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Abstract 

A variable frequency oscillator is normally used to generate the master fre

quency for an accelerator. For the Low Energy Booster (LEB) at the Supercon

ducting Super Collider (SSC) the prospects of using a Direct Digital Synthesizer 

(DDS) to vary the frequency from 47 MHz to 59 MHz are considered. A Digital 

Signal Processor (DSP) which can be loaded with the desired frequency values 

is interfaced to the DDS. These values are launched on the DDS at known in

tervals to ramp the frequency smoothly. In this paper the observations made 

while ramping the frequency are discussed. The design principle of the digital 

synchronization of the LEB frequency source with the Medium Energy Booster 

(MEB) frequency source is also briefly discussed. When developed, such a system 

can be used to synchronize the two machines. 

• Operated by the Universities Research Association, Inc., for the U.S. Department of Energy 
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1. INTRODUCTION 

In this paper, a scheme for generating a controlled accelerating frequency for 

the Superconducting Super Collider (SSC) Low Energy Booster (LEB) is out

lined. The fully developed system will be capable of delivering the sinusoidal 

low-level rf signal with feedback paths to synchronize the LEB and Medium En

ergy Booster (MEB) frequency sources by controlling the phase (not just the fre

quency) of the LEB throughout the LEB acceleration. This will help in extracting 

the beam from the LEB at a known MEB turn. The hardware to establish the 

"proof of principle" is described. 

2. MASTER FREQUENCY 

It is well known that the desired master frequency can be obtained from the 

following relationship when the magnetic field profile is known with respect to 

time: 1- 3 

Where, 

ch 
f = --;::===== 

1 + [(mc2)/e] 2 
pcB(t) 

c 

c = Speed of light 

h = Harmonic number 

C = Path length of the synchronous orbit 

m Mass of the particle 

e Charge on the particle 

p = Effective bending radius 

B = Magnetic field strength. 
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For the LEB the frequency curve is shown in Figure 1. The LEB cycle has a 

frequency of 10 Hz and the momentum has a pure sine-wave dependency with the 

LEB cycle frequency. The injection and extraction momenta are 1.219 GeV /c and 

12 GeV /c, respectively. The corresponding magnetic fields are 0.12157Tesla and 

1.1968 Tesla.3 For these parameters the LEB rf sweeps between 47.518 MHz and 

59. 776 MHz. It is clear from the df/ dt curve in Figure 1 that a maximum rate of 

change of frequency of 1036.8 MHz/ sec takes place at about 5. 7 ms into the LEB 

cycle. A digital system should be able to follow the ramp rate without producing 

large frequency steps that would cause unwanted beam excursions. A sampling 

interval of about a microsecond is thought to be adequate; the system under 

development will be capable of stepping as fast as an 0.18 µsec interval. This 

means the highest step in the revolution frequency will be 1. 728 Hz (assuming a 

harmonic number of 108). 
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Figure 1. (a) ).lagnetic field. (b) Frequency. and ( c) Rate of change of frequency 
as a function of time. 



3. SYNCHRONIZATION PRINCIPLE 

When the field ramps up in the LEB, acceleration of the beam occurs. As 

the extraction time nears, the phase of the LEB rf must be adjusted to match 

the phase of the next accelerator-in this case the MEB. During transfer the 

MEB rf is essentially running exactly at the LEB extraction frequency. In the 

literature one can see two schemes for achieving synchronous transfer of bunched 

beams from one accelerator to the other,4- 12 namely the phase-locking and the 

phase-slippage schemes. In the phase-locking scheme, at a known time before 

injection to the next accelerator, the phase and frequencies of the accelerating 

machine are locked to the extraction frequency. The time required to phase

lock the two frequencies depends on the lattice parameters of the accelerating 

machine. 1•3 In the phase-slippage scheme, at a predetermined time before trans

fer, the frequency of the accelerating machine is offset a few cycles relative to the 

extraction frequency. The phase of the accelerating frequency slips relative to 

the fixed frequency, resulting in several phase coincidence points of the reference 

wave which occur at a beat frequency equal to the offset frequency. One of them 

is used to trigger the synchronous transfer of the beam. 

A more general approach for synchronization is to consider the "locking" 

of the phase of the variable frequency source with the phase of the extraction 

frequency source throughout the acceleration. Since this approach consists of 

maintaining control of the phase with a suitable feedback mechanism, it would 

be more appropriate to call it a "phase-control" scheme. In this scheme the rf 

wave (also called the reference rf wave) is forced to follow a pre-programmed 

''trip-plan" so that at the instant of transfer it will have the same phase as the 

MEB rf wave (except for constant phase offset). The feedback loop corrects for 

any deviation from the trip-plan. The trip-plan has at least one point at fiat B

field region where the machines have exact phase for the purpose of synchronous 

beam transfer. With this scheme it is possible to synchronize two rf sources 

starting from a random phase difference. 
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When there is no error in the field, we can calculate the time at which the 

two reference rf waves match for beam transfer. Field deviations invalidate the 

calculation. The phase of the LEB reference rf wave from a given time during 

acceleration is equal to 
T 

27r J WLEB = h Rf(t)dt 
0 

Similarly the phase of the MEB reference rf wave can be written as: 

27rR' 
WMEB = -y;;- J' T 

(2) 

(3) 

The notations R and R', the radii of the orbits, f and J', the rf frequencies, and 

h and h', the harmonic numbers of the LEB and the MEB, are used; T is the time 

interval over which the integration is carried out. The difference in Equations 

2 and 3 is the "synchronizing phase," W. That is, 

(4) 

For synchronous transfer, the synchronizing phase is equal to zero (ignoring the 

transfer line delays). Since the present discussion concerns two circular machines 

with non-integer circumference ratios (22/3), the LEB reference rf wave would 

have completed several full turns and a semi-turn at the end of one MEB turn. 

If the two frequencies are the same, then the LEB reference rf wave completes 

7 full turns and a semi-turn equal to one-third the LEB circumference, which is 

the case with flat B-field. The semi-turn is not one-third the circumference ratio 

when the frequencies are different. Equation 4 is plotted in Figure 2 for each 

MEB turn. The'+' marks represent the position of the LEB reference rf wave 

for each MEB turn away from the transfer point. The phase values are shown 

from 0 to 540 meters to cover the full circumference of the LEB. Path length 

representing full turns completed by the LEB reference wave is ignored, since 

it is of no significance for synchronization. In Figure 3 the positions of two rf 
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Figure 2. Synchronizing phase during acceleration m the LEB (phase not ad
justed). 

reference waves are shown for the first four turns followed by the last four turns 

of the MEB. The transfer line delays are ignored for simplicity. In Figure 2 three 

curves approach constancy at 50 msec; this is due to the fraction "l /3" in the 

circumference ratio. The decay is due to the fact that the difference in frequencies 

IS narrowing as the time approaches the transfer time, when the magnetic field 

IS at its maximum. In this region every third point is on the same curve. This 

means the relative phasing between the two reference waves is constant every 

time the MEB reference wave completes three turns. This is clear from Figure 3 

when comparing turn numbers 3771 and 3774. 
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The synchronizing phase as seen from Figures 2 and 3 is not zero for transfer 

purposes. Also, if the LEB reference wave is controlled to the trip-plan shown 

in Figure 2, there may be synchronization with the MEB reference wave, but 

transfer cannot be matched. Instead, if the trip-plan is offset by 111. 78 meters 

right at the beginning and an arbitrary rf wave is arranged to follow the new 

turn #1 turn#2 turn #3 

184.13~ 

turn #3771 turn #3772 tum #3773 

111.78~ 

TIP-01749 

Figure 3. Position of the LEB reference wave for the first and the last four 
MEB turns (phase not adjusted). Positions are for the synchronizing 
phase shown in Figure 2. Numbers with extension 'm' represent the 
path length to be completed by the LEB reference rf wave to reach 
the transfer point after each MEB turn. 
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synchronizing phase, then there will be several transfer points. The new trip-plan 

is shown in Figure 4. Figure 5 is the same as Figure 3, but with the new LEB 

phase of Figure 4. From Figure 5 it is clear that the turn numbers 3771 and 

3774 have zero phase. 

4. SYSTEM MODEL 

The system model can be obtained by introducing error terms for the beam 

orbit and the frequency in Equation 2. Let 8R(t) be the deviation in the radius 

of the orbit and 8f(t) be the error in the master frequency. The phase equation 

becomes: 
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'lt'(t) 27!' J h (R + 8R(t)) (f(t) + 8f(t))dt (5) 
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Figure 4. LEB Trip-Plan (phase adjusted to zero at transfer time). 
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t=O turn #1 turn #2 turn #3 

111.78 m 520.16 m 72.35 m 164.3 m 

0 G 0 0 
turn #3771 turn #3772 turn #3773 turn #3774 

360.0mU 
TIP-01751 

Figure 5. Position of the LEB reference wave for first and last four MEB turns 
(phase adjusted to zero at transfer time, 3774th turn). 

The sign of 8R(t) depends on which side of transition the machine is operating. 

Since the control philosophy is to maintain the trip-plan shown in Figure 4 by 

modulating the LEB frequency, an equation for the error in synchronizing phase 

in terms of the frequency is required. This phase error is equal to the offset in 

the path length covered by the LEB reference wave from the ideal path. Hence 

it is given by: 

6\JJ(t) = w'(t) - ll11Es(t) (6) 

Substituting Equations 2 and 5 in Equation 6 and taking the first derivative with 

respect to time, the following differential equation is obtained. 

d6'11(t) 2ir - - . 
dt = h(bR(t)f(t) + Rbj(t) + 6R(t)bf(t)) (7) 
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In Equation 7, in the absence of B-field error (i.e., 8B(t) - 0), 8R(t) can be 

related to frequency in the usual way as follows. 13 

8f(t) = _ 8R(t) [i _ If l 
f(t) R 12(t) 

(8) 

where 1(t) is a function of frequency. Substituting for 8R(t) from Equation 8 in 

Equation 7, a first order non-linear differential equation is obtained. 

d8'I!(t) _ 27rR [ If l 27rR [ 1
2 l 2 t 

dt - h If -12(t) 8f(t) + hf(t) If -12(t) 8f ( ) (9) 

Equation 9 shows that the first term is time-dependent due to the ramping in 

frequency. The second-order terms are due to the errors in the radial position. 

If the phase error is known, then a feedback loop can be arranged to maintain 

8\I!(t) near zero. 

A scheme to calculate the phase error by measuring the LEB phase is de

scribed below. With this quantity known, it is clearly possible to set up a feed

back control loop which can modulate the LEB frequency to reduce the error. A 

feedback controller based on Sliding-Mode techniques which accommodates the 

time-varying nature of the system is being considered. Since the loop gain of such 

a system is infinite, the system is not susceptible to parameter variation within 

the limits set by the controller constants. 14- 19 Detailed design associated with 

the controller and comparisons to two other controllers are discussed in Refer

ences 18 and 19. In this paper the equations which calculate the frequency shift 

are quoted. At first, a sliding line is calculated by knowing the measured phase 

error, which is equal to 

S(t) = 8\I!(t) + c j b'I!(t)dt (10) 

where c is the eigen value which is responsible for fixing the response time of the 

loop. A control function is obtained by monitoring the sign of the function S(t), 

11 



given by 

u(t) = -(k1lb\J!(t)I + ko)sgn S(t) (11) 

where sgnS(t) is +1 when S(t) is positive and -1 when S(t) is negative, and 

jbw(t)I is the absolute value of the phase error. Note that ko and ki are positive 

constants and must be set so as to make the loop stable and more robust. After 

this the frequency shift, bf(t), is calculated from the following equation: 

2 [ l 2 
h h 1 ,(t) 2 bf(t) = -u(t)- (-) - - u (t) 

271" 271" f(t) 'Yr 
(12) 

The coefficient of u2(t) is constant for a given MEB turn. These are stored in 

the DSP at each MEB turn or as many times as the corrections are needed. 

Values of the constants c, ko and ki are also stored in the DSP. The control 

functions satisfy the global stability of the loop by satisfying the conditions set 

by the Lyapunov Stability Theory. In Figure 6 the synchronizing phase error is 

plotted against time for c = 2000, ki = 25 and ko = 0.5 by assuming an initial 

phase error of 5 meters. It can be seen that the phase error becomes zero within 

the first 10 milliseconds. Loop response can be made slow by suitably selecting 

the controller constants. In Figures 7 and 8 the frequency shift, bf(t), and the 

perturbed radial position are shown with respect to time. 

5. PHASE MEASUREMENT 

Equation 9 gives an indication of the system to be controlled. Using this 

system equation, the controller functions shown by Equations 10, 11 and 12 were 

obtained to correct for errors in the synchronizing phase. An accurate detection 

of the phase error is important to guarantee the controller operation. The phase 

error can be detected for one or two MEB turns, depending on the magnitude of 

the error. 

Waiting much longer than one MEB turn to measure the LEB phase could 

lead to large error. The consequence will be greater frequency shift generated 
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Figure 6. 
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Decay of the synchronizing phase error, 8 '11 ( t), as a function of time 
with the feedback loop closed. 
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Figure 8. Perturbation on the mean deviation in the radial orbit as a function 
of time with the feedback loop closed. 

by the feedback controller, which may lead to beam oscillations. The MEB 

completes about 3774 turns before it is ready to accept the beam from the LEB; 

if the phase is measured at every MEB turn, there will be 3774 points in the 

LEB cycle where the frequency shift has to take place. This is possible if the 

hardware can extract the phase error from the measured LEB phase and then 

solve Equations 10, 11 and 12 within the available time. One of the ways the 

LEB phase can be measured approximately is by time-tagging the arrival time of 

the LEB reference wave from the instant the MEB reference wave completes the 

turn. In the development system considered here, a Time to Digital Converter 

(TDC) will be used to record the arrival time of the LEB reference wave. Using 

this time of flight information, the phase of the LEB reference wave is calculated 

in terms of the path length by using the following equation: 

/ _ ') f(t) + bf(t) / 
IJ!measured(t) - ~r.(R + 8R(t)) h T (13) 

where T
1 is the arrival time of the LEB reference wave, 6f(t) is the frequency 

shift of the LEB frequency in the previous MEB turn, and 6R(t) is the average 
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radial position offset during the time-tagging period. Equation 13 assumes no 

frequency shift while measuring the arrival time of the LEB reference wave. The 

phase error is calculated by subtracting the measured LEB phase values from 

those shown in Figure 4 for a given MEB turn. This will be done inside the DSP 

in real time. 

6. HARDWARE DESCRIPTION 

The choice of hardware was driven by the need to demonstrate the basic 

principle established above to synchronize the variable frequency source of the 

LEB with the fixed frequency source of the MEB. Three stages of development 

are planned. The first stage will be to prove that the phase of the LEB can be 

controlled to the inexorable trip-plan to achieve synchronization at the designated 

MEB turn, in the absence of field errors. The second stage will be to insert errors 

in the B-field and study the effect of the control loop. In the third stage the 

feedback controller will be redesigned to include the radial position correction. 

When all three stages work together, the system will be delivering controlled 

master frequency to the accelerator cavities. 

A schematic representation of the system block diagram for the first stage 

is shown in Figure 9. Two 32-bit floating point Digital Signal Processors, 

TMS320C30, from Texas Instruments were used as the processing units. 20•21 The 

configuration of the C30 DSP board, made by SKY Computers, 22•23 is shown 

in Figure 10. The DSP board has 2 Mb of Dynamic RAM and the usual con

trol registers to interface to the VME bus. All the communication to the UNIX 

machine is done through the VME interface bus. The Node RAM in each .C30 

processor is a static memory and is 64 K words long. The first C30 is used 

to generate the master frequency by reading the frequency data stored in the 

SRAM, and then launching it to the LEB frequency synthesizer at the fine time 

intervals mentioned above. The MEB frequency synthesizer is running at the 

LEB extraction frequency. The counters, dividing by 108 and 792, represent the 

number of rf waves in one revolution in the LEB and the MEB, respectively. The 
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Figure 9. Schematic representation of the System Block Diagram. 

TDC measures the arrival time of the first LEB reference pulse after every MEB 

reference pulse. The data is then read into the second C30 to solve Equations 

10, 11, 12 and 13 by reading appropriate values from the global memory. The 

frequency shift bf ( t) is fed to the adder circuits to correct the master frequency. 

The operation of the feedback loop is repeated every MEB turn. The feedback 

loop must execute the following functions within one MEB turn, which is about 

13.249 µs long. 

(a) "Time of arrival" measurement using the TDC 

(b) Handshaking between the TDC and the DSP for data acquisition 

( c) LEB phase from Equation 13 

(d) Phase error by subtracting the results of (c) from the trip-plan 

( e) Frequency shift by solving Equations 10, 11 and 12 

(f) Addition of the frequency shift with the master frequency 
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Figure 10. Schematic representation of the Internal Architecture of the DSP 
Board (Courtesy of SKY Computers). 

Due to the simple control algorithm shown above and with the aid of a C30 

processor, it is possible to compute all the functions within the available time. 

7. CONCLUSIONS 

In this paper the principle behind generating the controlled master frequency 

is shown. It is important to note at this stage that the benefit of this approach 

depends on how well the system 'Norks on the real accelerator. The greatest 

advantage of the control scheme is the ability to select any bunch in the LEB 

and then transfer to the !v1EB. This helps to include gaps in the LEB to prevent 

radiation on the extraction beam line due to finite kicker rise time. Current 

technology has provided Direct Digital Synthesizers which can sweep the LEB 
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frequency at more than a 5 MHz rate, combined with 32-bit frequency resolution 

and rf to 400 MHz. The phase discontinuity for all bit combinations must be 

tested before they can be used on the accelerator. From the feedback point of 

view it is believed that the DSP, TDC and DDS combination can produce the 

required control function. Also, since a DSP is used in the system, it will be easier 

to implement the control function when an additional feedback loop is needed to 

contain the transverse beam orbit within the specified limits. 
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