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Summary 

The ability of synchrotrons to accelerate particles 
with different elmo values is dependent upon being able 
to control its accelerating-voltage frequency as a 
function of the actual guide field value. Interpol
ation between modification values can be performed to 
reduce the possibility of exciting phase oscillation. 
Differences between, the des i red frequency and the 
actual frequency produced (due to non-linearities in 
the system) are also removed with the digital processor 
increasing the precision of the system up to two orders 
of magnitude. Successful operation with six different 
particles has been demonstrated. 

Introduction 

The increasing interest in the use of high energy 
light/heavy ions for biomedical research has produced 
new demands for advancement in accelerator technology, 
this in turn causes a need for more complicated 

" control systems. The ability of a synchrotron to 
accelerate particles with different charged to mass 
ratios elmo values is dependent upon the ability to 
control its accelerating voltage frequency as a 
function of the guide field. The advent of the " 
Bevalac was no exception, where the elmo ratio would 
range from 1 to approximately 0.4. A method has been 
developed that allows the Bevatron to operate with a 
predetermined theoretical value of acceleration 
frequency as a funct ion of the gui de fi e 1 d. A di gi ta 1 
processor is used to preca 1 cul a te the theoreti ca 1 
frequency as a function of machine parameters, particle 
elmo value and store these values in a memory unit. 
The acceleration frequency is controlled from memory 
with desired perturbations provided by the operator 
and/or radial feedback. 

Desi gn Philosophy 

The old Analog Master Oscillator (AMO)was replaced 
by a Voltage Controlled Oscillator (VCO). The contro
led voltage for the VCO is developed by a digital to 
analog converter (DAC) where the new digital value to the 
DAC is modified at each incremental change in the guide 
field. The digital value for the DAC is the digital 
summation of the theoretical value in memory, any 
perturbation the operator wishes to introduc~ and a 
closed loop radial position signal when desired. The 
val ues of the acceleration frequency for the Bevatron 

• for a given elmo value, guide field B value, and radius 
of orbit. can be calculated using the following 
equati on: 

F = _____ --'c'--______ _ 

[2Tf(Ro+l'IR)+4S] [1+( moc )2J~ 

Where F 
c 
Ro 

eB[Ro+(l-N) l'IRJ 

acceleration frequency in Hz 
the speed of light 
tne radius of the Bevatron 

(1) 

l'IR change in radius during accelera
tion. 

* Work performed under the auspices of the U. S. 
Energy Research and Development Administration. 

S 
mo 
e 
B = 
N = 

length of a straight section in the 
rest mass of the particle 
the electron charge of the particle 
the guide field in gauss 
N value of the Bevatron. 

Bevatron 

The Bevatron guide field changes at the rate of 
10 G/ms at inject"ion, with a corresponding 1.2 kHz/G 
change in the acceleration frequency. The guide field 
varies from approximately 37 G residual field to 15 kG 
at peak field, at a corresponding proton energy of 
6.3 GeV. The range of acceleration frequency is from 
120 kHz to 2.5 MHz. 

In order to get the desired resolution needed for 
the acceleration frequency, a 16-bit DAC was selected 
providing a resolution of 1 part in 64,000 or 40 Hz/LSB. 
The acceleration frequency must be updated every gauss 
in order to maintain the accelerated beam at the 
correct radius, requiring 16K of memory for the 
acceleration of an ion to full energy. 

Accelerated ions are extracted from the Bevatron 
at the desired energy by means of resonant extraction. 
One requirement of the resonant extraction is that the 
guide field must be maintained at the desired value 
±~ G to prevent the particle from receiving an energy 
change as well as preventing any structure on the 
extracted beam. To accomplish this a l-s flat top is 
provided in the main guide field. The accelerator 
frequency is left on to provide control during the 
first 100 ms of the flat top for positioning of the 
beam at the correct radius for resonant extraction. 
Because of this requirement, the signal for the DAC 
becomes a function of time instead "of guide field and 
is updated in l-ms increments instead of l-G increments. 
An additional 16K of memory is provided for this use. 

Another requirement for the Bevatron during 
Bevalac operation is the ability to time share between 
two ions with different elmo ratios. Each ion requires 
16K x 16 bits of memory with an additional 16K of 
memory used for intermediate val ues in the lineariza
tion calculations and to store open loop variations 
introduced by the operator and/or radial feedback. 

System Configuration and Design 

The digital control frequency for the Bevatron 
is a system known as the Digital Master Oscillator 
(DMO) and is a portion of the Bevatron accelerating 
voltage frequency control system (see Fig. 1). The 
following equipment was used with the Analog Master 
Oscillator and has been adapted for use with the DMO. 
The digital processor is a DEC PDP-8 with 4K x 12 bit 
of memory, with access to a 12 megabit disc. The PDP-
8 has a positive I/O bus for interfacing to the 
digital hardware. Because of the physical distribut
ion of the hardware within the Bevatron, both serial 
and parallel digital links are used. The serial links 
are Pulsed Duration Modulation (PDM); and encoded, 
self-clocking 1 MHz serial transmission system that is 
used extensively throughout the Bevatron. 

The operator control panel is a means by which the 
Bevatron operator can enter open loop corrections as 



desired or needed at a 1-ms rate. The waveforms that 
can be generated are those that take the basic shape 
of a trapezoid or parabola. The signals amplitude, 
time, and slope of four trapezoids or parabolas can 
be controlled with their starting position being a 
function of guide field value or time. The radial 
feedback system provides two signals to the processor 
which are a function of the "in and out" deviation of 
the ion beam from the desired radius. This system is 
only useful for ion intensities of 10 9 charges and 
greater. The phase feedback system compare the 
phase of the ion beam to the accelerating frequency 
at the accelerating electrode and produces a signal 
proportional to the phase difference of these two 
signals. The phase signal is used to reduce phase 
oscillations of the beam, and is only useful with 
ion intensities of 10 7 charges and greater. 

Some of the timing considerations for the Bevatron 
are that it has a basic rep rate of 10 pulses per 
minute, an accelerating time of up to 1800 ms, depend
ing on the energy desired. The resonant extraction 
time, or flat top, can be up to two seconds long, and 
is a function of the ion energy desired and limited· 
by the power demand of the system. The time between 
pulses is equal to or greater than 600 ms. Injection 
into the Bevatron takes place between 200 G and 800 G, 
depending upon the source of ions or protons being 
used. 

The value of the guide field i~ obtained by 
doing a digital integration of the B voltages as 
obtained by the B winding placed in the beam aperture. 
The sign magnitude voltage output of the winding is 
converted to a pair of pulses with a voltage to 
frequency converter .• The frequency of the pulses is 
proportional to the B voltage and has a value of 
1 cG/pulse. The pulses are integrated in an up/down 
BCD scaler. The contents of the scaler contains the 
value of the guide field in cG. The B winding can 
only detect a change in field thus the scaler must 
have the value of the residual field added approx
imately 20-ms before a Bevatron cycle starts. The 
residual field is measured using a small peaking 
strip with a bias winding inserted in the Bevatron 
aperture. 

The DMO makes use of all the signals generated for 
the AMO for correction and control. The accelerating 
frequency is generated using a voltage controlled 
oscillator which has the following minimum specific
ations: 

Frequency range of 100 kHz to 2.5 MHz 
Frequency modulation <40 Hz at a 60 Hz rate 
Slew rate of 15 MHz/s 
Linearity of 0.01% 
Low short term drift <100 Hz/s 

Two Hewlett-Packard voltage controlled oscillators 
were selected for use. One was a hetrodyne VCO meeting 
all the specs desired, the second unit was an 
integrating VCO and was selected because it had very 
low frequency modulation, but had a.1inearity of about 
0.1%. The VCO is driven by a summing amplifier with 
four inputs. The output of the VCO goes to the 150 kW 
final amplifier for ion acceleration and to a Hewlett
Packard frequency to digital converter, providing 
an input to the processor for diagnostics. An 
external memory with up to 64K is provided to store 
the theoretical frequency values. The memory address 
register is incremented or decremented by the 1 G 
field markers. The processor is used to calculate the 
theoretical value of the accelerated frequency 
for each G incremenet using equation (1), dividing 
by 40 Hz/bit and storing in memory. Each time the 

2 

memory address register is incremented the contents of 
the memory is transmitted to the 16 bit DAC, after 
being modified in the digital summation hardware. In 
the digital summation hardware the least significant 12 
bits can be modified either by radial feedback inform
ation and/or open loop correction by the operators. 

The residual field of the Bevatron is approxima
tely 37 G, and is dependent on peak field and rep rate. 
The first 100 gauss words in the memory are loaded with 
the theoretical value of frequency for 100 G. At the 
time the residugl field value is being loaded to the 
memory address register, all other inputs to the 
summing amplifier are zeroed, and the 100 G frequency 
value is sent to the 16 bit DAC and the output of the 
VCO is measured with the frequency to digital converter. 
Any drift from the 100 G frequency is calculated and 
a correction is sent to the 12-bit DAC. If the drift 
correction is too great and error message is sent to. 
the operators. The operator can also add a modifier to 
the residual and drift values providing him with a 
fine control of the initial frequency. Incrementing 
the residual field displaces the frequency curve, 
with respect to the guide field, while incrementing 
the drift value provides an offset. (See Fig. 2). 

Results 

Initial operation with the hetrodyning voltage 
control oscillator works successfully only if the 
phase feedback is used. The inherent frequency 
modulation was sufficient to excite phase oscillation, 
causing a continuous loss of beam after the first 
100 ms of acceleration. The integrating voltage control 
oscillator would only accelerate the beam for the first 
few 100 ms before the beam was lost due to radial error. 
The use of radi a 1 feedback and phase feedback, 
provided successful acceleration. Phase feedback is 
needed when using radial feedback, because the 1 ms 
update of the radial system tends to excite phase 
oscillation, especially if the value of the radial 
correction gets large. The DMO has the ability to use 
the learned curve concept. The output of the digital 
summation is written into a second 16 K block of 
memory. On the following Bevatron pulse, the VCO 
is programmed by this new curve, containing the radial 
feedback signal as well as any operator corrections, 
reducing the requirements of the radial system. The 
learned curve concept can be applied a second or third 
time, if needed, producing a very high gain system. 
Making use of the learned curve concept allowed success
ful acceleration using the integrating voltage control
led oscillators with phase feedback (phase feedback was 
sti 11 needed because of alms update of the radi a1 
feedback system). 

A method of interpolating between modified values 
was developed, where the correction value is divided 
into 10 parts and added every G, reducing the correct
ion steps, however, this method has not been thoroughly 
tested at this time. 

The need to remove the non-1inearities of the 
integrating VCO and the rest of the system led to the 
linearization concept. After the processor has 
calculated the theoretical frequency curve, all the 
inputs to the summation amplifier are zeroed and the 
processor then increments the memory address register 
through its range and measures the frequency value with 
the frequency to di gita 1 converter. The difference 
between the theoretical values and the measured values 
is an error value that can be added to the calculated 
theoretical value and stored in a 16K block of memory. 
This new value produces a frequency that is much closer 
to the desired theoretical value. The process can be 
repeated a second time resulting in the output of 
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the integrating VCO being linear to the desired 0.01%. 
The equaitons for the values stored in the memory are 

Ll = 2T-Ml for the first correction (2) 
L2 = 3T-Ml-M2 for the second correction (3) 
L2 = T-M2+Ll 

where: 

T = theoretical value 
Ml = first measured value 
M2 = second measured value 
Ll = first linearized value 
L2 = second linearized value. 

This method takes approximately three minutes of 
off line processor time, being limited by the 
response time of the frequency to digital converter. 
It has the advantage that the incremental correction 
in frequency take place at every gauss increment 
instead of every 10 gauss, and non-linearities for the 
complete system are removed (see Fig. 3). 
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Conclusion 

Successful operation of the Bevalac has been 
achieved with six lioht heavy ions from protons up 
to 4°Ar+18 with 84KrH6 scheduled in the near future. 
Digital control of the accelerating frequency can be 
applied to any synchrotron to accelerate particles 
with different elmo values as long as the theoretical 
value of the accelerating frequency can be accurately 
defined as a function of the guide field for the 
accelerator. Additional work remains to reduce the 
FM noise within the system in order to be able to 
accelerate ions of lower intensities as the use of 
phase feedback still yields significant improvement 
in the Bevatron performance. 
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