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Abstract

The effect of the sextupole componentb3 in the LHC
dipoleson theresonance-freelatticehasbeeninvestigated.
It is shown that its dynamic aperture,without b3 spool
piececorrection,is closeto that of the nominalLHC lat-
tice version6.0 with spoolpiececorrection.A prerequisite
is theadditionof a few chromaticitysextupolesin thedis-
persionsuppressors.Under this condition an increaseof
the b3 componentby a factorof two canprobablybe ac-
cepted.Furthermore,a systematicrelative gradienterrors
up to oneper mil canbe toleratedwithout changingthis
result.

1 INTRODUCTION

A resonancefree lattice (RFL) [1] can be usedin LHC
to overcomepossibleproblemsassociatedwith unexpected
largemultipolecomponentin themaindipoles.This lattice
is madeout of blocksof cells periodicboth in linear and
nonlinearcomponents,with suitablephaseadvancessuch
thatmany resonancedriving termsarecanceledto first or-
derin multipolestrength.
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Figure1: Comparisonof the
�����

orderresonancedriving
termh3000(random seed 1) excitedalongtheLHC ring for
theresonance–freelatticeandthenominalopticsversion6
in theabsenceof ��� spoolpieces.Theformeris shown with
andwithout extrachromaticitysextupolesin theD.S..

Someinterestingresultshave beenobtainedfor thecase
of theoctupolecomponent�	� [2]. Thepresentpaperdeals
with the caseof the � � sextupole component. Its uncer-
tainty(componentconstantoveroneoctantof themachine)
couldbecomelargedueto themanufacturingprocess.This
is why it couldbehelpfulto mastersuchageometriceffect.

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

paredwith theresonanceanalysis.A first estimationof the
effectof gradienterrorsin thedipolesis given.

2 RESONANCE ANALYSIS

A comparisonof the
�
���

orderresonancedriving termex-
citedalongthering hasbeendonefor theRFL andfor the
nominalopticsversion6 usingthecodeSODD[4]. To test
moreclearly theefficiency of theresonance–freelattice in
suppressingthe driving term, the �
� spoolpiecesthat are
normally usedto correctthe sextupolecomponentsof the
main dipolesareexcluded. The resonance–freelattice is
much worsethan the nominal optics version6 as shown
in Figure1. This canbeascribedto thechromaticitysex-
tupoleswhich arepresentin only 23 cells ratherthan25
cells in eacharcasrequiredfor theRFL [1]. Therefore12
sextupoleswereaddedin thedispersionsuppressors(D.S.)
to arrive at 25 cells with chromaticitysextupolesin each
octant.As expected,we couldachievea largereductionof
the

�
���
orderresonancedriving termswith this modifica-

tion. This effect is shown in Figure1 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. in DS h1002 0.1122 0.2616
Res.-free h3000 0.0935 0.1710
optics+ h1020 0.0782 0.1789

sext. in DS h1002 0.2995 0.4143

Nominal h3000 0.0540 0.1021
sext. in DS h1020 0.0859 0.1952

b2=-1.4 h1002 0.1536 0.2758
res.free h3000 0.0696 0.1063

sext. in DS h1020 0.0678 0.1299
b2=-1.4 h1002 0.1011 0.2137

Table1: Resonancedriving termsassociatedwith 60differ-
enterrordistributionsandtwo differentoptics,nob3spool
piececorrector.

A summaryof the third order resonancedriving terms
areshown in table1 for 60 setsof errordistributions. The
dramaticdifferencesassociateswith the presenceof extra
chromaticity sextupolesin the dispersionsuppressorap-
pearsclearly whenonescomparesupperandmiddle part



Case Dynamic Apertur e (100,000tur n)��������� ���������
Minimum Average Minimum Average

CaseA1: Nominalopticsv6 11.5 12.9 11.8 14.4
CaseA2: CaseA1 without 10.7 12.5 10.0 12.7
�
� correction
CaseA3: CaseA1 with additionalChro. 11.3 13.0 12.2 14.2
Sext. in D.S.and � � correction
CaseA4: CaseA1 with additionalChro. 10.5 12.9 10.7 13.4
Sext. in D.S.andwithout ��� correction

CaseB1: resonance–freelattice 11.8 13.5 13.5 15.3
CaseB2: CaseB1 without 8.1 9.7 8.2 10.3
� � correction
CaseB3: CaseB1 with additionalChro. 12.2 13.8 14.2 15.7
Sext. in D.S.and ��� correction
CaseB4: CaseB1 with additionalChro. 12.0 13.0 11.1 14.1
Sext. in D.S.andwithout � � correction

Table2: Long–termdynamicaperturefor thenominalLHC opticsV6 andtheresonance–freelatticewith theerror table
9901at thenominalworkingpoint (0.28,0.31).Averageandminimumvalueover60randomseedsaregivenat thephase
spaceangles

���������������
�
respectively for eachcase.

of thetable.Thereforeweexpectabig improvementin the
dynamicaperturewhenthoseextrasextupolesareswitched
on. However, it is lessclearhow thenominalandRFL be-
have sincethereis no clearoverall differencein the reso-
nanceterms.

Up to now gradienterrorshavebeenignored.In theLHC
threedifferentgradienterrorsareexpected:

� Systematicwith alternatingsign from inner to outer
channelwith no effecton thetunes

� Uncertainty, i.e. constantover one arc and random
changefrom arcto arc

� Random(from magnetto magnet)

We have to study their effect on the RFL, sincegradient
errorschangethe cell phases.The resultsfor the system-
atic errorsareshown in the lower part of table1. For the
RFL thereis ageneralimprovementof theresonanceterms,
whichresultsin animprovementof theshort–termdynamic
aperture(1000 turns) if a systematicerror of -1.4 � �� �! �
is introduced(the insertionshave beenrematchedaccord-
ingly). A reversalof thesignof ��" hastheoppositeeffect
for mostof the terms. Adding an uncertaintyof 7 � �� 
! �
in the dipolesand 10 � �� 
! � in the quadrupolesdoesnot
changethe resultsin a dramaticway, i.e. the maximum
increaseof theresonancetermsis 20%.

3 LONG–TERM DYNAMIC APERTURE

The dynamicapertureis expressedin termsof the trans-
verser.m.s. beamsize # , the LHC normalisedemittance
is
�%$'& �)(

m at
� # . Particle motion samplesdifferent res-

onancesdependingon the ratio betweenhorizontal and
vertical oscillation amplitudes,with *,+ �.- / +1032�+ and

*,4 � / +10�254 with 2�+ � 2�4 the horizontal and vertical
transverseemittances,respectively. To obtainarealistices-
timatefor the dynamicapertureonehasto vary this ratio,

expressedasa phasespaceangle:
���76�8�9;:	6�< =	>=�? $

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 injectionenergy. Unit:

�� �! � relative field error
at a radiusof 17 mm.

As abareminimumonehasto studyroundbeams(equal
horizontalandvertical emittance)and the caseof mainly
horizontalmotion (horizontalemittancemuch larger than
the vertical emittance). The tracking is performedin the
full six–dimensionalphasespaceat75%of thebuckethalf
size,( @	AA�B

�7 $  � � & �
) usingthetrackingcodeSixTrack[5].

Theamplitudehasbeenvariedin stepsof CCED # to determine
theminimumandaveragedynamicaperturefor the60ran-
dom seeds. It is necessaryto usetwo valuesfor the dy-
namicaperturesincetheminimumis apossibleworstcase,



with a F �
G probability that the true dynamicapertureis
above this value,andtheaveragedynamicapertureserves
to comparetheoverallquality of thedifferentlattices.The
uncertaintyof theminimumvalueis about

 $ � # while it is
some

 $ H # for theaveragedynamicaperture.Table2 lists
the long–termdynamicaperturefor both the nominalop-
tics version6 and the RFL, eachlattice in four different
configurations.Thebestguessedmultipoleerrorsof table
9901listedin table3 havebeenincluded.

From the comparisonbetweenthe CaseA2 andB2 in
table 2 , we know that the RFL hasa dynamicaperture
muchsmallerin thecasethatthe �I� correctionis excluded.
This is consistentwith the above analysisconcerningthe�����

orderresonancedriving term. In thecaseof additional
chromaticitysextupolesaddedin theD.S.for theRFL,even
without �I� correctionthedynamicaperturehasreachedal-
mostthesamelevelasfor thenominalopticsversion6 with
�I� correction(compareCaseB4 andA1 respectively). For
the modifiedRFL the � � correctionis muchlesseffective
(compareCaseB4 with B3 andB1). For thenominalop-
tics version6, we alsohave placedadditionalchromaticity
sextupolesin the D.S. In this casethe dynamicaperture
becomessmallerwithout � � correction(compareCaseA4
with A1) while in thecasewith �I� correctionthedynamic
aperturedoesnot show any improvement(compareCase
A3 with A1).

In the light of thesedynamicapertureresultswe now
look at theimportanceof theresonancetermsfrom Table1.
As expectedtheadditionalsextupolesimprovethedynamic
apertureconsiderablyin thecaseof theRFL. However, the
smallimprovementof dynamicapertureassociatedwith the
RFL comparedwith thenominaloneis not apparentfrom
the valuesof the resonancedriving terms,exceptdirectly
on resonanceasshown in tunescans.

Thesehave beenproducedfor the nominal LHC lat-
tice version6 and the RFL, in both caseswith the addi-
tional chromaticitysextupolesin the D.S. andwithout the
� � spool piececorrection,i.e. CaseA4 and CaseB4 re-
spectively. Thereis someapparentreductionfor bothcases
comparedto thesituationincludingthe � � spoolpiececor-
rection. However the RFL gain about10% in dynamic
aperturefar from stronglow orderresonancesasseenon
figure 2. In the third order resonanceregions the dy-
namicapertureratio dependsstronglyon tunechangesin
therangeof 0.01andseemsto reflectthedifferencein driv-
ing terms.For thecaseof the4JLK orderresonances,theRFL
is definitelyworsebecauseof the systematicexcitationof
the M Qx+3QyN resonance.

4 CONCLUSIONS

Theeffectof uncompensated�
� uncertaintyhasbeenstud-
iedbothfor thestandardLHC latticeandfor theresonance–
free lattice. Thetunescanshows thatstability domainsin
thetunediagramarestill separatedby the

�����
and

� JLK order
resonances.However, thedynamicaperturefor this lattice
is improved,althoughnot verysignificantly.
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Figure 2: Ratio of short–termdynamic aperture(1,000
turns) (CaseB4)/(CaseA4) v.s. tune. Averageandmin-
imum ratio over 60 randomseedsare given at the phase
spaceangles

�O�P�������	�����
respectively for eachpair of

tunes,which areseparatedby
 $  �

.

Additional chromaticitysextupolesin the D.S. arenec-
essaryto cancelthecontributionto the

�
���
orderresonance

driving termsfrom all chromaticitysextupolesin eacharc.
For thismodifiedresonance–freelattice,the � � spoolpieces
correctionsystemis much lessneeded,or alternatively it
allows for potentiallylargersystematic�I� errors.

Theeffect of randomgradienterrorsdependsgreatlyon
theirsign.With thenominalsystematicgradienterrors,the
situationis improved.
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