
SSCL-N-827

A Simple Model for NormalSextupoleComponents
b2 in HEB Dipoles from 200 GeV to 2 TeV

S. Olmuma

SuperconductingSuperCollider Laboratory*

2550BeckleymeadeAve.
Dallas,TX 75237

July 1993

‘Operatedby the UniversitiesResearchAssociation,Inc., for the U.S. Departmentof EnergyunderContract
No. DE-AC3S-89ER40486.



A Simple Model for Normal SextupoleComponents
b2 in HEB Dipoles from 2000eV to 2 TeV

S. Ohnuma

University of Houston

1. Introduction

The purposeof this noteis to presenta simplebutplausiblemodel of the normal
sextupolecomponentb2 in 1-IEB dipoleswhich do not yet exist betweenthe injection
flat at 200 0eV and theextractionflattop at 2 TeV. The particularnumericalvaluesfor
variousquantitiesgivenhereshouldnot be takenassomethingoneexpectsto havein the
final 1-IEB dipoles. At present,thereare too manyuncertaintiessurroundingthe
characteristicsof yet to be designedandbuilt FIEB dipoles thatevena semi-quantitative
estimatemaybe premature.It is neverthelessnecessaryto havea qualitativepictureof
the behaviorof b2 asa functionof the rampingdipole currentfrom beginningto end in
orderto preparebelievablecorrectionschemes.By far the mostimportantof the
correctionelementsis thechromaticitycorrectingsextupolestogetherwith steering
magnetsfor closedorbitsandcorrectionquadrupolesfor tuneadjustments.Accordingto
the availabledataon dipolesbuilt for the maincollider, therewill be a largevariation
from dipole to dipole in variousmultipole components,includingb2, andonemust look

into thenecessityof harmoniccorrectionsystems.Particularlytroublesomeis the skew
quadrupolecomponenta at low excitation. It maybe necessaryto revivean old ideaof
magnetsortingbasedon ai and b2 if one is to avoidelaboratecorrectionsystems.

Questionsrelatedto hannoniccorrectionsare,however,not addressedin this noteexcept
to emphasizethe importanceof further studiesby theHEB Group.

Varioussourcesof the informationusedin preparingthis noteare:

1. M. WakeSSC/KEK,"HarmonicField Estimationfor HEB Operation",MD
MKA-0-93-007SSCL,March 311993.

2. A. Chao,a al., "Dynamic Aperture& ExtractionStudiesfor the SSCHigh-
EnergyBooster",SSCL-296,September1990. Seep.5.

3. D. Johnson,"Control of b2 at 150 0eV andDuringTeV Parabola",Fermilab

EXP-l60,August221988.
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4. S. Ohnuma,"SextupoleComponentb2 of DoublerDipoles at Low Fields",

FermilabUPC No. 172, December6 1983.

5. Privatecommunicationsfrom the following people:

a M. Wake, SSC/KEK

b 1. Ogitsu,SSC/MTL

c D. Herrup,Fermilab

d R. Hanft, Fermilab

e N. Gelfand,Fermilab

W. Xie, SSC/AcceleratorSystems

Any misrepresentationsanderrorswhich mayhaveseepedinto this noteareall
purelyunintentional. Anyonewith seriousreservationsanddoubtson datausedhere
shouldnotify the authorso that, if warranted,correctionscanbe madepromptly. Matters
of judgmentsandnot of factualdatashouldbe discussedin a separatememoor report.
It is alwaysadvisableto presenteditorial opinionsclearly labeledassuchin ordernot to
confusethe issueswhich are alreadycomplexfor everyoneconcerned.

2. Rampingof Main Dipoles

Eventhis basicdesignitemis notyet firmly establishedat present. One
outstandingquestionis how to switch magnetpolarity, everyotherbatchto fill two
colliderrings alternatelyor to switch only onceafteronering is completelyfilled. It may
be easierfor theHEB powersuppliesto adoptthe latteroption but the former is by no
meansexcludedif the stability of reversedrampingis assured.Therampingusedhereis
only for onepolarity, ignoring thepossiblecomplicationof reversingthe polarity with
somegymnastics.

1. Injectionflat: Oct<ti t1Tth

2. Parabola: tl<t<t2 t2-tlETp

3. Linearpart: t2 C tct3 t3 - t2 TL
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4. Parabola: t3 C t < t4 identicalto 2.

5. Extractionflattop: t> t4

During injection flat, I dipolecurrent= Ir fixed with Bth in T= T.F.in T/kA
x ‘th in kA, Bm= B p in T-m/p, B = 200/0.299793,p = numberof dipoles*magnet

length/2ic= 12.288mx 5l2/2t = 1001.32m.

The transferfunctionT.F. is yet to be determinedbut it is expectedto be closeto
1.02which shouldbe comparedwith 1.0452for the colliderdipoles. The magnetlength
is takento be 12.288m14.856m for thecollider andthe totalnumberof dipolesfor the
currentversionof HEB lattice is 512.

Before fixing otherrampparameters,it is necessaryto estimatethe final current14
for t> t at the flattop. Althoughthe final beammomentumis fixed at 2 TeV, thereis

a questionof saturationso that

14 = SaturationFactorx Bf/T.F. with B = 6.6625Tat 2 TeV.

The saturationis assumedto be 2.5% SaturationFactor= 1/0.975at the maximum
current,rising quadraticallyfrom 1=4kA.

During the first parabola,

1t = Iu + aAt2 At = timemeasuredfrom the startof parabola 1

cc =1/214 - I/[Tp Pp +TL]

In the linearrisebetweent2 andt3, dlldt is constant:

i. =dI/dtt2ctct3=2cFp 2

During the secondparabola,which is assumedto be identical in shapeto the first
parabola,

It=Lt- cAt2At=t- t4 3

OnceI is found asa function of time, the momentumof thebeamis determined
from theresultingBp with the saturationeffect takeninto accountbeyond4 kA the
valueassumedin this note.
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3. Scaling

Sinceit is necessaryto rely on the datafrom FermilabTevatrondipolesuntil more
dataare accumulatedon HEB dipolesor at leaston collider dipoles,scalingfor
multipole componentsis needed.Accordingto ref. 2, the mostcomprehensivereporton
this is

H.E.Fisk, et al., "PreliminaryReportof the Magnetic-Errors
Working Groupof the SSCApertureWorkshop",SSC-71985.

One startsby defining the effectivecoil radiusre:

re = dipole aperture/2+ 1 cm 4

Thatis, for Tevatrondipoleswith aperture= 3", r = 4.81 cm and for HEB dipoleswith
aperture= 5 cm, re = 3.5 cm. The systematicsextupolecomponentscalesasre3 so that

b2 HEB = b2 Tevatronx 2.60

Keepin mind, though, that b2 Tevatronis in l0-41m2while b2 HEB is in 104/cm2.
Conversionfor b2 from Tevatronto HEB dipolesis including inch to cm conversion

b2 HEB in l04/cm2= 0.40x b2 Tevatronin 10-4/in2

Conversionsuchasthis will of coursebecomeobsoleteas the dataon realHEB dipoles
are accumulatedin the near?distant?future.

4. GeometricalandPersistentCurrentSextupoles

In orderto compensatefor a largenegativecontributionfrom two ends,the
Tevatrondipole was designedto have a positive sextupolein thebody of magnet. This
involvesa three-dimensionalcodesuchasTOSCA. As theHEB dipole is much longer
morethan 12 m vs. 6 m for Tevatron,the endcontributionwill be lesssignificant.
Contributionarising from saturationmay alsoplay a role in the designof geometrical
sextupolevalue.

Contributionfrom the persistentcurrentmaybe dominantin the low field
excitation. This graduallydecreasesdueto the decreasein the critical currentof the
superconductoraswell as the increasingdipole field. Note that b2 is the normal
sextupolefield in dipoles relativeto the main bendfield.
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In this note,it is assumedthat b at 200GeY is -2.25 units which decreasesto -0.03
units at 2 TeY. Thechangein this partof b is takento beproportionalto jIt

-
I. This

is mostly a matterof conveniencewithoutmuchdatato support,but the changeshouldbe
morerapidat low field than at highfield.

5. "Drift" and "Snapback"

Ever sincethephenomenonof "drift in ½" hasbeendiscoveredat Fermilabin the
Tevatronoperation,therehavebeenmanydiscussionson this subject. It is well known
by now that the amountof drift during the injection flat dependssignificantly on the
historyof magnetexcitationbut the dependenceon timeseemsto be logarithmicrather
than exponential.For details, seefor exampledatain ref. 3. Theparticulardependence
is of coursenot importantfor the HEB operationsincethe injection lastsonly for 20
secondsor so comparedwith manyminutesfor theTevatronduring which logarithmic
and exponentialareindistinguishable.

In this model,onespecifiesthe amountof drift from t = 0 to t = ti endof injection

flat togetherwith the time constantif the dependenceis exponential. If the dependence
is logarithmic,onemustspecify theamountof drift from, say, t = 0.ls to t = t i without
any specific time constant. For the examplegivenin this note,logarithmicdependenceis
assumedwith the amountof drift in b2 during 20 secondsof injection flat to be 0.35

units. It is importantto emphasizeoncemorethat valuessuchasthis mustbe up- dated
asmoredatabecomeavailable. Noneof themshouldberegardedas "final1’.

As soonastherampgoesinto the first parabolaregion, t> tl, thedrifting sextupole

component"snapsback" to thepre-driftingvalueat t =0. Thedurationin which this
happensis notdeterminedby timebut by the changein theexcitationcurrentI.
Accordingto Wake, the changehappensduring the first 30A while Ogitsubelievesit will
happenin lessthan bA. This mustbe studiedfurther with therealHEB dipole. It is
assumedhere, for the sakeof certainty,that the snapbackwill be in the first 1OA andthe
dependenceis quadraticin the increasein current, the rateof changetaking the maximum
value at the start of parabolaandzero at AT = It-I = +1OA. Sincethe durationin time
is expectedto be lessthan a second,theprecisecurrentdependenceshouldnotbe
significant.

6. Eddy CurrentSextupole
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WakeandOgitsubelieve that the eddycurrentin thedipole cabledepends
primarily on the contactresistancebetweenstrandswhich canbe estimatedfrom the
measuredacloss.The typeof insulationEbanol,Zebra,Tiger, ... certainlydetermine
the valueof contactresistancerc but evenwith the sametype, the variationfrom magnet

to magnetis very large. Furthermore,as the sextupolecomponentdueto theeddycurrent
is quite sensitiveto its distributionvariationfrom turn to turn in a magnet,for example,
it is possibleto havea large variationin b2 from magnetto magnet. Wakesuggestsb2

arisingfrom eddycurrentto bedistributedfrom 0.5 to 4.5 units at the injection field.
Although this may be anoverestimate,one mustbe preparedfor thenecessityof
harmonicsextupolecorrection.Again, it is too early to makea definiteplanwithout
reliabledata.Most but notall measurementshavebeendonewith d]Jdt = 4 A/s
expectedin the collider, and dataare thenextrapolatedto the HEB valueof dJidt
= 60 A/s.

Ogitsuhassuggesteda simple modelbasedon a uniform contactresistancerc in a
magnet. In this model,the sextupolefield 2 eddy obeystheequation

B2 + ‘rdB /dt = k dlldt 5

where z is the timeconstantin second.Theparameterk, in T/AJs, specifiesthe
amountof sextupolefield. The driving termdlidt is constantin the linearregionof the
rampbut it varieslinearly with time in the parabolaregion. Thedifferential equation
mustbe solvedwith the initial conditionat t = t 1, the start of parabolaB2 =0.
Subsequently,at t = t2, t3 and t4 , it mustbe connectedsmoothly.

It is easyto seethat B2 will beproportionalto 2akwherea is the parameter
definedin Eqs.1and2. Ogitsuusesa quantityB2c in 10-4 Tpfl/AIs togetherwith rc
to specify theeddycurrentcharacteristics.The time constant‘r is deterntedfrom the
relation

‘vins-lO/rc; rcinpfl, 6

while B 2c is relatedto k by

k=B/r 7

so that 2ak= B kJr I,/Tp with I. = dlldt in the linearpartof the rampandTp = t2 - tj

= paraboladulationin seconds.
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A messybutstraightforwardcalculationyields the following form for B2 in
variousregionsof the ramp:

i Injection flat. B= 0.

ii Firstparabola. tl<t<t2
B2t = 2ak {At -tEAt} 8
with At = t - tl andEAt = 1 - exp- &I’t.

iii Linearrise. t2 < t < t3

B2t = 2ak{Tp - ETpexp-Ar/’r} 9
with At = t - t andETp = 1 - exp-Tp/t.

iv Secondparabola t3 < t C t4

B2t = 2ak {Tp + ‘t - At - ‘rE17p,Texp- àiJ’r} 10
withAt=t-t3 and
ETp,TL = 1 + [1 - exp-Tp/’r] exp-TjJt.

v Flattop. t> t4

B2t = B2 t4exp- àr/’r with At = t -14 11

7. NaturalChromaticityandChromaticityDue to b2.

Thesehavebeenfoundwith somehandcalculationsfrom a DIMAD output
suppliedto meby MingyangLi.

=-52+86b2; yS372b2 12

whereb2 is in the standardunit of 104/cm2. In estimatingtwo coefficients,+86 and -72,
the linearlatticeparametersin eachdipole are averagedover the length of dipole.

8. RequiredCurrentof CorrectionSextupoles

Basedon thedesignby PeileiZhang,onecanfind the requiredstrengthof
correctionsextupolesassumehereto havethe samevalue in all F-typesextupolesandin
all D-typesextupoles,on two independentpowersupplies. In orderto create
compensatingchromaticities and the requiredstrengthsare

SF= 4.75x 104zS4+ 0.89x 104A,
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SD= - 1.80x 104A - 9.44x 104A 13

whereSF,D= B"IiBp of eachsextupolewith lengthL, in units of meter-2.

The correspondingcurrentin eachsextupoleis estimatedfrom the designby
WanfenXie "Ordered-Wound"type:

112B"x2 L at x = 1 cm, in T-m = 0.002431A - 0.61 x io- 12 14

in which the secondtermrepresentingsaturationis not importantfor I C 40A.

One specificexampleis given in Appendix,showingamongotherthings that

a Snapbackdoesnot poseany difficulty for correctionsextupolepowersupply.

b The maximumcurrentis bOA.

Again it is importantto keepin mind thatalmostall parametersusedin this
exampleare still verypreliminaryandthe HEB groupmustbeawareof anydevelopment
at theMit. A closecollaborationbetweenmagnetgroupandacceleratorgroupis
absolutelyessentialfor theprojectto be successful.
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Appendix: An Exampleof ChromaticityCorrectionRequirements

T.F. = 1.02, Tiii = 20s, Tp = 1.Ss, TL = 100s,b2 = -2.25 at 200 0eV to -0.03 at 2 TeV,
amount of drift = 0.35 in 20s, snapbackin bA, Ogitsu’s parameters B2c = 0.45,
rc = l84tC2

Saturationat full currentis 2.5% startingfrom 4kA

*** *** *** ****** * ** * ** * ***** * **** * * ** ** * *** * ** ***** * * * ** *** * **

times currentkA fleldT pGeV/c b2_eddy b2 SFA SDA

1. Injection
2.0 0.653 0.666 200.0 0.000 -2.169 1.44 0.74
4.0 0.653 0.666 200.0 0.000 -2.088 1.40 0.68
6.0 0.653 0.666 200.0 0.000 -2.041 1.38 0.65
8.0 0.653 0.666 200.0 0.000 -2.007 1.36 0.62

10.0 0.653 0.666 200.0 0.000 -1.981 1.35 0.61
12.0 0.653 0.666 200.0 0.000 -1.960 1.34 0.59
14.0 0.653 0.666 200.0 0.000 -1.942 1.33 0.58
16.0 0.653 0.666 200.0 0.000 -1.926 1.32 0.57
18.0 0.653 0.666 200.0 0.000 -1.912 1.32 0.56
20.0 0.653 0.666 200.0 0.000 -1.900 1.31 0.55.

2. Parabola
20.1 0.653 0.666 200.1 0.013 -1.901 1.31 0.55
20.2 0.654 0.667 200.2 0.048 -1.906 1.31 0.55
20.3 0.655 0.668 200.5 0.101 -1.913 1.32 0.56
20.4 0.656 0.669 201.0 0.170 -1.917 1.32 0.56
20.5 0.658 0.671 201.5 0.252 -1.909 1.32 0.56
20.6 0.660 0.674 202.2 0.344 -1.878 1.31 0.54
20.7 0.663 0.676 203.0 0.443 -1.806 1.28 0.49

endof snapback
20.8 0.666 0.679 203.9 0.550 -1.599 1.19 0.34
20.9 0.669 0.683 204.9 0.661 -1.475 1.13 0.25
21.0 0.673 0.687 206.1 0.776 -1.347 1.08 0.16
21.1 0.677 0.691 207.4 0.893 -1.217 1.02 0.06
21.2 0.682 0.695 208.8 1.012 -1.086 0.96 -0.04
21.3 0.687 0.700 210.3 1.131 -0.954 0.90 -0.13
21.4 0.692 0.706 211.9 1.250 -0.821 0.84 -0.24
21.5 0.698 0.712 213.7 1.369 -0.690 0.78 -0.34
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3. Linearrise
21.6 0.704 0.718 215.5 1.476 -0.571 0.73 -0.43
21.7 0.710 0.724 217.3 1.561 -0.474 0.68 -0.51
21.8 0.716 0.730 219.2 1.629 -0.395 0.65 -0.58
21.9 0.722 0.736 221.0 1.683 -0.331 0.62 -0.63
22.0 0.728 0.742 222.8 1.725 -0.279 0.60 -0.68
22.1 0.734 0.748 224.6 1.757 -0.237 0.58 -0.72
22.2 0.740 0.754 226.4 1.781 -0.204 0.56 -0.75
22.3 0.746 0.760 228.3 1.798 -0.178 0.55 -0.78
22.4 0.751 0.766 230.1 1.810 -0.157 0.55 -0.80
22.5 0.757 0.773 231.9 1.817 -0.141 0.54 -0.82
22.6 0.763 0.779 233.7 1.821 -0.129 0.54 -0.84
22.7 0.769 0.785 235.6 1.822 -0.120 0.54 -0.85
22.8 0.775 0.791 237.4 L820 -0.114 0.54 -0.86
22.9 0.781 0.797 239.2 1.817 -0.110 0.54 -0.87
23.0 0.787 0.803 241.0 1.812 -0.108 0.55 -0.88
23.5 0.817 0.833 250.2 1.770 -0.114 0.57 -0.91
24.5 0.877 0.894 268.4 1.570 -0.253 0.70 -0.84
25.5 0.936 0.955 286.6 1.545 -0.225 0.73 -0.93
26.5 0.996 1.016 304.9 1.464 -0.258 0.80 -0.95
27.5 1.055 1.076 323.1 1.383 -0.294 0.88 -0.97
283 1.115 1.137 341.4 1.310 -0.327 0.95 -0.98
29.5 1.174 1.198 359.6 1.243 -0.355 1.03 -1.00
30.5 1.234 1.259 377.8 1.183 -0.379 1.10 -1.02
35.5 1.532 1.562 469.0 0.953 -0.451 1.45 -1.14
40.5 1.830 1.866 560.2 0.798 -0.473 1.76 -1.32
45.5 2.127 2.170 651.4 0.686 -0.468 2.04 -1.55
50.5 2.425 2.474 742.6 0.602 -0.446 2.29 -1.83
55.5 2.723 2.778 833.8 0.536 -0.415 2.51 -2.15
60.5 3.021 3.081 925.0 0.483 -0.377 2.70 -2.51
65.5 3.3 19 3.385 1016.2 0.440 -0.336 2.87 -2.91
70.5 3.617 3.689 1107.4 0.404 -0.292 3.01 -3.35
75.5 3.915 3.993 1198.6 0.373 -0.247 3.13 -3.82
80.5 4.212 4.296 1289.6 0.347 -0.200 3.22 -4.34
85.5 4.510 4.596 1379.8 0.324 -0.153 3.29 -4.88
90.5 4.808 4.893 1468.9 0.304 -0.105 3.34 -5.45
95.5 5.106 5.186 1556.8 0.287 -0.058 3.36 -6.06

100.5 5.404 5.475 1643.4 0.272 -0.010 3.36 -6.69
105.5 5.702 5.758 1728.4 0.259 0.037 3.34 -7.34
iias 5.999 6.035 1811.8 0.247 0.084 3.29 -8.02
115.5 6.297 6.307 1893.3 0.236 0.131 3.23 -8.71
120.5 6.595 6.572 1972.7 0.227 0.177 3.14 -9.43
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121.5 6.655 6.624 1988.3 0.225 0.187 3.12 -9.57

4. Parabola
121.6 6.660 6.629 1989.8 0.223 0.186 3.13 -9.58
121.7 6.666 6.633 1991.2 0.220 0.184 3.14 -9.56
121.8 6.671 6.638 1992.5 0.214 0.179 3.17 -9.54
121.9 6.675 6.642 1993.7 0.207 0.173 3.20 -9.50
122.0 6.679 6.645 1994.8 0.199 0.165 3.24 -9.44
122.1 6.683 6.649 1995.8 0.189 0.156 3.28 -9.38
122.2 6.687 6.651 1996.7 0.179 0.146 3.33 -9.32
122.3 6.690 6.654 1997.5 0.168 0.136 3.38 -9.24
122.4 6.692 6.656 1998.1 0.156 0.125 3.44 -9.16
122.5 6.694 6.658 1998.7 0.144 0.113 3.50 -9.07
122.6 6.696 6.660 1999.2 0.131 0.100 3.56 -8.98
122.7 6.698 6.661 1999.5 0.118 0.088 3.62 -8.89
122.8 6.699 6.662 1999.8 0.105 0.074 3.68 -8.79
122.9 6.699 6.662 1999.9 0.091 0.061 3.75 -8.69
123.0 6.699 6.662 2000.0 0.077 0.047 3.82 -8.59

5. Flattop
124.0 6.699 6.662 2000.0 0.065 0.035 3.88 -8.50
125.0 6.699 6.662 2000.0 0.054 0.024 3.93 -8.42
126.0 6.699 6.662 2000.0 0.045 0.015 3.97 -8.35
127.0 6.699 6.662 2000.0 0.038 0.008 4.01 -8.30
128.0 6.699 6.662 2000.0 0.031 0.001 4.04 -8.25
129.0 6.699 6.662 2000.0 0.026 -0.004 4.06 -8.21
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