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Abstract

Multi-particle simulationsare performedto studyemit-
tancegrowth in the FermilabBooster Analysisshows that
the sourceof verticalemittancegrowth comesmostlyfrom
randomerrorsin skew quadrupolesn the presenceof a
strong trans\erse space-chaye force. [1] Randomerrors
in dipole rolls andthe Montagueresonancelo contribute
but to lesserextent. The effect of randomerrorsin the
guadrupoless small becausehe betatronervelopetunes
arereasonablyar away from the half-integerstopband.

IPM MEASUREMENTS

The transwerse rms beamradii o, . of the Fermilab
Boosterhave beenmeasured?2] usingtheionizationbeam
profile monitor (IPM) at the location where the betatron
functionsanddispersionare 3, . ~ 6.5/20.5 m and D ~
1.8 m. ThelPM hasagateof ~ 1 usallowing ~ 52 bunches
to passhrough.Theverticalrmsemittances e, = 02/.,
which is plotted for the whole ramp cycle in Fig. 1 at
4- and 12-turninjections. Also shawvn are the normal-
izedrmsemittances”, which startsfrom ~ 2 rmm-mral-
mostindependenof intensity(thereis no painting),but in-
creasesapidly within thefirst 4000revolutions(region A)
at higherbeamintensity It thengrows almostlinearly be-
tween4000to 1700revolutions(region B), afterwhich ex-
tractiontakesplace.Theaimof thisarticleis to understand

the growth mechanism.
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Figure 1. (Color) Rmsnormalizedvertical emittances:?. The
unnormalizecemittances ., areshavn in dashes.

Theemittancegrowth perrevolutionin bothregionscan
befitted ratherwell up to 12-turninjectionaccordingto
de?
dn
where K. is the space-chaye perveancewith only three
parameters:b; ~ 0.8 x 10~ *rmmmr/rev, by ~ 0.8 x 10*
smmmr/rev, and €?(0) ~ 1.8 sammmr. Obviously, the
space-chaye term dominatesin region A. In region B,
however, the linear term dominates,since K. dwindles
down rapidly asthe beamenepy increases.The reason

= bl + b2Kscv
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of the linear growth of ~ 1 7mmmr/10%rev is not cleat
Residualgasscatteringat the 100-nTorr vacuumand in-
trabeanscatteringcontribute, respectiely, only de” /dn ~
2.4x10~* 7mmmr/10* rev and< 3x10~5 7mmmr/104 rev.

The horizontalbeamsize o, recevescontribution from
the betatronemittancec,, andthe dispersionD according
to 02 = Bye, + D%02. Thesetwo contritutionshave very
differentdependeng on the relativistic parametersy and
3, aswell astherf voltageandsynchronougphase.As a
result, the two contributions can be separatedo that the
emittance:,, andmomentunspreadrs alongtherampcy-
cle canbe extracted. The calculatedresultsfit the bunch
length and momentumspreadof variousintensitiesmea-
suredseparatelyat the wall-gap monitor, asdemonstrated
in Fig. 2 with a singlesetof parameterassuminghe lon-
gitudinalbunchareaof 0.08eVs. We do notfind explosive
e blow-upase? in region A. Insteadthe growth rateof €
in thewholecycleis roughlythe samease? in region B.

Post-transitionthereis bunch length oscillation com-
ing from phase-spacmismatchasthe space-chaye force
changessign. Fromthe oscillationamplitude the longitu-
dinal bunchareacanbe deduced.The non-oscillatorypart
can be separatedhgaininto the emittanceand dispersion
componentasbefore.
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MODELING AND SIMULATIONS

Multi-particle simulationsareperformedhopingthatthe
IPM resultscouldbe modeled.
1. Sincethe Boosteris composedf 24 combined-function
FODOcells,transpormatricesMp_. pandMp_, pareem-
ployedfor eachhalf cell, usingmeasuredunesand Twiss
parameteralongtherampcycle.
2. Systematisextupoles randomdipoles,quadrupoleand
skew quadrupoleerrorsareintroducedaskicks:

2"+ Ko (s)r =bo(s)+b1(s)z+ai(s)z— Sba(s) (2 —2%),
2"+ K, (s)z=—ag(s)—b1(s)z+ai(s)z+ba(s)zz2.



3. Dipole errors are designedto mimic injection closed
orbit-errors which areusuallydampedn Ng;, ~ 3000 rev.
Thus the error amplitude damping factors A, 40 (1) =
Au0,60 (0)e—"/Naivareincludedin the simulations.

4. Random quadrupoleerrors are introduced satisfying
§ B(s)bi(s)ds = 0 and § 8.(s)b1(s)ds = 0 so thatthe
tunesare not perturbed.Quadrupolesrrorsareto account
for phase-spacenismatch, which is usually dampedin
Nquad ~ 4000 rev. Thusthe erroramplitudedampingfac-
tors Ag1 p1(n) = Ag1,p1(0)e~"/Navadareincluded.

5. Body sextupolesareintroducedasthin-lenskicks at the
endof eachhalf cell with the measured;trengthsf bods =
—0.0173 and—0.263 m~2 respectiely, atthe F andD qua-
drupoles.Chromaticitysextupoleshavealsobeenincluded,
but their effectson emittancesaresmall, sincewake fields
driving collective instabilitiesarenot consideredere.

6. Bi-Gaussiandistributed beamis employed and we as-
sumethe distribution to maintainbi-Gaussiareven when
thebeamis perturbed.The space-chayepotentialis

2 2
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wherer = ¢, /0,. Thusthespace-chayekicks are
Az’ = fa—vﬁ =) __ 2Nnt x e_(x2+z2)/(‘7’5+‘72)2,
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where/ is half-celllengthand V is thelinear particleden-
sity in thebeam.Exponentiatedormsareusecto allow for

negligible tuneshiftsfor large-amplitudeparticles.

7. Therf andsynchronous-phagablesfor theactualramp
areused. In addition, the measuredunch lengthis em-

ployedto computebunchingfactorandmomentunspread.
Themeasure®5%longitudinalbunchareais 0.08eVs.

8. Post-transition momentum-spreadscillation due to

space-chaye mismatchis putin by hand. Forn > n; =

9600, it is

o5(n) = 050B(n) {1 +(Gs—1) [1 - e*%(n*w“ x

(1)

with initial rmsmomentumspreadr s, ~ 3.0x10~% growth
factorGs = 2.0, oscillationamplitudeAs = 0.5, frequeny
f= 1:1)0 rev—!, anddecoherencéactora; =

X [1 + Ase=2s(n 1) 6in ot f (n — nt)} ,
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SIMULATION RESULTS
Half-Integer Sopbands

Stopbandwidths are intentionally madelarger at har
monic13andsmallat12 by specialchoiceof randomseed
of quadrupoleerrors. The resultof 12-turninjection with
guadrupolesrror40 x 10~* m—!, aboutl.3% of the main

guadrupoldield (~ 10 timestoo large),is shavnin Fig. 3,
wherewe seelargeemittancencreasavhenthebaretunes
arenearthe half-integer stopband.Only the linear part of
spacechage is included. The vertical baretuneis fixed
atv, = 6.95 while the horizontalbaretune variesfrom
2v, = 12 to 14. Spacechage usually self-adjustsvhen
the beamis sufiiciently nearthe stopband.Particlesredis-
tribute andthe bunchmaybecomehollow sothatthe emit-

tancegrowth is reduced.
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Figure 3: (Color) Top: Plot shawing large emittancegrowth
whenthehorizontaltuneapproacheandis insidethe half-integer
stopband. Bottom: Horizontal space-chae tune shift corre-
spondingto variouspointsin thetop plot.

Montague Resonance

The2v,—2v, =0 Montagueresonancés drivenby non-
linear spacechage. To studythe resonancewe perform
simulationat 12-turninjection by turning off all linearran-
domerrors.AlthoughMontagueresonanceancausesmit-
tanceexchangeijts effect on emittancegrowth is small.
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Skew Quadrupole Errors

Skew quadrupolefield can be inducedby quadrupole
roll andvertical closedorbit deviation in sextupole. With
a 1-cm amplitudeof vertical closedorbit error inside the
sextupolefield, the feed-davn skew quadrupoleamplitude
is estimatedto be 35 x 10~* m~! (focal length 300 m).
To avoid mixing with the effects of Montagueresonance,
we try at 12-turninjection to vary the strengthof skew
quadrupoleerrorsas0, 3.5 x 1074, 14 x 1074, and 35 x
10~* m~!, but keepingidenticalrandomseed. The bare
verticaltuneis keptfixedat v, = 6.85 while thebarehori-
zontaltuneis variedfromv,, = 6to 7.

Without skew quadrupolefield, we seein Fig. 4 just
small Montagueresonancevhen v, = v, ande, = ¢,.
When v,, approachesan integer, € diverges. The ef-
fects are not much differentat skew quadrupolestrength
3.5 x 10~* m~! As the strengthincreasego 0.0014and
0.0035m™!, bothlineardifferenceandsumresonancele-
comeimportantwith e, . increase Beamlossoccurseven
when the tunesare far away from sum resonance.Near
the sum resonanceparticlesredistritute themseles and
thebunchbecomesollow in bothtrans\ersephasespaces.
Figure5 show theincreaseof the sumresonancetopband
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Figure4: (Color) With v, fixedat6.85andv,, variedfrom 6.0
to 7.0, four differentstrength=f skew quadrupoldield arestud-
ied. The emittancesncreasesharplyandbeamlossoccursatthe
differenceresonanceand nearthe sum resonanceat high skew
quadrupoldield.
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Figure5: (Color) Sumstopbands foundto increasewith beam
intensitywith skew quadrupole&omponentt0.0035 m ™ *.

Betatron Fractional Tunes
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Figure 6: (Color) Betatrontunes measuredusing a vertical
pingeronMay 7, 2005. They satisfythebestsettingof v, — v, ~
0.1 for all beamintensitiesin thisanalysis.

asthe beamintensity increasedrom 1- to 11-turninjec-
tion. To minimize emittancegrowth, oneshouldtherefore
choose/, — v, ~ 0.1, whichis actuallythe settingusedin
operationat the presentasdemonstratedh Fig. 6 by the
tunesmeasuredecentlyusinga verticalpinget [2]

Dipole Errors

Dipole errorsgenerateoherenbeamoscillations.Non-
linearities cornvert coherent oscillations into emittance
growth. Magnetrolls generateéhorizontalmagneticfield,
thusverticaldipole errorwill in generalbe largerthanthe
horizontal.Reasonabldipoleerrorsare7.5x10~° radver-
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Figure 7: (Color) Since vertical dipole error is usually much
larger thanhorizontaldipole error, we seea muchlarger gronth

in €7 thane;, (red)to becomparedvith thesituationof nodipole
errors(blue).

tical and2.0x 10~ ° radhorizontal[3] Thisleadsto afaster
increasen €7 thane?, asdemonstrateth Fig. 7.

SUMMARY

Putting all considerationsogethey the simulatedbeam
radii andthe normalizedemittancestanF-quadrupolare
shavnin Fig. 8, resemblingvhatweremeasuredThecon-
clusionis thatthe emittanceincreasest 12-turninjection
arisefrom: skew quadrupolesrrors~ 50%, dipole errors
~ 25%, andspacechage~ 25%. Theskew quadrupolesr-
rors broadernthe sum-resonancstopbandvhich enhances
emittancegrowths as intensity increases. The simulated
€'s at various-turninjection in region A also agreewith
measurementTheinitial increase®f ¢ , comeprobably
from phase-spacmismatchin thepresencef spacechage
anddipoleerrors.The mismatchmagnitudds proportional
tothespace-chayepeneancek ., which explainswhy we
canfit 7 with de” /dn ~ K. for thefirst 4000rev.
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Figure 8: (Color) Simulatednormalizedemittancesand beam
sizesat an F-quadfor a beamwith 12-turninjection resemble
whatweremeasured.
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