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Abstract

We have studiedspacecharge effects in the Fermilab
Booster. Our studiesincludeinvestigationof coherentand
incoherenttune shifts and halo formation. We compare
experimentalresultswith simulationsusingthe3-D space
chargepackageSynergia.

INTRODUCTION

The Fermilab Booster is an alternatinggradient syn-
chotronof radius75.47meters.It acceleratesprotonsfrom
400 MeV to 8 GeV over the courseof 20,000turns. The
opticallatticeconsistsof 24cellswith four combinedfunc-
tion magnetseach,with horizontalandverticaltunesof 6.9
and6.7, respectively. The injectedbeamfrom the Fermi-
lab Linac hasa typical peakcurrentof 42 mA andan RF
structureof 200 MHz. The beamis typically injectedfor
ten Boosterturns, for a total averagecurrentof 420 mA.
Immediatelyafter injection, the beamis allowed to de-
bunchlongitudinally, thenis adiabaticallycapturedat the
initial BoosterRF frequency of 37.8MHz (harmonicnum-
ber �����	� .) After capture,accelerationbeginsandtheRF
frequency ramps,reaching52.8 MHz at extraction. The
Boostercyclesat 15 Hz. A detailedtechnicaldescription
of theBoostercanbefoundin Ref. [1].

Sincethe Boosteroperatesat high intensitiesandrela-
tively low energies, spacecharge hasa significanteffect.
In fact,spacechargehaslong beenconsideredresponsible
for theobservedlossesearlyin theBoostercycle[2]. In or-
der to simulatethe effectsof spacecharge in the Booster,
we have employed Synergia[3], an acceleratorsimulation
packageincluding fully three-dimensionalspacecharge
calculations.

Below, wedescribethreeexperimentalstudiesof effects
relatedto spacechargeperformedin theBoosterandcom-
parewith the resultsof Synergia simulations. In the first
section,we describea new techniquefor charactarizing
beamshapes.In thesecond,we studytheevolution of the
horizontalbeamwidth during theadiabaticcapturephase.
In the third and final section,we investigate the Booster
beamspace-chargetuneshift.
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BEAM PROFILE ANALYSIS

TheBoosterIon ProfileMonitor[4] (IPM) is ableto ex-
tract horizontaland vertical beamprofiles on a turn-by-
turn basisfor an entire Boostercycle. The IPM utilizes
anelectricfield to collectionsfrom ionizationof theresid-
ual beamgas on micro-strip counters. Becausethe ions
alsoseethe electricfield of the beamitself, a non-trivial
calibrationis requiredto relatethe output of the IPM to
the true beamshape.We performedsucha calibrationin
Ref. [5], where,wedevelopedasimulationof theIPM and
comparedthesimulationresultswith independentmeasure-
mentsof the beamsize. The endresult is a tested,semi-
phenomenologicalformulato extractthebeamwidthsfrom
IPM measurements.We usethis formula in the following
sectiononbeamwidth evolution.

We canalsouseour simulationof the IPM to directly
compareIPM measurementswith simulatedbeamprofiles.
To do so, we model the Boosterbeamwith Synergia and
apply our IPM simulationto get the (simulated)raw IPM
profiles.Theresultingprofilescanbedirectly comparedto
raw IPM measurements.We show onesuchresultof the
procecdurein Fig. 1.
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Figure1: HorizontalIPM beamprofilecomparedwith Syn-
ergia simulationresultspassedthroughour IPM simula-
tion.

In orderto quantitatively describeoverall beamshapes,
wefirst fit theraw IPM datato thefunction������� ��� ��������������� �

(1)

where

� �����"!$#&%('*) + ����+,��-	�/.021 . (2)

and �3�����"!$45-6��4879�":
(3)
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distribution. Defining
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wecannow characterizethebeamshapeby theratio
<�H G

.
A perfectlyGaussianbeamwill have

<IH G �KJ , whereas
a beamwith halowill have

<IH GML
J . In Fig. 2 we show

atypicalbeamprofilewith theGaussianandnon-Gaussian
portionshighlighted.
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Figure2: Fitted IPM profile showing Gaussianandlinear
(non-Gaussian)contributionsin cyanandmagenta,respec-
tively.

In Fig.3 wecomparethedistributionof
<IH G

valuesover
theearlyturnsof aBoostercyclein thedatawith theresults
of a Synergia run combinedwith our IPM simulation.We
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Figure3: Distributionof L/G valuesnearinjectionin asin-
gle Boostercycle, comparedwith the distribution of L/G
valuesfrom aSynergia simulation.

find thatweareableto reproducethedataverywell.
As anapplicationof the

<IH G
technique,wehavestudied

the effectsof the Boostercollimatorson the beamshape.
For this studywe measuredthe averagevalueof

<IH G
for

500turnsearly in theboostercycle. We repeatedthemea-
surementfor several cyclesandformeddistributionsfrom
theresults.Fig. 4 displaystheresults.Eventhoughthereis
a greatdealof spreadin thedata,theoverall distributions
clearlyshow that

<IH G
is lowerwhenthecollimatorsarein

theBooster. We concludethat theBoostercollimatorsare
effective in reducingbeamhaloandthat

<IH G
is a “good”

quantitityto useto characterizebeamshapes.
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Figure4: Distribution of
<IH G

valuesin the Boosterwith
andwithout collimators.

BEAM WIDTH EVOLUTION

We have designedandrun a Synergia simulationof the
injection and capturephasesin the Booster. In the sim-
ulation, ten turnsof beamare injectedfor a total average
currentof 420 mA. The beamis allowed to coastfor 20
turns,during which time it debuncheslongitudinally. We
then adiabaticallycapturethe beamby ramping the rel-
ative phaseof the RF cavities from paraphasedmodeto
fully-bunchingmodeover the courseof 200 turns. Dur-
ing thecapturephase,thereis tumblingin thelongitudinal
phasespace. This tumbling can lead to horizontalemit-
tancegrowth becauseof the longitudinal-horizontalcou-
pling inducedby dispersion.

In Fig. 5 wecompareIPM measurementsof thehorizon-
tal width with theresultsof theSynergia adiabaticcapture
simulation.TheIPM measurementshavebeenadjustedus-
ing thecalibrationin Ref. [5]. Wefind goodagreementbe-
tweenthegrowth trendseenin thedataandthegrow seen
in thesimulation.

TUNE STUDY

Our final study extracts the coherenttune shift due to
spacecharge.For thisstudywerantheBoosterin coasting
mode,i.e., without acceleration.We variedthehorizontal
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Figure5: Evolution of horizontalbeamsizeduring injection andadiabaticcapturein a Synergia simulationcompared
with IPM data.

andverticaltunes��� and ��� by tuningthequadrupolecor-
rection magnets. We systematicallycoveredhalf-integer
tunedifferencesin bothdirectionsin the ��� � ��� -plane.At
the sametime, we measuredbeamtransmissionover the
courseof roughly 1000turns. Becausetransmissionfalls
dramaticalyneara resonance,the transmissionmeasure-
ment allowed us to locate resonancesand measuretheir
widthsin tunespace.By following this procedurefor sev-
eral different beamcurrentsand measuringthe resulting
shifts in resonancelocations,we wereable to extract the
space-chargetuneshift asa functionof current.

In Fig. 6 we comparethe resultsof our studywith the
resultsof aSynergiasimulations.Thecomparisonincludes
both the observed space-charge tuneshifts andthewidths
of the resonancesasmeasuredby the transmissionstudy.
Wefind excellentagreementbetweenthedataandthesim-
ulation.
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