and sent first to the sample -and'-hold 

'. 
circuit and thence to the summing amplifier. 

The sample-and-hold circuit consists of a small, high-gain operational 

amplifier normally fed back so that it has a gain of -1. A 0.1 microfarad 

capacitor is connected around the feedback resistor. This amplifier monitors 

the output of the detector until a relay actuated by the SCR' s disconnects the 

resistor from the input of the amplifier, leaving only the capacitor i~ the 

feed.:back circuit. The amplifier now maintains the charge in the capacitor. 

This circuit is entirely satisfactory for the short times involved in the 

operation of the spiller. 

A trigger pulse from the Bevatron timing circuits turns on the appro-

priate SCR and its relays, enabling the particular spill-time and spill-level 

controls, and unclamping the ramp generator by turning off SCRS and opening 

the relay around the ramp-generator feedback path. Turning off SCR5 also 

closes a relay in the output circuit. The electronic switch in the output cir-. 

cuit is closed when one of the other SCR' s is on. 

The ramp generator and comparator circuits make use of small high-

gain operational amplifiers, as do the output amplifiers and the inverter . 

These amplifiers, which occupy about 2 cubic inches of space, are commer­

cial units with a ~aof~dgain-bandwidth product of 100 Me/ se~. 
-A . 

~· \\ '·¢ 

Loop gain fot the feedback system, as well as phase compensation, is 
\ ~·~:··¥: 

provided by the corrl~ensating amplifiers in the output network. The loop 

gain is difficult to assess, because the spiller ~eems to work best in a 
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switching or oscillating mode; best guess is that the loop gain is around 50 . 

The error signal to the amplitude modulator of the system is not a smooth 

line, but consists of rapid (about 2 to 10kc) oscillations between "full on" and 

"full off" conditi.ons of the system. Efforts to remove these oscillations re-

sulted in reduced performance of the spiller. 

PERFORMANCE 

The design criteria for the electronic beam spiller have been very 

well fulfilled by the unit described; controlled spills with reproducibility of 

± 1o/o have been regularly attained. The unit is all solid state, minimizing 

power and space requirements in the main control room of th,e Bevatron. The 

only malfunctions occurred when the unit was mounted at an angle greater than 

that allowed for reliable operation of the small mercury .relays used. 
!~~ 

I 

Figure 5 is a'~~hotograph of the rectified pickup electrode signal and 

the proton-beam sp~ll as monitored on a Cerenkov counter near an exit port 
·:·,~ 1'~: 

of the Bevatron. B~am spill at the time this picture was taken was on 
~ . t . 

~ . 
"flattop," -i.e. , ci,t:•'fOnstant hi'gh proton energy-with the Bevatron magnet 

During flattop operation,. a constant-energy 

spill may be obtaine~ for almost one second with a s~all amount of magnet· 
~ . . 

ripple.· Because <l1~,:,;the low time-rate-of-change of field and consequent large 
' ' ~· 

··~: •j 

stability regions aid slow spiral in time of the protons, two spillers are used 

I 
in cascade. One is used briefly for rapid initiation of the spill; the second is 

used to deliver the beam over the rest of the allowable spill period. Notice 

that the electrode signal is a relatively smooth straight line;and the Cerenkov 

counter signal ap,j:n.ioaches a rectangular shape. Similar spills of about 300 

milliseconds dur~tfon may be obtained in the normal Bevatron pulsing mode, 

without flattop, b4~'\he ripple content of such spills is higher because ripple-
~ :·. 

suppression circuits are not in operation . 
. ·:: 

>., ~ '' 
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Figure 6 is a photograph of the completed beam spiller. 
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FIGURE CAPTIONS 

. Fig. 1.. Electronic beam spiller feedback loop. The pickup electrode pro-

duces a voltage proportional to the amount of beam circulating in the 

. Bevatron . 

Fig. 2. Reference voltage as a function of time. Two spill lengths are 

shown for V s/V 0 = 0.4,' and two spill quantities are shown for a spill 

length corre spending to t 2 . 

Fig. 3. Basic block diagram of reference generator for beam spiller. 

Fig. 4. Block diagram of the complete four-channel beam spiller. The 

basic unit of Fig. 3 is augmented by four sets of switched variable 

reference voltages. 

Fig. 5. Top trace is detector output. Bottom trace is Cerenkov counter 

signal. There is a delay in the start of the spill due to Bevatron 

operating conditions. The structure on the counter signal is caused 

by Bevatron magnet ripple. Vertical sensitivity is 0. 5- V/ em for both 

traces. Sweep speed is 100 msec/cm. 

Fig. 6. The complete four-channel beam spiller. Solid-state circuitry 

and printed circuits are used throughout. The unit fits a standard 

rack 19 inches wide, and the panel height is 3. 5 inches . 
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