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Amplitude Function Mismatching and Correction
of LEB-MEB Transfer Line

N. Mao andR. Gerig

Abstract

The LEB-MEB transfer line at the SuperconductingSuperCollider Laboratory plays an
importantrole in the amplitudefunctionmatchingbetweentheLow EnergyBoosterLEB andthe
Medium Energy Booster MEB. Amplitude function mismatchingdue to LEB and MEB
amplitudefunctionvariationsandtransferline quadrupolegradienterrors is analyzedstatistically.
The correctionfor the amplitude function mismatchingby using the 3-matchingsection in the
transferline is studied.
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1.0 INTRODUCTION

The LEB-MEB transferline1 at the SuperconductingSuperCollider Laboratorytransports
12-GeV/cproton beamfrom the Low EnergyBoosterLEE to the Medium EnergyBooster
MEB, as shown in Figures 1 and 2. The transferline plays an important role in beam
positionmatching,amplitudefunction matching,and dispersionfunctionmatchingbetween
thesetwo boosters.The designamplitude functionsat the LEE extractionpoint and MEB
injection point are listed in Table 1. But the amplitude functionsin the LEB andMEB rings
may vary becauseof field errorsand magnetmisalignmentin the rings. And the transfer
matrix of the transferline may also vary, becauseof quadrupolegradienterrors. All these
variationsmay causeamplitudefunction mismatchingat the MEB injection point. The
correspondingemittancedilution factoris

F = 1 + 0.51321311 - 31/1322+ 31/32a2- a12

= 0.5 3172 + 3271 - 2a1a2,

where

7 = 1+&/j3

and subscripts 1 and 2 denotethe quantitieswithout andwith error effect, respectively.If emit
tancegrowth of less than 1% is required,I a - a1 I should be lessthan0.141 when3 = 32. and
31’32 shouldbe largerthan 1/1.063 and less than 1.063 whena1 = a2 in the horizontalplane.As
we can see later, thesematchingrequirementsare not easy to meet. Therefore,a correctionfor 3-

mismatchingis necessary.Theeffect of theseerrorson the amplitudefunctionmismatchingandits
correction is studied using the codes TRANSPORT2 and EAC specially for beamline error
analysiswith a statisticalmethod.3

Table 1. Design Amplitude Functions.

LEB ExtractIon Point
tune E MEB InjectIon Point

I3m 4.722 51.0927

ax -0.0895 -2.095 88

3m 22.223 14.4093

a, 0.3698 0.731 054

2.0 LEB AMPLITUDE FUNCTION VARIATIONS

If 3-functionvariationsatthe extractionpoint of the LEB ring areA130./3o = ±20%, the analysis
shows that the maximuma- and 3-mismatchingat the MEB injection point are 0.3 m and 4 m.
correspondingto anemittancedilution of 2-3%the upperpart of Table 2. The 3-functionsalong
the transferline for A3S3o = = -20% are shown in Figure 3 solid line for 3, and
dashedline for The MEB injection septum magnetSEP3 has the smallest horizontal
acceptancein the transferline. The fr valuewithin the septummagnetincreasesby 7.07 m dueto

= AI3yo/I3yo = -20%errors.It correspondsto a horizontalbeamsizeincreaseof 1.6 mm if
the normalizedemittanceof thebeamis 36 it-mm-mrad3a testbeam.



In the transferline there is a 3-matchingsection,consistingof four independentquadrupole
componentsdual quadrupolesQFM1, 2, 3 and single quadrupoleQFM4, Figures 1 and 2.
Readjustingthe gradients of these quadrupolesmay correct the 3-mismatching at the MEB
injection point, as shown in the lower part of Table 2. The correspondingmaximum gradient
changeneededfor correctionin the 3-matchingsectionis about 13%, andthe maximumgradient
is 13.67T/m, lessthanthenominal valueof 15 T/m. The beamenvelopesaftercorrectionfor a!310/

= a = -20% are given in Figure 4; the beamsize within the MEB injection septum
magnetdecreasesto its normalvalue.

3.0 MEB AMPLITUDE FUNCTION VARIATIONS
The variations of MEB lattice functions due to field errors and misalignmenthave been

simulated.4’5The results show that the 3- and a-errorsat MEB injection point may reachup to
10%. If the LEB andLEB-MEB transferline operatein idealconditions,the maximumemittance
dilution factor will be 1.10 for differentcombinationsof 10% 3- anda-errorsin MEB, as shownin
Table 3.

By usingthe 3-matchingsection in the transferline, the 3-functionmismatchingdue to MEB
errorscan be entirely corrected.Table 4 lists the maximum gradientsGm in the 3-matching
sectionrequiredfor the correction.Obviously,all the gradientsfor differenterrorcombinationsare
lower thanthe nominal valueof 15.0 T/m.

The 3-functionsalongthe transferline after the correctionfor a combinationof 10% a- and
-10% 3-errorsare shown in Figure 5. The maximum 3 function downstreamof the 3-

matchingsection reachesup to 118 m, 15 m larger than the design value of 103 m. It is
unacceptablebecauseof the limited magnetaperture.Therefore,the 3 and a1 errorsat MEB
injection point have to be reduced.Simulationsshow that the maximum31 will decreaseto is
103 m and94 m, respetively,if 31 and a1 errorsare reducedto 7% and 5% Figures6 and 7,
Table4. In order to leavesomemargin,5% 31 anda1 toleranceis suggested.As for 3, and
errors, 10% errorsareallowedin view of 3 valuesalongthe transferline, as shownin Table 4.

The 3-function within the MEB injection septummagnetSEP3will increaseby about 3 m,
dueto 5% 3 anda1 errorsand 10% 3, and a3, errors. It correspondsto an increaseof about 1 mm
in the beamsize 36 it-mm- mradbeam.
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Table 2. Amplitude Function Mismatching and Emittance Dilution Due to LEB Amplitude
Function Variations, and Corrections for the Mismatching.

LE11635E**, MISMATCh & PflASE SPACE DILUTION CAUSED UT LEU EXTRACTION ERRORS, SEP. 7, 93

AT THE END OF TRE DEAM LINE

RUN ALPIhAXI BETAX1 ALPHAYI BETAY1

m m
LEU63OE -2.09590 5.1,09230 0.13110 14.40940

RUN ERRORS CORRECTION ALPUAX2 BETAX2 ALPIIAY2 DETAI2 Fx Fy

BETAXO HErAlD an in
LED63SEOI +20% NO -2.43380 55.10210 0.73110 14.40940 1.01680 1.00000

LE11635E02 -20% NO -1.70390 48.70930 0.73110 14.40940 1.02521 1.00000

LED635EO3 +201 No -2.09590 51.09230 0.51920 13.95910 1.00000 1.01695

LED63SEO4 -20% 110 -2.09590 51.09230 1.02010 15.45500 1.00000 1.02041

LED635EIJ -20% -20% NO -L78390 40.70930 1.02010 15.45500 1.02521 1.02841

LE0635E09 -40% -40% NO -1.52400 49.58010 1.46350 17.69090 1.13440 1.15154

LEB635E10 -50% -50% No -1.43300 52.45570 1.80100 19.70170 1.25199 1.28418

LE0635E05 +20% YES -2.09590 51.09230 0.73110 14.40940 1.00000 1.00000

LED635E06 -20% YES -2.09590 51.09250 0.13110 14.40940 1.00000 1.00000

LEB635E01 +20% YES -2.09590 51.09230 0.73110 14.40940 1.00000 1.00000

LED63SEO8 -20% YES -2.09590 51.09230 0.13110 14.40940 1.00000 1.00000

LEB635E14 -20% -20% YES -2.09590 51.09250 0.13110 14.40930 1.00000 1.00000

LEII63SEI[ -40% -40% YES -2.09590 51.09270 0.73110 14.40940 1.00000 1.00000

LE11635E12 -50% -50% YES -2.09590 51.09260 0.73110 14.40930 1.00000 1.00000



Table 3. Amplitude Function Mismatching and Emittance Dilution Due to MEB Amplitude Function Variations.

LE11636E**, MISMATCH S PUASE SPACE DILUTION CAUSED DY MED LATTICE FUNCTION ERRORS, SEP. 8, 93

AT ThhE END OF ThhE DEAN LINE

RUN aPuAx1 BETAXI ALPIIAYI DETAYI
in in

LED63OE -2.09590 51.09230 0.13110 14.40940

RUN MED LATTICE ERRORS ALPIIAX2 DETAX2 ALI’hhAY2 BETAY2 Fx Fy
AL?!IA.X2 DETAX2 ALPhIAY2 BETItY2 an in

LE11636E06 -10% +10% -1.88630 56.20200 0.73110 14.40930 1.08443 1.OO000

LEB63GEO8 -10% -1O% -1.08630 45.98340 0.13110 14.40930 1.00555 1.00000

a LF.n636E05 +10% +10% -2.30550 56.20200 0.73110 14.40930 1.00455 1.00000

LEhJ636E07 +10% -10% -2.30550 45.98340 0.73110 14.40930 1.10311 1.00000

LEB636E10 +7% -1% -2.24260 41.51620 0.13110 14.40930 1.04891 1.00000

LED636E17 +5% 5% -2.20070 48.53810 0.73110 14.40930 1.02443 1.00000

LED636EIO -10% +10% -2.09590 51.09270 0.65800 15.85020 1.00000 1.01426

LED636E12 -10% -10% -2.09590 51.09210 0.65800 12.96640 1.00000 1.00556

LED636E09 +10% +10% -2.09590 51.09270 0.80420 15.65020 1.00000 1.00454

LED63GEIL +10% -10% -2.09590 51.09270 0.80420 12.96840 1.00000 1.01143

LED636E21. +10% -10% +10% -10% -2.30550 45.98340 0.80420 12.96640 1.10311 1.01143

LEDG36EI9 +7% r7% +10% -10% -2.24260 47.51620 0.80420 12.96940 1.04891 1.01743

LEB636E20 +5% -5% +10% -10% -2.20010 48.53810 0.80420 12.96840 1.02443 1.01143



Table 4. Corrections for Amplitude Function Mismatching Due to MEB Amplitude Function Variations.

MAXIMUM GRADIENTS IN MATCHING SECTION, MAXIMUM BETA FUNCTIONS IN ThIE 1000 ARRAY,
AND BETA FUNCTIONS IN THE MED INJECTION SEPTUM MAGNET

RUN MED LATTICE ERRORS GMAX DETAXMAX} JJETAYMAX BETAXSEP3 BETAYSEP3
ALPhIAX2 BETAX2 ALPHAY2 BETAY2 Tim hn an in an

LED63OE 13.34 15.66 51.60 51.10 17.77

RUN MED LATTICE ERRORS GMAX BETAXMAX BETAYMAX BETAXSEP3 BETAYSEP3
ALPJMX2 BETAX2 ALflIAY2 BEflY2 T/m an in an in

LEB636E06 -10% +10% 13.18 68.16 51.60 58.91 17.11

LE8636E08 -10% -10% 13.33 80.88 57.60 56.67 17.77

LED636E05 +10% +10% 13.35 71.67 57.60 46.55 17.17
Ut

LE0636g01 310% -10% 13.43 118.06 57.60 62.26 17.77

LEB636E18 +7% -7% 13.41 102.51 57.60 56.56 17.11

LCD636E17 +5% -5% 13.40 93.57 57.60 53.93 17.17

LE0636E10 -10% +10% 13.42 15.66 46.70 51.10 16.71

LED636E12 -10% -10% 13.43 75.66 60.54 51.10 19.14

LEB6J6EO9 +10% +10% 13.26 15.66 59.02 51.10 16.16

LED636E11 +10% -10% 13.33 15.66 69.12 51.10 19.96

LED636E2J. +10% -10% +10% -10% 13.42 110.05 69.12 62.26 19.96

LCD636E19 +7% -7% +10% -10% 13.40 102.51 69.12 56.56 19.96

LE11636E20 +5% -5% +10% -10% 13.39 93.57 69.12 53.93 19.96



4.0 TRANSFER LINE QUADRUPOLE GRADIENT ERRORS

The rms gradienttoleranceof the transferline quadrupolesis requiredto be 0.1%6 According
to the statisticalsimulationCode EAC, Run LE8645E02,the emittancedilution in the MEB due
to gradienterrors is about0.4% 99% events,Table 5 andFigure 8; it meetsthe emittancebudget
requirement.In the simulation,the gradienterrorsof all quadrupolesare randomlychosenwith an
rms value of 0.1%1000seeds,andthe dilution factorsreflect 99% randomevents.

Table 5. Quadrupole Gradient Error and Emittance Dilution.

G’G
rms

AF
99% Events

Run
EAC

1 x io-3 0.37% 0.40% LE6645E02

2 x io- 1.5% 1.6% LEB645E03

I x 10 39% 41% LEB645EO1

The quadrupolegradienterror mainly consistsof settingerror, regulationerror, and ripple. The
settingerror maybe as largeas 1%; therefore,an evaluationof the effect of 1% error on the emit
tancedilution in the MEB is made.The statistical simulationresultsshow that the dilution dueto
1% error is about40% Run LEB645EO1, Table 5 andFigure 9, far beyondthe budget.A few
measuresarebeingconsideredto solve the possibleproblem, suchas:

1. quadrupolesin the transferline FODO array downstreamof the 3-matchingsection,
12 quadrupolesin total poweredin series;

2. fine calibrationfor the quadrupoleexcitationcurve;
3. useof beamposiiion monitorsto measuretransfermatrixelementsx/e andy/çi, and

thencorrectingthe quadrupolegradients;
4. useof 3-matchingsectionin the transferline to correctthe 3-mismatchingdue to the

gradienterrors.

The last measureis studiedhere,and it is pointedout thatthe 3-mismatchingdue to the gradient
error of 1% at the MEB injection point can be correctedby using the 3-matching sectionof the
transferline. The detailsof the simulationareas follows:

I. Quadrupoleswith random rms gradienterror of1%

Some seedsare selectedfor correction simulationof 1% rms gradienterror Runs
LEB640E24-35.The resultsshowthat withoutcorrection, the 3-mismatchingat the
MEB injection point reachesup to 16 m, correspondingto an emittancedilution of
about40% the upperpart of Table 6. Figures 10 and 11 are the 3-functionsalongthe
transferline for gradienterror seeds358084 and 321454.The resultsalso show that
the mismatchingof this magnitudecanbe entirely correctedby the3-matchingsection
the lower part of Table 6. The maximum quadrupolegradient required for the
correctionis 13.9 TIm.

6



2. All the quadrupoleswith the samegradienterrors of±1.0%

If all the quadrupolesin the transferline have the samegradienterrorsof ±1%, the
simulation Runs LEB64OEO4, 05, 10, and 11 shows that without correction the
maximum3-mismatchingis about 12 m, andthe maximum emittancedilution in the
MEB is about22% Table6. The 3-functionsalongthe transferline for -1% gradient
error areshown in Figure 12. The 3-mismatchingcausedby the gradienterrorscan be
entirely correctedwith the 3-matchingsection,and there will be no dilution in the
MEB, as shownin Table 6 andFigure 12. The maximumgradient in the 3-matching
sectionneededfor correctionis 13.8 TIm, lower thanthe nominal valueof 15 TIm.

5.0 SUMMARY

Using the 3-matchingsection in the transferline, the following 3-mismatchingcorrectionsare
possible:

1. LEB 20% 3and 3variations;
2. MEB 5% 3 anda variations,10% 3andcx, variations;
3. 3-mismatchingcausedby 1% beamline quadrupolegradienterrors.

The maximumgradientrequiredfor correctionsis lower thanthe nominal valueof 15 TIm. The
beamsize along the transferline after correction is smaller than the dimensionof the magnet
nominal good-field region,exceptwithin the MEB injection septummagnet,where the beamsize
is 1 mm larger36 it-mm-mradbeam.
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Table 6. Amplitude Function Mismatching and Emittance Dilution Due to Transfer Line Quadrupole
Gradient Errors, and Corrections for the Mismatching.

LEB64OE**, DnA, ETA MISMATCH AND PHASE SPACE DILUTION, CAUSED BY QOADRU?OLE ERRORS, JuLY 14, 93

At THE END OF THE BEAM LINE

RUN ALI’IIAXI DETAIl ALPIIAYI DETAIl
tad m rad m

LEB63OE -2.09590 51.09230 0.73110 14.40940

RUN QUAD RANDOM CORREC- ALPHAX2 BETAX2 ALPIIAI2 DETAY2 Fx Fy
ERROR NUMBER TION rad in rad in

LE0640E24 1.0% 350064 NO -1.79600 61.10290 0.69530 17.91720 1.38582 1.04341

Lt13640E25 1.0% 285616 NO -1.19660 49,91900 0.64700 18.52330 1.31103 1..06506

Ld11640E26 1.0% 261301 NO -0.96450 41.90090 0.10970 11.02700 1.36667 1.01630

LE11640E21 1.0% 321454 NO -2.13560 50.03290 2.14660 23.03530 1.03455 1.41114

1,E11640E28 1.0% 297991 NO -1.45750 40.75360 0.86540 30.22590 1.05445 1.39361

LE0640E29 1.0% 265915 NO -1.32800 35.09380 0.18380 28.97110 1.08044 1.311O7

£E11640E04 +1.0% NO -2.15090 62.89410 0.62000 22.61290 1.03353 1.19187

LED64OEOS -1.0% NO -1.53400 43.64140 1.72620 20.73210 1.05089 1.22492

LED64OE3O 1.0% 358084 YES -2.09590 51.09250 0.73110 14.40940 1.00000 1.00000

LEB64OE31 1.0% 285615 YES -2.09590 51.09250 0.73110 14.40940 1.00000 1.00000

LE11640E32 1.0% 267301 YES -2.09590 51.09270 0.13110 14.40940 1.00000 1.00000

LED6IOEJJ 1.0% 321454 YES -2.09590 51.09240 0.73110 14.40940 1.00000 1.00000

LE0640E34 1.0% 297991 YES -2.09590 51.09220 0.13110 14.40940 1.00000 1.00000

LEB640E35 L.O% 265915 YES -2.09590 51.09230 0.13110 14.40940 1.00000 1.00000

LED64OEIO +1.0% YES 2.09590 51.09240 0.73110 14.40940 1.00000 1.00000

LEB640E11 -1.0% YES -2.09590 51.09220 0.13110 14.40940 1.00000 1.00000
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