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NEV LOW-LEVEl. RF SYST!J! FOR THE FERMII.AB BOOSTER SYNCHROTRON 

c. Kerns, J. Crisp, Q. Kerns and H. Hiller 
Fermi National Accelerator Laboratory• 
P. o. Box 500, Batavia, Illinois 60510 

Abstract 

Thia paper describes the Booster low-leTel RP 
system that was conetruoted to meet theae reoentlJ 
added requirementai (1) synthesizer controlled 
capture frequency at injection, (2) very low-phase 
noise over the machine cycle, (3) smooth phase-lock or 
beam to an external reference trequenoy and (4) 
ability to accelerate either a tull turn or partial 
turn or beam. 

Introduction 

1be Fermilab Booster la an 8-GeY raat-cycllng 
synchrotron. The harmonic number la 84, and the RP 
ranges tram 30.2 MHz at 200-HeV injection to 52.813 
KHz at extraction; 

The machine radius ls 75.5 meters; the guidetield le a 
15 Hz biased sine wave, B•Bd0-B80 coa2w15t. 

For convenience 1n understanding the low-level 
system operation, we can divide the accelerating cycle 
time ot 1/30 second into three intervals: interval 
(1) T1 to T2 , injection. capture, and bunching; 
interval (2) the acceleration interval; and interval 
(3) phase-locking. Interval (1) lasts about 2 ma, 
interval (2) is the rest or the acceleration time, 
except the phase-locking interval and, therefore, 
lasts about 30 ms, and interval (3) lasts 2-1/2 ms. 
Actually, interval (3) ta whatever time the Booster 
takes to cover the frequency range trom 52.805 MHz to 
52.813 MHz, because interval (3) is started by a 
frequency trigger at 52.805 MHz, not by time trtggera 
locked to B as T1 and Ta are. 
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In oaae phase-looking ta not wanted, interval <5> 
disappears becauae the trequency trigger ia w1thhei , 
and interval (2) proceeds all the wa1 to extraction. -

Figure 1 11 a s1mplif ied block diagram ot the 
Booster Low-Level RF System. In the d1acusa1on that 
tollowa, reference will be "8de to items on the 
diagram. The Booster has the Capability ot operating 
with either a full turn ot be~ c-eq bunches), or an1 
partial turn trom leas than eq down to about 10 
tnmohea. In partial turn operation, the phaae error 
and the radial position error ~agnala are sampled each 
turn and held tor the time· 'ot the missing bunches. 
Partial turns have been prod.Uced in either ot two 
ways: (a) the 200--HeV Linac chopper length oan be set 
to less than the time ot one Booster injection turn, 
1.e., leas than 2.8 uaeo; or (b) atter the injection 
ot one or several turns of Linac beam tnto the 
Booster, kickers oan be tired to extract some traction 
ot a turn. 

Remarks on the VCO 

The Voltage controlled oscillator (VCO) la not 
auttic1ently stable to run the accelerator open-loop 
trom a program, although an approximate program la 
auppl1ed to the vco. Theretore, in addition to the 
program, the VCO must be phase-locked. to acme other 
trequenc1 aource during each interval. These are aa 
tollowa: during interval (1) the aource tor YCO 
locking ia the eynthesizer, during interval (2) the 
beam, and translated reterence frequency during 
interval ( 3). 

Interval ( 1 ) 

During interval (1), which extends trom T1 to Ts• 
the VCO la looked to the synthesizer. A 200--HeV beam 
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from the Linac is injected, captured, and bunched by 
buckets at the synthesizer frequency. Normally, T1 ts 
set to occur before Linac injection. T1 and T2 may be 
selected tn 1-us increments. Typically the duration 
of the T1 -T 2 interval ls 2000 µs. During this 
interval, from 1 to 10 Booster turns of 200-MeV H· 
Linac beam are injected; this takes from 2.6 to 28 µs. 
The coasting beam ls then bunched by an adiabatic 
turn-on or the high level RF. The adjustments ror 
optimum capture and bunching are currently under 
study. 1 One interesting feature of synthesizer
controlled capture frequency ls that certain precise 
frequencies related to the Llnac bunch frequency of 
200.25 MHz are disallowed, in the sense that they give 
lower Booster output intensity. Prior to synthesizer 
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 out the effect. 

The turn-off of the synthesizer RF is done with 
-100 µs decay at time T2 , approximately matching the 
buildup time of the 30 MHz component or bunching. 

Interval (2) 

During interval (2), the VCO ls phase-locked to 
the beam. The output of the resistive wall beam 
pickup ls sent through a 20-60 MHz bandpass filter, 
amplified, and used to drive the beam gap detector and 
the beam/VCO phase detector. The beam gap detector 
produces the sampling gates for phase and radial 
position detector signals Both the beam gap detector 
and the beam/VCO phase detector have a 40 db dynamic 
range; typical Booster intensities range from 0.5 to 
2.5K10 12 protons/turn, depending on the number of 
injected Linac turns. A further reduction of up to 
six times in beam intensity is available by notching 
the beam. On the other end, an increase in Booster 
intensity would be desirable, but the !ntensity
dependent emittance blowup, presently being 
atudled, 2-, is a limiting factor. 

Partial Turns (• Notched Beam) 

The sample and hold gates for phase-lock and 
radial position are utilized for partial turn 
operation. In this case the VCO ls 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 maintained. 

The phase-locking has been bench tested to work 
adequately down to a single bunch/turn. The radial 
position circuitry 7 requires a minimum of -10 bunches. 
Accurate timing or the gate signal with respect to the 
bunch envelope ls, of course, required; given to 30-
52.B MHz frequency range, care was required to achieve 
the synchronization over the machine cycle, but once 
accomplished required no rurther attention. 

Interval (3) 

Ir phase-lock ls desired, interval (3) is enabled 
by a frequency trigger. The frequency trigger ls 
generated by a quartz crystal and phase detector that 
note the iooment 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 occur. 

When so triggered, the system phase-locks to the 
frequency translator output instead of to the beam. 
The frequency translator produces from the 52.813 MHz 
reference oscillator a frequency downshifted initially 
by B kHz. Til.is downshifted frequency then follows a 
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smooth program back 
kHz difference, and 
difference to zero. 

up to 52.813 MHz, wiping out the 8 
simultaneously bringing the phase 

The effect or imposing such a frequency program on 
the last 2 ms or beam time rather than having the VCO 
remain locked to the beam, has been studied.' The 
necessary conditions for switching the VCO from beam 
to program include matching f, r and • at the 
switching time. The hardware succeeds in matching 
~to ±0.1°, f to ±50 Hz, and t to ±SS. 

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

Hardware Remarks 

The new Booster LLRF system is ln racks adjacent 
Elther the old or the new 

the console and used to 
to the old LLRF system. 
system can be selected fl"'om 
run the Booster. 

The reference oscillator can be either a local 
52.813 MHz oscillator adjacent to the LLRF hardware, 
or a remote oscillator located in the Fermllab Main 
Ring RF system, about 4500 feet away. The signal is 
sent over on solid-copper jacketed 500 coax cable. 
Til.is Main Ring reference is used when Booster bunches 
are to be locked to Main Ring buckets. 

In general, the cables in RF paths leading to 
phase detectors are critical for phasing, and once set 
need to be left alone; the DELAY called out on the 
block diagram tor instance, ls 113~.1 ns. The proven 
technique of cut-and-try cable length adjustment to 
minimize all systematic phase error over the 30.2 to 
52.813 MHz frequency range, was used throughout the 
system. The rirst couple of days with a brand-new 
system are always exciting in this respect. but later 
things settle down. 

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

Interrupting the de loop was done by going from 
track-to-hold with the position signal, but with one 
embellishment: the de level of the hold signal was 
that of an earlier 10-turn average. not the 
instantaneous position signal (which becomes noisy at 
high intensity because of coupled-bunch modes, and 
again at low-intensity, because of circuit signal-to
nolse). Some development was done to produce our own 
track-to-hold circuits because we could not find 
suitable cot1111ercial units. 
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