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Abstract

We reporton a systemto ensurecycle-to-cyclesynchro-
nizationof beamextractionfrom theFermilabBoosterac-
celeratorto theMain Injector. Suchsynchronizationis nec-
essaryfor multiplebatchoperationof theMain Injectorfor
the Run II upgradeof anti-protonproductionusing slip-
stackingin theMain Injector, andfor theNuMI (Neutrinos
at the Main Injector)neutrinobeam.To performthis task
a systemof fastmeasurementsandfeedbackcontrolsthe
longitudinal progressof the Boosterbeamthroughoutits
accelerationperiodby manipulationof thetransverseposi-
tion maintainedby theLLRF (Low-levelRadioFrequency)
system.

INTRODUCTION

The Fermilab Boosteraccelerator[1] routinely deliv-
ersgreaterthan100kW of 8 GeV protonsto experiments
andotheraccelerators.The beamis extractedin a single
turn usinga seriesof kicker magnetswith risetimesof 30
- 40 ns; however the beamextractedfrom the Boosteris
bunchedinto 84 53 MHz bucketswith a bunchspacingof
only 19 ns.

To reducethelossesat extractionthechargeis removed
from severalbucketsearlyin theaccelerationperiod,creat-
ing anabortgapor “notch”. Whenthefiring of thekickers
is synchronizedwith thenotchtheextractionlossesarere-
ducedtenfold. Currently, the notch is createdby firing a
kicker andknockingout a few buunchesat thestartof the
cycle. As thekineticenergy is onetwentiethof its ultimate
valuethe resultingradioactivationis correspondinglyless,
but still significant.

Synchronization Needs

In thepastyear, two significantusershave comeonline
usingtheBoosterbeamin theMain Injector(MI). Thelon-
gitudinalslip-stackingof two Boosterbatchesinto one[2]
is now usedto increaseantiprotonproductionfor RunII of
the Tevatron. Also, the NuMI neutrinobeam[3] will use
120GeVprotonsfor long-baselineneutrinoexperiments.

Eachof thenew usesinvolve injectingandaccelerating
morethanonebatchof Boosterbeamin theMain Injector
– aprocessknown asmultiplebatchoperation.Thisopera-
tion maximizesprotonpower throughputby leveragingthe
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shortercycle timeof theBoosterandthehighbeamenergy
of the MI. To inject multiple batchesthe beamextracted
from theBoostermustarrive in theMI at aparticularloca-
tion relative to thebeamalreadycirculating. TheBooster,
however, rampsfrom 37 MHz to 53 MHz andlongitudinal
positionof thenotchis notnaturallysynchronizedwith the
beamin theMI.

Synchronization Means

To synchronizethe notch in the Boosterand the beam
in the MI the circulation frequenciesof the two beams
must be adjustedduring the Boosteraccelerationcycle.
By changingthe horizontal(“radial”) positionmaintained
by the LLRF the beam’s velocity and circumferenceare
changed,inducinga longitidunalslip with respectto what
would have otherwiseoccured– this processis known as
“cogging”.

TheMI beamis coastingat 8 GeV, so it is alreadyrela-
tivistic andwould requireunrealisticallylarge changesin
beamposition to changethe frequency quickly enough.
The Booster, however, must accomodatethe 400 MeV
injectedbeam,so its available apertureincreasesrapidly
throughtheaccelerationcycle,enoughto allow radialma-
nipulations.

A proof-of-principlemeasurementandfeedbacksystem
was implementedin 1998 [4]. This systemestablished
the magnitudeof slippageto becorrected– about200RF
buckets,or more than two revolutions. Also, the system
demonstratedthe expectedlongitudinalresponse(induced
slippage)from radialmanipulations.

The operationalcoggingsystemwasunderdevlopment
in 2003and2004[5]. Thesourcesof slippagewereidenti-
fiedandquantified,improvementsin varioustimingsin the
Boosterreducedtheslippageto becorrectedto lessthan80
RF buckets– lessthanonerevolution. Thenotchcreation
wasdelayedby 5 msallowing it to becreatedin anticipa-
tion of furtherslippagefrom measurementsupto then.The
feedbackalgorithmwasimprovedto fully cogthebeam.

ENHANCEMENTS

The coggingsystembecameoperationalin Nov. 2004.
Sinceour last report [5] several improvementshave been
madeto the systemto improve performance: the notch
quality was improved by the installationof a new power
supply; feedforwardcompensationof thegradientmagnet
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Figure 1: Total extraction lossesnormalizedto beamin-
tensity as a function of charging voltage– equivalent to
magnetcurrentor momentumkick magnitude.Error bars
reflectcycle-to-cyclevariations.

powersupplieswasestablished;feedforwardradialmanip-
ulationis usedbeforetransition;thefeedbackmanipulation
algorithmwasoptimized;andbaselinetrajectoriesarees-
tablishedon thefirst batchof everymulti-batchsequence.

Notch Improvements

Creationof the notchis delayedto 5 ms after injection
in suchawayasto compensatethepredictedslippagefrom
thefirst 5 ms.At thatpointbeammomentumhasincreased
45 % and requiresa correspondinglylarger kick to fully
createthenotch.

The kicker magnetthat createsthe notch is powered
by the dischargeof a high voltagepulse-formingnetwork
(PFN). For notching at 400 MeV, a charging voltageof
43 kV was typically enough,suggestingthat this imple-
mentationof coggingrequiresasmuchas70 kV. The ex-
isting supplycouldnot operatereliably in excessof 57 kV.

A new power supplycapableof 70 kV charging voltage
wasprocuredandinstalled.Figure1 shows measurements
of extracionlosseswith coggingasa functionof charging
voltagewith thenew supply.

Magnet Sag Compensation

Measurementsof slippageovermultiplecyclesin abatch
train showed systematicvariationsfrom batch to batch.
Furthermeasurementsshowed that the pulsingof the RF
anodesupplieswascausingthe supplyvoltageto the gra-
dientmagnetsto sag,causingthe injectioncurrentto vary
pulse-to-pulse.

The grandientmagnetshave a feedbacksystem,but it
takes a few pulsesto correct the minimum magnetcur-
rent. In this situationeachsubsequentcycle hasa con-
sistentmagnetoffset that led to slippagevery early in the
cycle that interferedwith the predictionprocedure.For a
currentvariationof onepart in 10,000we expectslippage
at therateof 1.8buckets/ msat injection,rapidly decreas-
ing, integratingto a total slip of 10 buckets(seeref. [5] for
details). We saw variationsup to nine partsper 10,000at
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Figure2: Measurementsof minimumgradient-magnetcur-
rent error. Above is without compensation,below is with
compensation. Thesemeasurementswere taken within
minutesof eachotherwith the samemachineconditions.
The minimum currentis only sampledat 15 Hz, causing
theboxprofile.

injection. The absolutevariationis aboutthe sameat ex-
traction,sotherelativevariationis a factorof tensmaller.

To combatthe variation,a feedforward magnetcurrent
compensationsystemwas implemented. The compensa-
tion consistsof apulsegeneratedoneachcyclemodulating
themagnetcurrentregulation.Thepulseisahalf-sinewave
offsetsto themagnetcurrentthroughoutthecycle,increas-
ing themagnetcurrentat injection.

This simple systemreducedthe variation of the mea-
suredminimumcurrentby morethana factorof two, im-
proving the quality of the prediction usedto createthe
notch. The effect of the compensationon currentvarition
is shown in figure2.

Pre-Transition Radial Manipulation

Thebulk of cogginghasbeendoneaftertransitionwhen
the available apertureis large and the possibility for un-
plannedslippageis small. However, the radialexcursions
necessary( � 4 mm) causedoccasionalbeamlossat high
batchintensity.

Feedforwardradialmaipulationis now usedbeforetran-
sition to reducethe excursionsnecessaryafter transition.
The radial offset magnitudeanddirectionarebasedon a
prediction of future slippage– similar to the prediction
usedfor notchcreation.

The magnitudeof the bump is small ( � 2 mm) as the
availableapertureis still small. However, theslip factoris
largerthanaftertranstion:about1.0 insteadof 0.4buckets
/ mm / ms.

Gain Optimization

Thegainsfrom the feedforwardpre-transitionbumpre-
ducesthecoggingnecessaryaftertranstion.Themagnitude
of the largestpost-transtionbump is now 3.4 mm, with a
typical bumpbeing1.7mm.
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Figure3: (above) Outline of radial manipulationthroughoutthe Boostercycle. Pre-transitionmanipulationsusea pre-
diction of further slippagelater in the cycle. Post-transitioncoggingconsistsof a large constantoffset (whenthe error
large)followedby proportionalfeedbackwith a largegain.(below) Measuredslippagefrom 50coggedcycles.They start
at anarbitrarypositonaroundthering. Thenotchis createdwith thepredictionat 5 ms,causingthediscontinuityin the
slippage.Theslippagerapidly flattensout, but is modifiedby radialmanipulationsto reducetheerror to zeroat theend
of cogging.Phaselockstartsat30 millisecondsandcancausefurtherslippage.

Thegainon theproportionalfeedbackwasincreased,to
allow fastercogging. Still, theoffset is never greaterthan
1 mm. Thefeedbacksignalis alsopassedthrougha10kHz
low-passfilter to reducetheeffectsof toggling.

Whenthebucketerroris 1 theproportionalfeedbackoff-
setis about0.3mm. If themaximummagnetcurrentis off
by about2 partsper 10,000the slippagefrom the two ef-
fectswill cancelout,preventingfurthererrorreduction.As
such,thegainis doubledwhentheerroris 1. Figure3 sum-
marizesthedifferentfeedbackregimes.

Learning

Changesin the hardware handshakingproceduresbe-
tweeentheBoosterandMain Injectornow allow everyfirst
batchof a multibatchcycle to beusedasa baseline.This
avoids radial manipulationon the first batchandremoves
all sourcesof error that vary over secondsor longer time
periods.

PERFORMANCE

Figure 3 shows the performanceof cogging over the
Boostercycle. The systemreliably reducesslip error to
zero buckets by the end of acceleration. However, the
phaselocksystemappliesradial feedbackin the last few
msandcausesa final slip errorof up to two buckets.

The currentphaselocksystemcannotbe retunedto re-
ducethis distortion. We plan to implementa systemthat

will take into accountthemeasuredvariationat theendof
the cycle at the costof movemmentof the beamby up to
two bucketsin theMI. Thismotionis probablyacceptable.
Additionally, a new phaselocksystemis beingconsidered
thatcanberetunedto takecoggingneedsinto account.

The error from phaselocknotwithstanding,extraction
lossesare reduced85-90 % by cogging. Another 4-6 %
reductionwould be possiblewith the improvementof the
phaselocksystem. The remaininglossesare from large
amplitudebeambeingcollimatedin theextractionseptum
magnetandcannotbereducedby cogging.

CONCLUSION

The synchronizationsystemdescribedabove is opera-
tional and has now synchronizedover ten million beam
pulses.Improvementshaveallowedextractionlossesto be
maintainedbeneathpredeterminedlimits allowing safeop-
erationof the Booster. A few improvementscan still be
made,but this systemis expectedto meetthe demandsof
thenext severalyears.
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