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Abstract

Simulationsof the Fermilab Boosterreveal a sub-
stantialelectron-cloudbuildup both inside the unshielded
combined-functioomagnetandthebeampipesjoining the
magnetswhenthe second-emissiogield (SEY) is larger
than~ 1.6. Theimplication of the electron-cloudeffects
on spacechage andcollective instabilitiesof the beamis
discussed.

STABILITY CONTOURS

Following the analytic solution of Métral and Rug-
giero, [1] we computedthe stability contourof the Fermi-
lab Boosterthbeamnearinjectionincludingspacechageand
octupoletune spread. The dashedcurve in Fig. 1 is the
stability contourin the complex coherent-tune-shifplane
having an octupoletune spread+0.05 with spacechage
turnedoff. Theregionunder/abgethecontourimpliessta-
bility/instability. As spacechageis turnedon, the stability
contourbecomesghe solid curve. The Boosterhasa cir-
cumferencef 27 R =474.2 m, composingf 84 rf buckets.
TheBoosterbunchis of intensity N, =6 x10'° at1.40GeV
(nearinjection), betatrontunesv, , = 6.7/6.8, normalized
rms emittance2.0 rmm-mr, andrmslengtho, = 0.70 m,
with maximumspacechage tuneshift AvSPel ~ 0.60. In
thederivation,coastingoeamis assumedput the peakcur-
renthasbeenused.Now thestability regionbecomesnuch
widerasaresultof thelargespace-chajetunespread Un-
fortunately this wide stableareahasbeenshifted far far
away from centerof theplot asaresultof thelargeincoher
enttuneshift. Theinductive part of the vacuumchamber
impedancewhich is usually small, mustbe extraordinary
largeto be underthe contourin orderto stabilizethebeam.

SPACE-CHARGE TUNE SHIFT

ThecodePOSINST[2] is employedto studyelectron
cloud buildup nearinjection. The Boosteris madeup of
24 combinedfunction F-magnetsand 24 combinedfunc-
tion D-magnets.In the simulations,the inside volume of
the F-magnetwherethe beamresidesis representedby a
13.0"” x1.64” rectangulapipewith uniform magnetidield
0.084102Tesla,while that of the D-magnetis represented
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Figure1: Stability contourfrom octupolewith (solid) andwith-
out (dashesypacechage.

by a 12.0” x 2.25” rectangulampipe with 0.071480Tesla.
Accordingto theobsenedinitial lossrateof ~ 1.5% for the
first 500turns,beamlossto the surroundingperbeampar
ticle permeteris 6.49x10~8, andeachof thesestrayedpar
ticlesis assumedo generatedd 00electrons They dominate
over the electronsgeneratedy collision with ions at the
vacuumpressuref 1 x10~7 Torr. Figure2 shavstheelec-
tron densityaroundonetrans\erseo, ,, of the beaminside
the F- andD-magnetdor variousSEY’s. The bunchpat-
ternhasbeentakento be 81 buncheglus 3 emptybuckets.
Thusthe densitydips in the plots correspondo the ends
of revolutionturns. We seethatsaturatioris reachedn the
D-magnetwhenSEY> 1.5, while it requireaSEY> 1.9 to
have saturatiorin theF-magnetThismaybedueto thefact
that the vertical gap of the D-magnetis much biggerand
canthereforetrap more electrons. The samesimulations
wereperformedor the168m of 2.25” and28.8m of 4.25”
circular stainlesssteelpipesjoining the magnets.The re-
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Figure 2: (Color) Electron cloud linear density inside an F-
magnet(top left), a D-magnet(top right), the 2.25” pipein the
long straightsectiongbottomleft), andthe4.25” pipein theshort
straightsections(bottom right) for variousvaluesof SEY. The
beams averagdineardensityis shavn in dashessareference.
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Figure3: (Color) Left: Electrondensityinsidea D-magnetwith

SEY=1.6betweenf buckets200and210. Black, red,andgreen
cunesshav electrondensityaveragedover 1 o, , of the beam,
4 0,,,'s,andthewholecrosssectionof themagnet.Right: Parti-

cle densityandelectrondensityaveragedvern o,y'S.

sultsareshowvn in Fig. 2. Again the larger pipe appeargo
have the ability to trap moreelectrons.In ary case,how-
ever, electroncloudreachesaturationvhenSEYZ2 1.6.

It is unfortunatethat we have no knowledge of the
SEY for magnetlaminations. In below, we try to do the
investigationusing SEY=1.6,implying thatelectroncloud
buildup will saturatein the roundpipesandinsidethe D-
magnetsbut not necessarin the F--magnetsWe next look
into the electrondensitynearthe beamin Fig. 3. Sincethe
peakbeamparticledensityis pP* = 2.72x 10 m=2, the
electrondensityappeardo be very much smaller How-
ever, the particledensitydecreasesery rapidly awvay from
the beamaxis, but the electrondensitydoesnot. For ex-
ample theratio of electrondensityto particledensityaver
agedover two o ,,'s is 0.187. Theimplication is thatthe
cancellatiorof spacechageof thebeammaybe ~ 18.7%,
which s ratherappreciableTheinductive tuneshift of the
beamparticlein the electroncloud canalso be estimated
by assuminga uniform electrondensity giving

1)

wherer, =1.535x 10~ '® m s the classicalprotonradius,
and~ andg arerelatistic factors.The beamparticlesre-
side mostly within two o, ,,'s of the bi-Gaussiardistribu-
tion. Wethereforereadoff p. =2.2x10'3 m—3 from Fig. 3
astheelectrondensityaveragedvertwo o, ,,’'s. Thisgives
Av =0.11, whichis 18.0%o0f themaximumspace-chaye
tuneshift AvSPh =0.60. Thetunedepressiof anintense
Boosterbeamaswell asthe inductive part of the magnet
laminationsandconnectingbeampipe hasbeenmeasured
andcomputed4] andis foundto be ~ 0.04. Thus,in to-
tal, atmost~ 25% of thespacechagewill be canceledy
electroncloudandinductive walls. As is shovn in the sta-
bility contoursof Fig. 1, thereis still no possibility for the
beamsimpedanceo beinsidethe stableregion.

COLLECTIVE INSTABILITIES

The effectsof the electroncloud canbe modeledby

ashortrangewake. In Heifetsderivation,this wake is [3]
Wi (z) = 2Ly (o), @

(14 p)AY
wherep = o, /0, is the aspectratio of the particle beam
with peaklinear densityA{jk = Nb/\/ﬂaz, whereo,, is
the rms bunchlength. The effectivewake Weg(2) is de-
pictedin Fig. 4 for variousratiosof the rms spreadof the
cloud 3, , to that of the beamo, ,. The trans\erseim-
pedancecomputedby performinga Fourier transform,is
depictedin Fig. 4, where an averageelectrondensity of
pe = 1x10' m~3 in the vicinity of the beamhasbeen
assumed.Alongside,we have also plotted the trans\erse
impedanceof the 48 laminatedmagnets.We seethat the
impedancerisingfrom the electroncloud is mostly dom-
inatedby a resonancaearthe electronbouncefrequeng
we/2m andis muchlargerthanthat from the magnetse-
low ~ 140 MHz. (Theelectronbouncerequeng increases
during rampingasa resultof bunch-lengthand beam-size
shrinkings,and so doesthe position of the resonancédre-
queng in the cloud impedance.)This is to be expected,
becausea larger inductive impedanceat low frequencies
neededo partially cancelmore spacechage of the beam
will unavoidably bring aboutlarge Re Zi- andthussevere
trans\ersehead-tailinstabilitiesandtrans\ersemicrowave
instabilitiesto the Boosterbeam. Sincetheseratherlarge
instabilitieshave not beenobsened, it is possiblethatthe
SEY'’s of the magnetlaminationsandthe adjoiningbeam
pipesaremuchsmaller for example,< 1.3, sothatelectron
clouddoesnot accumulatearoundthe beam.For example,
the electroncloud effectswill becomeminimal whenthe
clouddensityis reducedo belov 1 x 102 m—3.
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Figure4: (Color) )Left: Effective wake derived from anelectron
cloud arounda round beam,where ¥, and o, arethe vertical
rms radii of the cloud andbeam,respectiely. Right: Realand
imaginarypartsof the trans\erseimpedancesrising from elec-
tron cloudin the Boostemearinjection, resonatingstronglynear
the electronbounceangularfrequeny we with £, /oy = 2. The
muchsmallertrans\erseimpedanceomingfrom themagnetam-
inationsis alsoshavn for comparison.




EFFECT OF BUNCHING

In the discussiorof stability contourearliera coast-
ing Boosterbeamhasbeenassumed. The situationof a
bunchedbeamcanbe very different. This is becauséhere
will be mary more particleshaving smallerspace-chaye
tune shifts, for examplethoseaway from the longitudinal
center Herewe will studythesimplerproblemconcerning
the distribution of space-chayetuneshifts of the particles
insideabunch,which canalsoshedsomelight ontheshape
of the correspondingtability contour

Thedistribution of space-chayetuneshiftin a coast-
ing beam with circular cross section and bi-Gaussian
distributed, fop(AvPe/AvsPeh) is depictedin dashes
in Fig. 5. It is skewed towards higher values, with
(ApsPeby JApSPeh — (6334, The distribution is essen-
tially zero when AvPh /Apsech < 0.15. This curve
closelyresembleshe stability contourin Fig. 1(a). In fact,
they shouldbe closelyrelated. For a bunch, however, the
space-chaye tune shift distribution can be very different
becausehe particlesnearthe two endshave rathersmall
space-chayetuneshifts. Thetuneshift distribution for the
wholebunchcanbereadilyderivedto be[5]

spch z spch
b (372) - [ 1 (340 )

max max

where\,(z) is thelineardensityandthe limits of integra-
tion &z aregiven by AysPChii’—Egg = 1. These3D distri-

butionsfor somecommonlinear distributionsaredepicted
in Fig. 5. They shaw thatthereareplenty of particleswith

space-chaye tune shift closeto zero, especiallywhenthe
longitudinal linear density haslongertails. A longitudi-
nal Gaussiardistribution may have beentoo ideal, but the
cosine-squardistribution is ratherrealistic. We expectthe
stability contourfor abunchbehaessimilarly. As aresult,

beamstability canbe attainedprovidedthatthereis some
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Figure5: (Color) Plotsof distribution in space-chaye tuneshift
for abi-Gaussiamoundbunchwith longitudinalGaussiangosine
squarecosine,or parabolicdistribution. The distribution of the
unbunchedbeamis alsoshavn for comparison.

reasonablénductive impedance someextra tune spread
from octupolesandthe | Re Zi-| is nottoo big, while elec-
tron cloudneednot play animportantrole.

CONCLUSION

We studiedthe stability contourof the Boosterbeam
in the presencef spacechage and octupoles,andfound
that the electroncloud buildup with SEY=1.6is hardly
enoughto neutralizethe spacechage and stabilize the
beam. The electroncloud, on the other hand,will bring
aboutstrongRe Zi- nearthe electronbouncefrequeng of
~140 MHz atinjection, leadingto undesirabldrans\erse
collective instabilities. Sincetheseinstabilities have not
beenobsened, eitherthe electroncloud buildup is much
smallerdueto a smallerSEY of thelaminatedmagnetspr
thederivedwake is incorrector it behaesdifferentlyfrom
the usualwake of thevacuumchambediscontinuities.

We have alsostudiedthe space-chayetuneshift dis-
tribution whenthe beamis bunched.Sincetherearemary
morelow space-chayetuneshiftedparticles thetuneshift
distribution is now skewedbacktowardsthe zerotuneshift
side. We believe the stability contourfor a bunchedbeam
will behae in the sameway; i.e., therewill be amplesta-
ble region underthe stability contour closeto the origin
of the complex coherent-tune-shifspace. As a result, a
small amountof inductive impedanceogetherwith some
octupoletune spreadwill be ableto stabilizethe Booster
beam,providedthat | Re Zi-| is nottoo large. This paper
senesasanextractof themoredetailedversionof Ref.[5].
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