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Abstract
Often it arises that several batches of protons must be trans-
ferred in box-car fashion from a Booster to Main Ring syn-
chrotron. When the combination of circumstances (i) large
change in kinematic 0, (ii) 7-transition close to 7.beam, (iii)
small radial aperture confining Ap/pj steering, and (iv) ab-
sence of magnetic flat top, occur in the Booster, then conven-
tional phase slip methods of synchronization become infeasi-
ble. An alternative is to heterodyne the Booster revolution
frequency with an intermediate frequency (of predetermined
phase variation) so as to produce a signal equal to a harmonic
of the main ring revolution frequency. This allows elabora-
tion of a synchronization control..This paper describes com-
puter modelling of the synchronization technique, as applied
to the KAON Factory Booster and Collector, including the
effects of error sources and beam-control loops.

1 Introduction

Five batches, each of 40 bunches are transferred to the
Collector, from t'.ie fast cycling Booster, at 20 ms inter-
vals. The transfer timing and synchronization is differ-
ent for each batch. Batches have to be matched in fre-
quency and phase according to their respective slots in
the C-ring circumference. To avoid perturbing batches
already transferred, the Booster will slave to the Col-
lector as master and make the appropriate adjustments.
The C-ring circumference is 5x that of the B-ring and
the r.f. is 61 MHz, The B-ring injection and extraction
energies are 450 MeV and 3GeV kinetic respectively,
which correspond to radio-frequencies of 46 MHz and
61 MHz.

1.1 Coarse positioning

There is complete freedom in placing the first batch in
the Collector. However, we must avoid placing subse-
quent batches on top of those already transferred. The
simplest solution is to wait an extra turn in the Booster
before ejection, during which time a batch in the Collec-
tor has moved | of the circumference and so out of the
way. The maximum wait time for this coarse position-
ing is four Booster turns, during which time the change
in equilibrium orbit is negligible.

1.2 Fine positioning

Because magnet cycles in the Booster are not identical,
it is likely that some fine-tuning of the phase-matching
will be required, to avoid partial overlay of one batch (or
bunch) upon another. The maximum phase slip required
is half a batch length, because batches can be slipped
backward or forward. Since a Booster batch consists
of 45 r.f. buckets, each of length 2ÎT, we might have to

introduce a slip of up to ±45TT radians. There are several
possible methods of fine positioning.

1.2.1 Non integer ratio of harmonics If the ratio of
harmonic numbers of the two r.f. systems (or the ra-
tio of circumferences) is not an integer, then buckets
in the two machines will 'cog' passed one another. For
example, suppose he — 226 and hs = 45, then the
machines will cog by 1 whole Collector bucket each 5
Booster turns; and the maximum wait is 112 Booster
turns. The drawback to such a scheme is that it can
be lengthy or inaccurate (or both), particularly if we
require to cog by fractions of one bucket length.

1.2.2 R.F. locking Achieving frequency lock and phase
lock are contradictory goals, so locking is a two stage
process. Step one: obtain approximate frequency lock,
with known error A / , and then cog the desired number
(N) of bucket lengths in a time A r/A/. Step two: wait
for phase-coincidence of the centres of receiving bucket
and marker bunch, and then enable phase-locking of the
Booster r.f. to a signal proportional to the separation
of centres. As indicated below, this scheme is suited
to a long magnetic flat-top or machines with almost no
change in relativistic /?.

If the relative deviation of the revolution frequency
is A/rev//rev = £ then it takes a time l/(2£/ r e v) to slip
1 the machine circumference. In a synchrotron, A/ r e v

is related to the momentum deviation Ap by the slip
factor 77,: A / / / = rj.Ap/p, with r,, = (I/7,2 - 1/T,2).
Close to transition energy (71 moc2), TJ3 is small and so
A / / / <£. Ap/pj. For example, the maximum allowed
momentum excursion in the Booster is Ap/pa = ±10~3,
77, < 0.1 near extraction, and so | A / / / | < 10~4 would
imply more than 5000 Booster turns to slip by 45/2
buckets. During 5000 turns /? changes by 10%, which
makes locking very difficult.

2 Heterodyne with intermediate frequency

We propose to compare a signal train at the Booster rev-
olution frequency (phase 9B) with the 5th harmonic of
the Collector revolution frequency (phase 8C). If slip-
ping begins 5000 turns in advance of extraction, then
the frequencies in Booster and Collector will differ by
more than the Collector revolution frequency; in this
case, the azimuthal phase difference between the ma-
chines (Be — 0B) varies extremely rapidly, as shown in
Fig.l. Such a signal cannot be directly used as a basis
for controlling the slippage.

However, suppose we synthesize an intermediate sig-
nal with frequency f^\t) equal to the ideal value of
/rf v — 5/r^v. If the actual B-ring revolution frequency is
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Figure 1: Ideal phase difference between Booster and Collector

heterodyned with / $ " ' , then the sum frequency / iUm is
approximately equal to 5/£v . If the phases of the two
signals (6sum and 6c) is compared, the result is a slowly
varying error signal which can be used for controlling
the progress of phase-slippage.

2.1 Alternative description

Let the time of extraction be f. Suppose we gener-
ate a signal 9'fôa) which is the difference of ideal B and
C ring phases such that at the moment of extraction
6B = Oc- Suppose we also generate a signal ^fffual

which is the actual difference of instantaneous B and
C ring phases, Then phase-slippage is controlled by the
error signal t{t) = 0jfj{p' - 9^aa1. Signal mixing to form
the difference will modulo £ in the range [—n, +n]. If
we arrange the control dynamics so that e(T) = 0, then
0 | a u a l = 0£ t u a l at the moment of extraction, because
0Jjj"'(T) = 0 is a predetermined condition on the inter-
mediate signal.

3 Control algorithms

The choice of algorithm to control e(i) will depend upon
the stability and repeatability of the Booster magnet
cycle.

3.1 Feedforward

If the magnet cycle is imperfect but repeats identically,
then one may calculate a compensating frequency offset
from errors measured on a test cycle and then apply to
all subsequent cycles. Let the A/ r e v acceptance of the
ring be / . Let the time T0 = f - 1/(2/) (roughly mid-
ramp) and /t0 = f/n. If, during the interval [To,f], we
offset the actual B-ring revolution frequency by

Wh - e(r0)] x k0

then Booster and Collector will be exactly in-phase at
time T. For slow cycle-to-cycle variations one uses val-
ues measured on the last cycle to correct the next cycle.
Note, the use of a constant frequency offset gives the
fastest possible slippage.

3.2 Feedback

Suppose there is significant cycle-to-cycle variation of
the magnet ramp, etc.. The average relative slip per
turn (A/rev//rcv), achievable by deliberately steering
the beam momentum, is of order 10~4. We wish to

synchronize to within ^ r.f. bucket length (or better)
that is an accuracy of 10"2. Thus it is clear that other
sources of frequency deviation (e.g. magnet ripple) must
contribute a 6f/f less than 10 else they will swamp
the controlled slippage we are trying to effect. The fre-
quency error due to relative magnet field error is given
by A / / / = fi/7?) x (Afl/B). With 7, « 10, a toler-
ance of \AB/B\ < 10~4 should be adequate. If this is
not obtained, or there are other sources of error, then a
lock loop must be used.

3.S.I Lock loop Suppose we make the frequency offset
proportional to ((t), that is A / r ^ v = I*o X £. Suppose,
also, that there is an error contribution 6f(t). Then
e x t

where e is the base of natural logarithms. Since A /
decays exponentially, the maximum frequency offset is
used for only a short time, so that the slippage becomes
progressively slower; and the scheme does not make ef-
ficient use of the available time. Increasing the gain to
is not a solution, since this leads to demand values for
A / which are outside the Ap/p} acceptance of the ring.

3.2.2 Lock loop with programmed gain Let the gain
vary as to/(l - z/r) up to a saturated value koA. Here
T = T - To and 0 < r = t - To < r ( l - i ) defines
the time T' when the gain first saturates. For A S> 1,
this control combines the speed of a constant frequency
offset scheme with the noise rejection of a locked loop.
The phase error at extraction is: Ae x 0j}f£ual(T) =

/
Jo

- z/r)6J(z)dz\

n. ~ / e2y4/x«5/'(x)rfi

The residual phase error at extraction is reduced by
% I/A compared with constant gain, as is clear for 6f
slowly varying. For obvious reasons we suggest A = 2fi.

5.5 R.F. lock loop

Whatever control scheme is used, a phase-lock based
upon the difference of B and C ring phases (<i>c -



at the r.f. (61 MHz) will be required for ultra-fine po-
sitioning after the 6 signal has brought the batch and
slot markers to within less than one bucket length. Fur-
ther, a <j>c - <j>B l°ck will be required to hold the rings
in phase if T is not coincident with the Booster magnet
field maximum.

4 Adiabaticity

Though we have spoken of modifying f£
di l i d h

this is notg g £v
under our direct control; instead the radio frequency
(/,^F = HB/^M) is offset and the beam responds. One
must be aware that the Booster r.f. should not be al-
tered too quickly; the variations must be slow enough
that the beam can follow them, if not synchrotron oscil-
lations will be excited. Though the beam phase loop will
fight against any request to change the radio-frequency
non-adiabatically, nevertheless, if dAffdt is too large
there can still be problems. Consequently, to address
the issue of adiabaticity requires one to model the beam
and loop response:

Here Kp is the phase loop gain, Kr is the radial loop
gain, and <t>b is directly related to 6Q. If there is noise
in the magnetic field law, AB(t), or frequency noise
6 / ( 0 in the R.F. law synthesizer, then terms:

2:r x

must be added to the right hand side of the beam re-
sponse equation.

5 Example simulations

Figures 2,3,4 show the variation of the moduli of e,
Ap/ps and <t>b versus time for three example cases A,B.C.
The synchronization loop is enabled after 2ms.

In case A, there are no noise terms present; but there
is an injection error of <J>B = 0.1 radian and Ap/p, =
10"3. The control is set to bring ÔB = 8C 200 turns
before extraction and maintain synchronism thereafter.
The beam phase loop is activated with gain Kp = 2ÏÎ,,
but there is no radial loop (Kr = 0).

In case B, magnet and RF noise sources have been
included in the simulation. To first order the effects
of magnet error appear in Ap/p, and radio-frequency
error in 4>B, respectively. The magnet noise contains 10,
60 and 110 Hz components with total rms amplitude
equal to |AB/Bo| = 2 x 10~4. The R.F. noise contains
10, 60, 360 and 2160 Hz components with total rms
amplitude | 6 / / / | = 2 x 10~5. Despite the noise, a final
synchronism much better than 1% is achieved. However,
the momentum deviation is significantly larger than in
example A.

In case C, the radial loop has been enabled with very
modest gain, Kr — I, and theie is obvious reduction cf
the momentum excursion. Further increasing the gain
will eventually fight the synchronizing loop (gain k0),
and the optimum value is roughly Kr — 10.

6 Conclusion

An effective control algorithm for synchronization of the
KAON Factory Booster and Collector has been devel-
oped and is shown by computer simulation to be robust
against moderate magnetic field and radio-frequency noise,
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Figure 2: Synchronization control signal.
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Figure 3: Relative momentum deviation.
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Figure 4: R.F. phase of Booster beam.


