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Abstract

This paper describes the Booater low-level RP
system that was conatructed to meet these recently
added requirementa: (1) syntheslizer ocontrolled
capture frequency at injection, {2) very low-phasa
nolse over the machine cycle, (3) smooth phase-lock of
beam to an external reference frequency and (4)
ability to accelerate either a full turn or partlal
turn of beanm. ) :

Introduction

The Fermilab Booster ia an 8-GeV rast-cycling
aynchrotron. The harmonic number is B84, and the RY
ranges from 30.2 MHz at 200-MeV injection to 52.813
MHZz at extraction;
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The machine radius is 75.5 meters; the guidefield is a
15 Hz biased sine wave, B-Bd -B__ coa2xiSt.
c ac
For convenience in underatanding the low-levsl
system operation, we can divide the accelarating cycle
time of 1/30 second into three intervals: interval
(1} T, to T,, injectlon, capture, and bunching;
interval (2) the acceleration interval; and interval
(3) phase~locking. Interval (1) lasts about 2 ms,
interval (2) is the rest of the aceeleration time,
except the phase-locking interval and, therefore,
lasts about 30 ms, and interval (3) lasts 2-1/2 ms.
Actually, interval (3) 1is whatever time the Booster
takes Lo cover the frequency range from 52.805 MHz to
52.813 Mz, because interval {3} is started by a
frequency trigger at 52,805 MAz, not by time triggera
locked to B as T, and T, are.

In case phase-locking is not wanted, interval (3)
disappears because the frequency trigger 1s withheld,
and interval {2) proceeds all the way to extraction.

Figure 1 1s a simplified block diagram of the
Booster Low-Level RF System. In the discussion that
follows, references will be de to items on the
disgram. The Booster has the capabllity of operating
with either a full turn of beam (=84 bunches), or any
partial turn from leas than 84 down to about 10
bunches. In partial turn operation, the phase srror
and the radial position error q&gnals are sampled sach
turn and held for the time 'df the missing bunches.
Partial turns have been produced Iin either of two
ways: (a) the 200-MeV Linac chopper length can be set
to lesa than the time of one Booster injection turn,
f.0., less than 2.8 usec; or (D) after the injection
of one or several turns of Linac beam 1into the
Booater, kickers can be fired to extract some fraction
of a turn.

Remarka on the VCO

The Voltage Controlled Oscillator (VCO) s not
sufficiently stable to run the accelerator open-loop
from a program, although an approximate program is
supplied to the VCO. Therefore, 1in addition to the
program, the VCO must be phass-locked to some other
frequency source during each interval. These ars as
rfollows: during interval (1) the source for VCO
locking 18 the synthesizer, during interval (2) the
beam, and translated reference frequency during

interval (3).

Interval (1)

During interval (1), which extends from T, to T,,
the V(O ia locked to the aynthesizer. A 200-MeV beam
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Fig. 1

Booster LLRF Simplified Block Dlogroge
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from the Linac is injected, captured, and bunched by
buckets at the syntheslzer frequency. Normally, T, is
set to oeccur before Linac injection. T, and T, may be
selected in 1-ua increments. Typleally the duration
of the T,-T, interval s 2000 us. During this
interval, from 1 to 10 Booster turns of 200-MeV H~-
Linac beam are injected; this takes from 2.8 to 28 us.
The coaating beam is then bunched by an adlabatie
turn-on of the high level RF, The adjustments for
optimum capture and bunching are currently under
study.® One intereating feature of synthesizer-
controlled capture frequency 1s that certain precise
frequencies related to the Linac bunch frequency of
200.2% MHz are disallowed, In the senas that they give
lower Boostaer output Intensity. Prior to aynthesizer
control, these anomalous results were not noticed, We
believe the reason they were not previously observed
is because the VCO formerly was run open-loop during
capture, and its phase noise smeared ocut the affect.

The turn-off of the synthesizer RF 1s done with
~100 us decay at time T,, approximately matching the
buildup time of the 30 MHz component of bunching.

Interval (2)

puring interval (2), the VCO 1is phase-locked to
the beam. The output of the resistive wall beam
pickup Is sent through a 20-80 MHz bandpass filter,
amplified, and used to drive the beam gap detector and
the beam/VCO phase detector. The beam gap detector
producea the sampling gates for phase and radial
positlon detector signals Both the beam gap detector
and the beam/VCO phase detector have a 40 db dynamie
range; typlcal Booster intenaities range from 0.5 to
2.5x10'* protons/turn, depending on the number of
injected Llnac¢c turns. A further reductlon of up to
six times Iin beam Iintensity 1is available by notching
the beam. On the other end, an increase in Booster
intensity would be desirable, but the Iintensity-
dependent_emittance blowup, presently being
studled,? * 1s a Iimiting factor.

Partial Turns (= Notched Beam)

The sample and hold gates for phase-look and
radlal position are utllized for partial turn
operation. In thils case the VCO i3 phase-locked to
the "live" part of the Booster turn. In partial turn
mode, even If a beam gap of 1 to 74 bunches is
suddenly introduced during the machine cycle, radial
and phase tracking (and acceleration!) are maintalined.

The phase~locking has Dbeen bench tested to work
adequately down to a aingle bunch/turn. The radial
position clrcuitry” requires a minimum of ~10 bunches.
Accurate timing of the gate signal with respect to the
bunch envelope is, of course, required; given to 30~
52.8 MHz frequency range, care was required to achleve
the synchronjzation over the machine cyele, but once
accomplished required no further attentlon.

Interval (3}

If phase-lock is desired, interval (3) is enabled
by a frequency trigger. The frequency trilgger 13
generated by a quartz crystal and phase detector that
note the moment the resonant impedance of the crystal
changes sign from Inductive to capacitive, The
frequency trigger occurs somewhat before 52.805 MHz to
allow a phase-match to cccur.

When sc triggered, the system phase-locks to the
frequency translator output inatead of to the beam.
The frequency translator produces from the 52.813 MHz
reference osclllater a frequency downshifted initlally
by 8 kHz. This downshifted frequency then follows a

smecoth program back up to 52.813 MHz, wiping out the 8
kHEz difference, and simultaneously bringing the phase
difference to zero.

The effect of lmposing such a frequency program on
the last 2 ms of beam time rather than having the VCO
remain locked to the beam, has been studled.® The
necessary conditlions for awitching the VCO from beam
to program include matching f, ! and ¢ at the
switching time. The hardware succeeds ln matching
$ to +0.1°, F to £50 Hz, and I to :5%.

Beam perturbations have been acceptably small;
most noticeable, a <1-mm wilggle 1in radius that dies
out before extraction; the extraction radius 1is
observed to be stable to the limit of the position
reaolution, 0.1 mm, The extractlon phase ls stable to
1 or 2 degrees,

Hardware Hemarks

The new Booater LLRF system 1is in racks adjacent
to the cld LLRF system. Efither the old or the new
ayatem can bte selected from the conscle and used to
run the Booster.

The reference oscillator can be elither a local
52,813 MHz oscillator adjacent to the LLRF hardware,
or a remote oscillator located 1in the Fermilab Main
Ring RF system, about 4500 feet away. The signal is
sent over on solid-copper Jjacketed 504 coax cable.
This Main Ring reference 13 used when Boocsater bunches
are to be locked to Maln Ring buckets.

In general, the cables in RF paths leading to
phase detectora are critical for phaaing, and once set
need to be left alone; the DELAY called out on the
block dlagram for instance, Is 1134.1 ns. The proven
technique of cut-and-try cable length adjustment to
minimize all systematlic phase error over the 30.2 %o
52.813 MHz frequency range, was used throughout the
system. The first couple of days with a brand-new
system are always exciting in thia respect, but later
things settls down.

puring the phase-locking, interval (3), it proved
desirable to Interrupt the dec position signal feedback
loop to the phase shifter, but to permit an ac coupled
loop for damping.

Interrupting the dc loop was done by golng from
track-to~hold with the position signal, but with one
embellishment: the d¢ level of the held signal was
that of an earlier 10~turn average, not the
instantanecus position signal <{which becomes nolisy at
high intensity because of coupled-bunch modes, and
agaln at low-intensity, because of circult signal-to-
noise). Some development was done to produce our own
track-to~hold circuits because we could not find
suitable commercial units.
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