
  

External bending 
magnet

External bending 
magnet

Centre bending 
magnet

ρ φ1 1 ρ φ2 2 ρ φ1 1

  

External bending
magnet

Defocusing
quadrupole

of strength k 

Half
Centre bending

magnet

Focusing
quadrupole

of strength k 

L1

 1

L2

2

L3

A NEW FAMIL Y OF ISOCHR ONOUS AR CS

G.GuignardandE.T.d’Amico,CERN, 1211Geneva 23,Switzerland

For theCompact LinearCollider(CLIC),thebunch
timestructureshouldbe preserved intheinjectorcom-
plex,especiallyintherecirculationarcsandaftertheflnal
bunch compressionstageup tothemain linacinjection.
Atthesametime,becausethetransverseemittancesareso
tiny,theirgrowth,essentiallyduetosynchrotronradiation,
shouldbekeptaslow aspossible.Inotherprojects,several
isochronousarcshave beendesignednumericallytomeet
theserequirementsfora particulararclayout.Thesede-
signscannotbe easilyadaptedtodifierentconflgurations.
The purposeofthisstudyisto obtainanalyticallythe
mainparametersofa new classofisochronousarcswhich
canbe quicklytailoredtospecialapplications.Some of
thesearepresentedand theyemphasizethesmalltrans-
verseemittancegrowth achievableeven atlargeinjection
energywhilekeepingthearcradiusina reasonablerange.
Becauselocallytheflrst-orderanisochronicity isfullycan-
celled,higher-ordercontributionsarelessimportant than
inotherdesigns.

I.INTRODUCTION

In theCompact LinearCollider(CLIC)many consid-
erations(wake-fleldefiects,highluminosity)requirethat
thebunch timestructureshouldbepreservedafterthelast
bunch compressionhastakenplace.Thisconditioningen-
eralcannotbe fulfllledwhen thebeam passesthrougha
de°ectingsystembecauseofthedifierenceinlengthbe-
tweentheindividualorbitsduetotheenergyspreadand
to thedifierent initialconditions.The systemiscalled
isochronouswhenitdoesnotchangethebunch timestruc-
ture.Itcanbeproved[1]thatinthelinearapproximation
such a systemshouldbenondispersiveandsuch that:

Z S2

S1

D (s)

‰(s)
ds= 0 (1)

whereD (s)isthehorizontaldispersion,‰(s)theradiusof
curvatureandS1,S2 arethepositionsofthebeginningand
endoftheinsertion.
The relation(1)shows thatcontributionstotheinte-

gralcome onlyfromde°ectingmagnetsand ofi-centred
quadrupoles.
Severalschemesofisochronousarcshavebeendeveloped

[2],[3].They arebasedon latticesencompassingseveral
de°ectingmagnetswheretheintegral(1)isminimizednu-
mericallyoverthewholearc.Thepurposeofthisstudywas
toinvestigateanalyticallyanisochronousmodulewiththe
minimum numberofde°ectingmagnets.Thejuxtaposition
ofidenticalmodulesallows thebuildingup ofa wholefam-
ilyofisochronousarcsdependingupon some parameters
which canbe adjustedtomeetspecialdesignconstraints,
such asminimizationoftheemittancegrowth duetosyn-
chrotronradiation.

Itcanbe proved [1]thattheminimum numberofde-
°ectingmagnetsinan isochronousmoduleisthree.For
reasonsofsimplicity we have chosena symmetricmodule
aboutthemid-planeofthecentralde°ectingmagnet.

II.ISOCHR ONICITY CONDITION

Letusconsideranisochronousinsertionwiththreebend-
ingmagnets(seeFig.1),whereweneglectforthemoment
thepresenceofothermagneticelementsassumedtobeper-
fectlycentred.To simplifythealgebrathebendingmag-
netswillbe treatedassectormagnetsofthesamelength
butofdifierent curvatureradii‰1 and ‰2,thede°ection
anglesbeingrespectivelỳ 1 and`2.

Figure1:Isochronousinsertion:bendingmagnet
conflguration.

Assumingthatthedispersionanditsderivativearezero
attheentranceoftheflrstmagnet,itiseasytoshow that
theisochronicity andsymmetryconditionsyieldthefollow-
ingexpressionsforthedispersionanditsderivative atthe
entranceofthecentremagnet[4]:

D j = ‰2
£
D 0
jctn(̀ 2=2)+ 1

⁄

D 0
j = ¡

‰1
‰2

µ
3

2
`1 ¡ siǹ 1

¶

: (2)

III.INSERTION DESIGN

To transportthebeam throughtheinsertiondescribed
inFig.1,wehavetoaddquadrupolesbetweenthebending
magnets.The simplestconflgurationisa FODO, asshown
inFig.2 whereonlya half-insertionisdrawn.

Figure2:Layoutofhalfisochronousinsertion.

The threespacesL1;L2;L3 and thetwo quadrupole
strengthsk1;k2 havetobechoseninorderfortheexpres-
sions(2)tobe satisfled.Aftersomemanipulationofthe
transfermatrices(seeAppendixA ofreference[4])thefol-
lowingexpressionsforthethreedriftlengthsasfunctions



           

Table1:Permittedrangesofk1;k2;¢ L3
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wherek(1)1 ;k(2)1 ;k(3)1 ;k(1)2 arethesolutionsofthefollowingtranscendentalequations:
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ofk1;k2 and ofthefreeparameter¢ L3 = L3 ¡ D j=D 0
j,

may beobtained:
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Lq beingthequadrupolelength.Table1 givesa subsetof
therangesofk1;k2;¢ L3 forwhich thethreedriftlengths
arelargerthana givenvalued,when

1

q1
•

1

l+ d
+

1

Lq=2+ d
:

Thiscanbe shown tobe thecaseformostoftheusual
hardwareconflgurations.The fullsetofconditionsmay be
foundinAppendixC of[4].

IV.AR C DESIGN

Tobuildupanarcwehavetoconnectasmany insertions
asarenecessarytoobtainthedesiredde°ection.To avoid
largeexcursionsofthebetatronfunctions,theeasiestwayis
totakeadvantageoftheinsertionsymmetryandtoensure
thatthevaluesoftheTwissparametersatbothendsofa
modulecomposedofan insertionasdescribed above and
ofa matchingsectionarethesame.Itiseasytoshow that

thisispossibleonlywhen thebetatronfunctionand its
derivativeatbothendsofsuch a modulearerespectively:

fl0 =
p
1¡ m 2=jm 21j and fl00 = 0 (5)

wherem = m 11 = m 22 and m 21 aretheelementsofthe
transfermatrixforthemodule.Itisverydi–culttodo
withoutthematchingsectionwhilesatisfyingthesecon-
straintsinbothplanes.W e have preferredtochooseasa
matchingsectionhalfatripletatbothendsoftheinsertion
toobtaina modulewith¡1 < m < 1 inbothplanes.The
Twissparametersattheendofthetransferlineinjecting
inthearcshouldthenbe matchedtothevaluesgivenby
theexpressions(5).Inordertoreducetoa minimum the
contributionofmagneticerrorsand thesextupoleefiects
we addtheconditionthatthephaseadvanceovera small
numberofmodulesshouldbe an integerm ultipleof… in
bothplanes.

Aftersomemanipulationsitispossibletoshow thatthe
growth ofthenormalizedhorizontalemittance¢ °† x isin
good approximationinverselyproportionaltothefourth
powerofthenumberofmodulesrequiredtoassemblean
arc[4].The diameterofa full-circlearcisofcoursepro-
portionaltothenumberofmodules.Clearlya compromise
m ustbe foundbetweenthesetwo veryimportant design
parameters.To flnd itwe have writtena simpleinterac-
tive programasan Excelspreadsheetwhich permitsone
toquicklyobtainthemainfeaturesofa 2… arcaccording
todifierentchoicesofthenumberofrequiredmodules,of
theratiobetweentheradiiofcurvatureoftheexternaland
centralbendingmagnets,and ofthegradientsofthetwo
quadrupolesandofthedistance¢ L3.



V. APPLICA TIONS

Ineach branch ofCLIC,two 360-degreearcsareneeded
toguidetheparticlesinthereversedirection,oneat3GeV
forthedrive beam and theotherat9 GeV forthemain
beam. Thesearcsshouldnotperturbthebunch length,
which iscarefullychosenforoptimum performanceatthe
flnalinteractionregioninthemain linacand forpower
transfere–ciencyinthedrivelinac.Thustheyhavetobe
isochronous.A preliminarystudyofthemhasbeencarried
attheflrstorderusingthetoolsdescribedintheprevious
section.The resultsaresummarizedinTable2 andFigs.3
and4.

The lessstringentconstraintonthehorizontalemittance
growth forthedrive beam allows onetoobtaina smaller
arcradiusthancouldbe expectedfromtheenergyscal-
ingalone.Thuslargerhorizontalemittancegrowth would
be acceptablebutdi–culttoachieve duetolimitationsin
opticsmatching.

On thecontraryforthemainbeam thefractionalhor-
izontalemittancegrowth (» 7:4%) cannotbe furtherre-
laxedtoobtainasmallerarcradiusbecauseitwouldinduce
a signiflcantlossofluminosity.

VI.DISCUSSION

Thisreportshows theexistenceofa parametricfam-
ilyofisochronousarcsandanalyticalprocedurestodesign
them.Simpleinteractiveprogrammingtoolshavebeende-
velopedtoimplementtheseprocedureswhich speedup the
search ofnearoptimizedisochronousarcs.The flrst-order
anisochronicity isfullyeliminatedandthelow valuesofthe
dispersioncontributeto thesecond-orderefiectsas well
astolimitingthehorizontalemittancegrowth. On the
otherhand,thismakesthecorrectionofthechromatic-
ity withsextupolesmoredi–cultbecausetheycannotbe
placedwherethedispersionissu–cientlyhigh.This,how-
ever,becomesa severeproblemwhen thearcispartofa
ringthroughwhich thebeam passesseveraltimes.Fur-
therinvestigationswillbe aimedatlimitingtheseefiects
and studyingtheenergyspreadacceptanceofsuch arcs.
Trackingshouldprovideresultson thebehaviourofthis
familyofisochronousarcsathigherorders.

Table2:Parametersofthe360-degreeisochronousarcs

Parameter 3 GeV arc 9 GeV arc
Num berofinsertions 3 48
Lengthofbendingmagnet 1.8m 1 m
Quadrupolelength 0.3m 0.5m
GradientofthefocusingQuad 55 T/m 60 T/m
GradientofthedefocusingQuad 55 T/m 60 T/m
L1 1.366m 2.068m
L2 0.227m 0.925m
L3 1.164m 0.310m
Overallarcdiameter 15 m 214m
Horizontalphaseadvance …/2 …/2
Verticalphaseadvance …/3 …/3
Nominal°† x (m¢rad) 5£ 10¡ 4 2:5£ 10¡ 6

¢ °† x (m¢rad) 8:16£ 10¡ 6 1:84£ 10¡ 7

Figure3:Opticsfunctionsofthe3 GeV isochronous
module.

Figure4:Opticsfunctionsofthe9 GeV isochronous
module.
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