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Abstract
Simulationsof the Fermilab Boosterreveal a sub-

stantialelectron-cloudbuildup both inside the unshielded

combined-functionmagnetsandthebeampipesjoining the

magnets,whenthe second-emissionyield (SEY) is larger

than ����� � . The implication of the electron-cloudeffects

on spacechargeandcollective instabilitiesof the beamis

discussed.

STABILITY CONTOURS

Following the analytic solution of Métral andRug-

giero, [1] we computedthestability contourof theFermi-

labBoosterbeamnearinjectionincludingspacechargeand

octupoletune spread. The dashedcurve in Fig. 1 is the

stability contourin the complex coherent-tune-shiftplane

having an octupoletunespread�
	�� 	
� with spacecharge

turnedoff. Theregionunder/abovethecontourimpliessta-

bility/instability. As spacechargeis turnedon,thestability

contourbecomesthe solid curve. The Boosterhasa cir-

cumferenceof ��������������� � m,composingof 84rf buckets.

TheBoosterbunchis of intensity ������� ���!	#"%$ at1.40GeV

(nearinjection),betatrontunes&('*) +��,���-��.(��� / , normalized

rms emittance��� 	0� mm-mr, andrms length 1324�5	��-��	 m,

with maximumspacechargetuneshift 67&�8:9<;>=?A@CB ��	�� �D	 . In

thederivation,coastingbeamis assumed,but thepeakcur-

renthasbeenused.Now thestabilityregionbecomesmuch

widerasaresultof thelargespace-chargetunespread.Un-

fortunately, this wide stableareahasbeenshifted far far

awayfrom centerof theplot asaresultof thelargeincoher-

ent tuneshift. The inductive part of the vacuumchamber

impedance,which is usuallysmall,mustbe extraordinary

largeto beunderthecontourin orderto stabilizethebeam.

SPACE-CHARGE TUNE SHIFT

ThecodePOSINST[2] is employedto studyelectron

cloud buildup nearinjection. The Boosteris madeup of

24 combinedfunction F-magnetsand24 combinedfunc-

tion D-magnets.In the simulations,the insidevolumeof

the F-magnetwherethe beamresidesis representedby a

�!E�� 	
F F!�G��� �
�DF F rectangularpipewith uniformmagneticfield

0.084102Tesla,while thatof theD-magnetis representedH
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Figure1: Stability contourfrom octupolewith (solid) andwith-

out (dashes)spacecharge.

by a ����� 	DF F3�J��� �
�DF F rectangularpipe with 0.071480Tesla.

Accordingto theobservedinitial lossrateof ����� ��K for the

first 500turns,beamlossto thesurroundingperbeampar-

ticle permeteris ��� �
L#�M�!	#N*O , andeachof thesestrayedpar-

ticlesis assumedto generate100electrons.They dominate

over the electronsgeneratedby collision with ions at the

vacuumpressureof ���
�!	 N*P Torr. Figure2 showstheelec-

tron densityaroundonetransverse1 '*) + of thebeaminside

theF- andD-magnetsfor variousSEY’s. Thebunchpat-

ternhasbeentakento be81bunchesplus3 emptybuckets.

Thus the densitydips in the plots correspondto the ends

of revolution turns.We seethatsaturationis reachedin the

D-magnetwhenSEYQ���� � , while it requiresaSEYQ���� L to

havesaturationin theF-magnet.Thismaybedueto thefact

that the vertical gapof the D-magnetis muchbiggerand

can thereforetrap moreelectrons. The samesimulations

wereperformedfor the168m of ��� �
�
F F and28.8m of ��� �
�
F F
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 Y<Z[Y]\C^ ^ pipe in the

longstraightsections(bottomleft), andthe _*Z[Y]\ ^ ^ pipein theshort

straightsections(bottom right) for variousvaluesof SEY. The

beam’s averagelineardensityis shown in dashesasa reference.
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Figure3: (Color) Left: Electrondensityinsidea D-magnetwith

SEY=1.6betweenrf buckets200and210. Black, red,andgreen

curvesshow electrondensityaveragedover 1 egf(h i of the beam,

4 egf(h i ’s,andthewholecrosssectionof themagnet.Right: Parti-

cle densityandelectrondensityaveragedover jke�f(h i ’s.

sultsareshown in Fig. 2. Again thelargerpipeappearsto

have the ability to trap moreelectrons.In any case,how-

ever, electroncloudreachessaturationwhenSEYlm��� � .

It is unfortunatethat we have no knowledgeof the

SEY for magnetlaminations. In below, we try to do the

investigationusingSEY=1.6,implying thatelectroncloud

buildup will saturatein the roundpipesandinsidethe D-

magnets,but notnecessaryin theF-magnets.Wenext look

into theelectrondensitynearthebeamin Fig. 3. Sincethe

peakbeamparticledensityis n 9(o� �p���-���4����	#"%q m N*rDs the

electrondensityappearsto be very much smaller. How-

ever, theparticledensitydecreasesvery rapidlyaway from

the beamaxis, but the electrondensitydoesnot. For ex-

ample,theratioof electrondensityto particledensityaver-

agedover two 1 '*) + ’s is 0.187. The implication is that the

cancellationof spacechargeof thebeammaybe �t��/��u�DK ,

which is ratherappreciable.Theinductive tuneshift of the

beamparticle in the electroncloud canalsobe estimated

by assumingauniformelectrondensity, giving

67& ;wv � �gnyxCz�{D�
|}�~ | &(+ s (1)

wherez�{������ �DE
���k��	�N�"%O m is theclassicalprotonradius,

and } and~ arerelativistic factors.Thebeamparticlesre-

sidemostly within two 1 '3) + ’s of the bi-Gaussiandistribu-

tion. Wethereforereadoff n�xg����� ������	�":r��tN*r from Fig. 3

astheelectrondensityaveragedovertwo 1�'*) + ’s. Thisgives

67& ;wv ��	��-�
� , whichis 18.0%of themaximumspace-charge

tuneshift 6�&
8:9<;�=?A@�B ��	�� �
	 . Thetunedepressionof anintense

Boosterbeamaswell as the inductive part of the magnet

laminationsandconnectingbeampipehasbeenmeasured

andcomputed[4] andis found to be �t	�� 	D� . Thus,in to-

tal, at most ���
��K of thespacechargewill becanceledby

electroncloudandinductivewalls. As is shown in thesta-

bility contoursof Fig. 1, thereis still no possibility for the

beam’s impedanceto beinsidethestableregion.

COLLECTIVE INSTABILITIES

Theeffectsof the electroncloudcanbemodeledby

a shortrangewake. In Heifetsderivation,this wake is [3]
� "(�w�*� � /�� $ n�x��Ax]�

� �G�7� �w� 9�o�
���w� �w�*� s (2)

where ���p1 + .D1 ' is the aspectratio of the particlebeam

with peaklinear density � 9�o� ��� � .D� ����1�2 , where 132 is

the rms bunch length. The effectivewake
���w� �w�*� is de-

pictedin Fig. 4 for variousratiosof the rms spreadof the

cloud � '3) + to that of the beam 1 '*) + . The transverseim-

pedance,computedby performinga Fourier transform,is

depictedin Fig. 4, wherean averageelectrondensityof

n x ���G���!	#"%r0�tN*r in the vicinity of the beamhasbeen

assumed.Alongside,we have alsoplotted the transverse

impedanceof the 48 laminatedmagnets.We seethat the

impedancearisingfrom theelectroncloud is mostlydom-

inatedby a resonancenearthe electronbouncefrequency

�Ax<.(��� andis muchlarger thanthat from the magnetsbe-

low �����D	 MHz. (Theelectronbouncefrequency increases

during rampingasa resultof bunch-lengthandbeam-size

shrinkings,andso doesthe positionof the resonancefre-

quency in the cloud impedance.)This is to be expected,

becausea larger inductive impedanceat low frequencies

neededto partially cancelmorespacechargeof the beam

will unavoidablybring aboutlarge �4�M� �" andthussevere

transversehead-tailinstabilitiesandtransversemicrowave

instabilitiesto the Boosterbeam. Sincetheseratherlarge

instabilitieshave not beenobserved, it is possiblethat the

SEY’s of the magnetlaminationsandthe adjoiningbeam

pipesaremuchsmaller, for example, ���� E , sothatelectron

clouddoesnot accumulatearoundthebeam.For example,

the electroncloud effectswill becomeminimal when the

clouddensityis reducedto below �M����	�":|A�tN*r .
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Figure4: (Color) Left: Effective wake derivedfrom anelectron

cloud arounda round beam,where ¦�i and e�i are the vertical

rms radii of the cloud andbeam,respectively. Right: Realand

imaginarypartsof the transverseimpedancesarisingfrom elec-

tron cloudin theBoosternearinjection,resonatingstronglynear

theelectronbounceangularfrequency §A¨ with ¦�i�©ªe�i�«¬Y . The

muchsmallertransverseimpedancecomingfrom themagnetlam-

inationsis alsoshown for comparison.
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EFFECT OF BUNCHING

In the discussionof stability contourearliera coast-

ing Boosterbeamhasbeenassumed.The situationof a

bunchedbeamcanbevery different.This is becausethere

will be many moreparticleshaving smallerspace-charge

tuneshifts, for examplethoseaway from the longitudinal

center. Herewewill studythesimplerproblemconcerning

thedistribution of space-chargetuneshiftsof theparticles

insideabunch,whichcanalsoshedsomelight ontheshape

of thecorrespondingstability contour.

Thedistributionof space-chargetuneshift in acoast-

ing beam with circular cross section and bi-Gaussian

distributed, ­ |¯® � 67&�8:9<;�=�.�67&�8:9<;>=?A@CB � , is depictedin dashes

in Fig. 5. It is skewed towards higher values, with° 67&�8:9<;�=#±ª.(6�&
8:9<;�=?A@�B �²	�� �
E
ED� . The distribution is essen-

tially zero when 67& 8:9<;�= .(67& 8:9<;�=?A@�B´³ 	��u�!� . This curve

closelyresemblesthestability contourin Fig. 1(a). In fact,

they shouldbe closelyrelated.For a bunch,however, the

space-charge tune shift distribution can be very different

becausethe particlesnearthe two endshave rathersmall

space-chargetuneshifts.Thetuneshift distribution for the

wholebunchcanbereadilyderivedto be[5]

µ r�® 67&�8:9<;�=
67& 8:9<;�=?A@�B � 2

N 2 ­ |¯®
67&�8:9<;>=
67& 8:9<;>=?A@CB � � � 	 �� � �ª� F � � � � 	 �ª¶D� F s

(3)
where � � �ª�3� is the lineardensityandthe limits of integra-

tion � � aregiven by 67&�8%9];>=M·3¸w¹ $Cº· ¸ ¹ 2 º ��� . These3D distri-

butionsfor somecommonlineardistributionsaredepicted

in Fig. 5. They show that thereareplentyof particleswith

space-charge tuneshift closeto zero,especiallywhenthe

longitudinal linear densityhaslonger tails. A longitudi-

nal Gaussiandistribution mayhave beentoo ideal,but the

cosine-squaredistribution is ratherrealistic.We expectthe

stability contourfor abunchbehavessimilarly. As a result,

beamstability canbe attainedprovidedthat thereis some
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Figure5: (Color) Plotsof distribution in space-chargetuneshift

for abi-Gaussianroundbunchwith longitudinalGaussian,cosine

square,cosine,or parabolicdistribution. The distribution of the

unbunchedbeamis alsoshown for comparison.

reasonableinductive impedance,someextra tune spread

from octupoles,andthe ¾ª�4��� �" ¾ is not toobig, while elec-

tron cloudneednotplay animportantrole.

CONCLUSION

We studiedthestability contourof theBoosterbeam

in the presenceof spacecharge andoctupoles,andfound

that the electroncloud buildup with SEY=1.6 is hardly

enoughto neutralizethe spacecharge and stabilize the

beam. The electroncloud, on the other hand,will bring

aboutstrong�4�M� �" neartheelectronbouncefrequency of

�,���D	 MHz at injection, leadingto undesirabletransverse

collective instabilities. Since theseinstabilitieshave not

beenobserved, either the electroncloud buildup is much

smallerdueto a smallerSEY of thelaminatedmagnets,or

thederivedwake is incorrector it behavesdifferentlyfrom

theusualwakeof thevacuumchamberdiscontinuities.

We havealsostudiedthespace-chargetuneshift dis-

tribution whenthebeamis bunched.Sincetherearemany

morelow space-chargetuneshiftedparticles,thetuneshift

distribution is now skewedbacktowardsthezerotuneshift

side. We believe thestability contourfor a bunchedbeam

will behave in thesameway; i.e., therewill beamplesta-

ble region underthe stability contourcloseto the origin

of the complex coherent-tune-shiftspace. As a result, a

small amountof inductive impedancetogetherwith some

octupoletunespreadwill be able to stabilizethe Booster

beam,provided that ¾w�J��� �" ¾ is not too large. This paper

servesasanextractof themoredetailedversionof Ref.[5].
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