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Abstract

The effect of the sextupole componentb3 in the LHC
dipolesontheresonance-frelattice hasbeeninvestigated.
It is shavn that its dynamic aperture,without b3 spool
piececorrection,is closeto that of the nominal LHC lat-
tice version6.0 with spoolpiececorrection.A prerequisite
is the additionof a few chromaticitysextupolesin the dis-
persionsuppressors.Under this condition an increaseof
the b3 componenby a factorof two canprobablybe ac-
cepted. Furthermorea systematiaelative gradienterrors
up to one per mil canbe toleratedwithout changingthis
result.

1 INTRODUCTION

A resonancdree lattice (RFL) [1] can be usedin LHC
to overcomepossibleproblemsassociatedvith unexpected
largemultipolecomponentin themaindipoles.Thislattice
is madeout of blocksof cells periodicbothin linear and
nonlinearcomponentswith suitablephaseadvancessuch
thatmary resonancealriving termsarecanceledo first or-
derin multipolestrength.
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Figure 1: Comparisorof the 3"¢ orderresonancealriving
termh3000(random seed 1) excitedalongtheLHC ring for
theresonance—frelatticeandthe nominalopticsversion6
in theabsencef b; spoolpieces.Theformeris shavn with
andwithout extra chromaticitysextupolesin theD.S..

Someinterestingresultshave beenobtainedfor the case
of the octupolecomponent, [2]. The presenpaperdeals
with the caseof the b3 sextupole component. Its uncer
tainty (componentonstanbveroneoctantof themachine)
couldbecomdargedueto themanufcturingprocessThis
iswhy it couldbehelpfulto mastersuchageometriceffect.

A proceduresimilar to that developedin [2] hasbeen
followed. In section2 theresonancelriving termsareex-
amined.Section3 is devotedto trackingstudieso becom-

paredwith theresonancanalysis A first estimationof the
effect of gradienterrorsin thedipolesis given.

2 RESONANCE ANALYSIS

A comparisorof the 3¢ orderresonancelriving term ex-

citedalongthering hasbeendonefor the RFL andfor the
nominalopticsversion6 usingthe codeSODD[4]. To test
moreclearly the efficiengy of theresonance—frelatticein

suppressinghe driving term, the bs spoolpiecesthatare
normally usedto correctthe sextupole component®f the
main dipolesare excluded. The resonance—frefattice is

much worsethan the nominal optics version6 as shovn

in Figurel. This canbe ascribedo the chromaticitysex-

tupoleswhich are presentin only 23 cells ratherthan 25
cellsin eacharcasrequiredfor the RFL [1]. Thereforel2
sextupoleswereaddedn the dispersiorsuppressoréD.S.)
to arrive at 25 cells with chromaticity sextupolesin each
octant.As expectedwe could achiere a large reductionof

the 37¢ orderresonancalriving termswith this modifica-
tion. This effectis shavn in Figurel for a particularsetof

randomerrors.

res.term | aver max.

Nominal h3000 | 0.0885| 0.1378
optics h1020 | 0.2166| 0.3477

h1002 | 0.0699| 0.3758

Res.-free | h3000 | 0.3034| 0.3875
optics h1020 | 0.0813| 0.1654

h1002 | 0.7049| 0.8299

Nominal h3000 | 0.0401| 0.0918
optics+ h1020 | 0.1378| 0.2847
sext. inDS | h1002 | 0.1122| 0.2616
Res.-free | h3000 | 0.0935| 0.1710
optics+ h1020 | 0.0782| 0.1789
sext. inDS | h1002 | 0.2995| 0.4143
Nominal h3000 | 0.0540| 0.1021
sext. inDS | h1020 | 0.0859| 0.1952
b2=-1.4 h1002 | 0.1536| 0.2758
res.free h3000 | 0.0696| 0.1063

sext. inDS | h1020 | 0.0678| 0.1299
b2=-1.4 h1002 | 0.1011| 0.2137

Tablel: Resonancdriving termsassociategvith 60 differ-
enterrordistributionsandtwo differentoptics,no b3 spool
piececorrector

A summaryof the third orderresonancalriving terms
areshown in table 1 for 60 setsof errordistributions. The
dramaticdifferencesassociatesvith the presencef extra
chromaticity sextupolesin the dispersionsuppressorp-
pearsclearly whenonescomparesupperand middle part



Case Dynamic Apertur e (100,000tur n)
¢ =15° ¢ = 45°
Minimum | Average | Minimum | Average
CaseAl: Nominalopticsvé 11.5 12.9 11.8 14.4
CaseA2: CaseAl without 10.7 12.5 10.0 12.7
b3 correction
CaseA3: CaseAl with additionalChro. 11.3 13.0 12.2 14.2
Sext. in D.S.andb; correction
CaseA4: CaseAl with additionalChro. 10.5 12.9 10.7 13.4
Sext. in D.S.andwithout bz correction
CaseB1: resonance—frelattice 11.8 13.5 13.5 15.3
CaseB2: CaseB1 without 8.1 9.7 8.2 10.3
b; correction
CaseB3: CaseB1 with additionalChro. 12.2 13.8 14.2 15.7
Sext. in D.S.andbs correction
CaseB4: CaseB1 with additionalChro. 12.0 13.0 11.1 14.1
Sext. in D.S.andwithout b; correction

Table2: Long—termdynamicaperturefor the nominalLHC opticsV6 andthe resonance—frelattice with theerrortable
9901atthe nominalworking point (0.28,0.31) Averageandminimumyvalueover 60 randomseedsregivenatthe phase

spaceanglesp = 15°, 45° respectiely for eachcase.

of thetable. Thereforewe expecta big improvementn the
dynamicaperturavhenthoseextra sextupolesareswitched
on. However, it is lessclearhow thenominalandRFL be-
have sincethereis no clearoverall differencein the reso-
nanceterms.

Upto now gradienterrorshave beenignored.In theLHC
threedifferentgradienterrorsareexpected:

e Systematiowith alternatingsign from inner to outer
channelith no effectonthetunes

e Uncertainty i.e. constantover one arc and random
changerom arcto arc

¢ Random(from magneto magnet)

We have to study their effect on the RFL, sincegradient
errorschangethe cell phases.Theresultsfor the system-
atic errorsare shown in the lower part of table 1. For the
RFL thereis ageneraimprovemenbf theresonancéerms,
whichresultsn animprovemenbf theshort—terndynamic
aperture(1000turns)if a systematicerror of -1.4x10~*

is introduced(the insertionshave beenrematchedaccord-
ingly). A reversalof the sign of b, hasthe oppositeeffect
for mostof the terms. Adding an uncertaintyof 7x10~*

in the dipolesand 10x10~* in the quadrupolesioesnot
changethe resultsin a dramaticway, i.e. the maximum
increaseof theresonanceéermsis 20%.

3 LONG-TERM DYNAMIC APERTURE

The dynamicapertureis expressedn termsof the trans-
verser.m.s. beamsize o, the LHC normalisedemittance
is 3.75um at 1o. Particle motion samplesdifferentres-
onancesdependingon the ratio betweenhorizontal and
vertical oscillation amplitudes,with A, = /3, - ¢, and

Ay = /Bs - ey With €, ¢, the horizontal and vertical
trans\erseemittancestespectiely. To obtainarealistices-
timatefor the dynamicapertureone hasto vary this ratio,

expressedisaphasespaceangle:¢ = arctan (, /E—,i ) .

Err or Table 9901
(Persistent& Geometric)

Mean Uncertainty Random
n b a b a b a
3 | -9.70 | -0.082| 1.376| 0.867 | 1.474| 0.479
4 | 0.22 0.344| 0.130| 0.513| 0.513
5 | 0.89 | 0.007 | 0.436| 0.418| 0.428| 0.341
6 | -0.011 0.057| 0.057| 0.088| 0.165
7 | -0.16 | 0.017 | 0.053 0.219| 0.078
8 | -0.00 0.043 | 0.084
9 | 0.36 | -0.006 | 0.028 0.071| 0.115
10 0.012
11| 0.57 | 0.002

Table 3: The Multipole componentsof the main LHC
dipolesat injection enegy. Unit: 10~ relative field error
ataradiusof 17 mm.

As abareminimumonehasto studyroundbeamgequal
horizontaland vertical emittance)and the caseof mainly
horizontalmotion (horizontalemittancemuchlarger than
the vertical emittance). The trackingis performedin the
full six—-dimensionaphasespaceat 75% of the bucket half
size,(ff = 0.00075) usingthetrackingcodeSixTrack[5].
Theamplitudehasbeenvariedin stepsof 1—150 todetermine
theminimumandaveragedynamicaperturgor the60ran-
dom seeds. It is necessaryo usetwo valuesfor the dy-
namicaperturesincetheminimumis apossiblewvorstcase,



with a 95% probability that the true dynamicapertureis
above this value,andthe averagedynamicaperturesenes
to comparethe overall quality of the differentlattices. The
uncertaintyof the minimumvalueis about0.50 while it is
some0.20 for the averagedynamicaperture.Table2 lists
the long—termdynamicaperturefor both the nominal op-
tics version6 andthe RFL, eachlattice in four different
configurations.The bestguessednultipole errorsof table
9901listedin table3 have beenincluded.

From the comparisorbetweenthe CaseA2 andB2 in
table 2 , we know that the RFL hasa dynamicaperture
muchsmallerin thecasethatthebs correctionis excluded.
This is consistentwith the above analysisconcerningthe
374 orderresonanceriving term. In the caseof additional
chromaticitysextupolesaddedn theD.S.for theRFL, even
withoutbs correctionthedynamicaperturenasreachedal-
mostthesamdevel asfor thenominalopticsversion6 with
b3 correction(compareCaseB4 andAl respectiely). For
the modifiedRFL the b3 correctionis muchlesseffective
(compareCaseB4 with B3 andB1). For the nominalop-
tics version6, we alsohave placedadditionalchromaticity
sextupolesin the D.S. In this casethe dynamicaperture
becomesmallerwithoutbs correction(compareCaseA4
with A1) while in the casewith bz correctionthe dynamic
aperturedoesnot shov ary improvement(compareCase
A3 with Al).

In the light of thesedynamicapertureresultswe now
look attheimportanceof theresonancéermsfrom Tablel.
As expectedheadditionalsextupolesmprovethedynamic
apertureconsiderablyn the caseof the RFL. However, the
smallimprovemenif dynamicapertureassociatewith the
RFL comparedwith the nominaloneis not apparenfrom
the valuesof the resonancalriving terms,exceptdirectly
onresonanc@sshavn in tunescans.

Thesehave beenproducedfor the nominal LHC lat-
tice version6 andthe RFL, in both caseswith the addi-
tional chromaticitysextupolesin the D.S. andwithout the
bs spool piececorrection,i.e. Case A4 and CaseB4 re-
spectvely. Thereis someapparenteductionfor bothcases
comparedo thesituationincludingthe b3 spoolpiececor-
rection. However the RFL gain about10% in dynamic
aperturefar from stronglow orderresonancess seenon
figure 2. In the third order resonanceregions the dy-
namic apertureratio dependsstrongly on tune changesn
therangeof 0.01andseemdo reflectthedifferencan driv-
ing terms.For thecaseof the4'” orderresonancesheRFL
is definitely worsebecausef the systematiaxcitation of
the {Qx+3Qy} resonance.

4 CONCLUSIONS

Theeffectof uncompensateds uncertaintyhasbeenstud-
iedbothfor thestandardHC latticeandfor theresonance—
freelattice. Thetune scanshaws that stability domainsin
thetunediagramarestill separatethy the3"? and4* order
resonancesHowever, the dynamicaperturefor this lattice
is improved,althoughnot very significantly
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Figure 2: Ratio of short—termdynamic aperture(1,000
turns) (CaseB4)/(CaseA4) v.s. tune. Averageand min-

imum ratio over 60 randomseedsare given at the phase
spaceangles¢ = 15°,45° respectiely for eachpair of

tuneswhich areseparatedy 0.03.

Additional chromaticitysextupolesin the D.S. arenec-
essanto cancelthe contributionto the 3¢ orderresonance
driving termsfrom all chromaticitysextupolesin eacharc.
For thismodifiedresonance—frdattice,thebs spoolpieces
correctionsystemis muchlessneededor alternatvely it
allows for potentiallylargersystematids errors.

The effect of randomgradienterrorsdependgreatlyon
their sign. With thenominalsystematigradienterrors,the
situationis improved.
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