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At the time of the 1986CDR, it wasknown that the linearaperturecould be greatly
restricted by nonlinear fields in the JR quails, 1 becauseof their relatively large strengths,and
becauseof the very large valuesof at the quails, which magnifiesthe nonlineareffects. Also, it
is not possibleto rely on statisticalcancellation of randommultipolecomponents,evenin non-
allowedmultipoles, becauseof the small numberof JR quails. It wasfound that it would be
necessaryto correct1,2, b3, b4,b, a, a3, a, a, andthe existenceoftrim-coils within the quails
for local cancellation of all thesemultipoles waspostulated.Correction by at least an order of
magnitudeis desired.

Since the CDR it has beenfound that using small discrete correctors distributed properly
betweenthe dipolesin the arescan be sufficient for cancellationof dipole-induced
nonlinearities,2and such correction is currentlyplannedfor the SSCandLHC.3 An
extensionof that method for the IRs, using small discreteelementsdistributedbetweenJR quad
elements,is alsopossibleand can replacethe needfor someor all of these internal trim coil
elements.In this note, this approach is discussedand a samplecalculation is presented.

For an initial example, we considera sample SSCJR thplet parameters are displayed in
Table 1 andbetatronfunctions are displayedin Figure 1. The JR center has * = 0.5 m anda
magnet-freedrift of20 m leadsinto the triplet, where betatronfunctions vary up to maximaof
-8000m in both transversedimensions.The total quad length is 51 m, and the mean focusing
strengthis 215 TIm for 20 TeV protons.

We considera 12-polesystematicmultipole error b5 of unit strength10-4 of the
focusing field at 1 cm. b5 is chosensinceit is a multipole which is allowedin quadrupole

* symmetryand thereforecanhave a large systematicvalue, it directly causesamplitude-
dependenttune shifts, and it is the highestorder term for which correction is neededand
thereforethe mostdifficult to correct.

To setup a correction configuration, we split eachof the F, D, F triplet units into two
half-length magnetsandplace short corrector elementsin the center gaps betweenthosemagnets,
as well as at the endsof the F, D, F units seeFig. 2. The correctorsare powered to cancelthe
total nonlinear field quasi-locally in the quad units following Simpson’s Rule
S5F,D= -1/6, 4/6, 1/6 B’b5 LF,D.

Therearefour first-orderamplitude-dependenttuneLshift termsdriven by b5. Thereare
alsofive momentum-dependentterms; however theseall contain powersof the dispersion
function which is near zero in the JR quails andareinitially ignored. The amplitude-dependent
tune shifts are:
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where I and ly are the horizontalandvertical actions,which are related to the amplitudesA,
A, by = 4213x,y Ix,y, Px, are the betatronfunctions, B’b5 is the multipole strengthand the
integrations are over the quailsand correctors. Thesearedependenton the integrals over the
quails of the four factors: D. y. J34, $ multiplied by the nonlinearitystrengths.

The correctorscontributeto the tuneshifts assumsof strengthsweightedby the same
betatronfunctionfactors; they cancelthe JR quadcontributions to the sameaccuracyas the
integrals over quadunits are accuratelyapproximatedby Simpson’sRule.

Table 2 showscomparisons of the F, D, F quadintegralsandcorrection factors. Most
terms are correctedby factorsof 100. Oneintegralthe integral of over the D quad missesby
25%, howeverthatD quad contribution is a very small partc5%of the total correspondingtune
shift term. The next worst term the integral of over the D quad missesby only 8%. The

largest tune shift terms are due to coupled motion integralsPx2Py, xI3y2; these largest termsare
all reducedby two orders of magnitude.Overall, correction by -two orders of magnitudeis
obtained,much better than necessary.Correction of b5 wasdemonstrated; correction of lower
multipoles shouldbe better.

The momentum-dependenttune-shifts would alsobe correctedby similar factors: these
terms would be initially at leastan order of magnitude smaller becauseof the small dispersion.
Becausebeamcrossingsare at an angle,the beamspassthrough the quails with off-center
displacements. This displacementimplies significant feed-downmultipoles. Tune shifts from
the feed-downmultipoles will alsobe compensatedby - two ordersof magnitude.

Resonancedriving terms are alsorepresentedby integrals of betatronfactors times phase
factorsover the quads. They are also reducedby orders of magnitude by the presentmethod.
Note, the phasefactor partsof the integralsvary little over the fit triplet becauseof the large
betatronfunctions.

In this example,we have compensatedthe effectsof a systematicmultipole component
The method should be modifiedfor compensationof "random" multipole content, particularly
when the random variation is betweenquails inthe sameF or D focusingunits. A "trapezoidal"
ruleshould be usedto obtain corrector strengths. Correction of the random content would not be
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quite as good howeverrandom content effectsarealreadyreducedsomewhatby the random
variation.

Sincethe correctionis betterthannecessary,asparsercorrectionalgorithmcould alsobe
considered.In particular,correctionof the first F quadnearestthe IR canbereduced,sincethe
beamis not sufficiently magnifiedin thatfirst quadto causelarge tune shifts. Also, variationof
correctorsfrom integrationrule valuesto canceldominantnonlineartermshas not been
considered.Non-local correctionusingelementsoutsidethe triplet hasalsonot beenincluded.
Theseand other variations should be explored beforefinal specificationof acorrectionsystem.

In summary,we havedemonstratedthatlumpedquasi-localcompensationof JR
nonlinearitiesis possible. A specifichigh-orderexamplecorrectionof systematicbs has been
evaluatedandobtainscorrectionby two ordersof magnitude.

TableI - Elementsof Triplet

Element Length B’/Bp

Drift 20m 0

F-Quad 15 m 0.0032

D-Quad 24 m -0.003075

F-Quad 12 m +0.003237
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Table II- TuneShift Termsin JR Triplet

Element,Term y 15 = 10, 2y = = l0 As’ corrected

Fj, Q 0.000019 -o.ooooooi
F1, Dx2Py 0.0017 0.000013
Fj, 0.00216 -0.000043
F1, 3 0.00011 -0.000014

D, Q 0.000248 -0.000059
D, 0.0208 -0.00026
D, j3p.2 0.0572 0.00086
D, 3 0.00505 -0.00042

F2, 3 0.00220 0.0000001
F2, xy 0.0496 -0.000043

x$y2 0.0334 0.000038
F2, 3 0.000676 -0.0000094

Cyande are the emittancein M-R andre relatedto the amplitudes andactions by

Ax,y 4e,4 andCx,y =2 I,,, respectively. 10-8m-R correspondsto A =2 mm at j3 = 400m,
a typical maximum value in the arcs. In the uncorrectedAv calculations, signs have beenignored.
A negativesign in the correctedAv numbersindicates the particularterm is overcorrected by the
3-pointcorrectors.
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1 Lattice functions , in the JR triplet.

2 Triplet layout with correctorlocationsmarkedby Cs.
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