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ABSTRACT

In this note,we describein detail theingredientsfor a recentset of dynamic

aperturemeasurementsfor the SSC. Two configurations,both composedonly

of FODO cells, were trackedfor 10,000 turns. The first configurationhad six

dipoles per half-cell and values for systematicmultipole errors in the dipoles

appropriatefor an injection energy of 1 TeV, the second4.5 dipoles per half-

cell and a 2 TeV injection energy. All simulationsincluded random multipole

errors in the dipoles, quadrupoleand dipole misaiignmentsand rotations, and

misalignedbeamposition monitors.



Introduction

Recently,we havebegun the first systematicstudy of long-term stability in

the SSC with manydifferent sourcesof nonlinearityincludedin the simulations.

The purposeof this note is to spell out clearly which nonlinearitiesand errors

were included and with what strengths,how manyappropriatecorrectionswere

made,and to presentthe resultsof the first set of simulations.

Two linear latticeshave been studied so far. Both were entirely composed

of FODO cells with 90° phaseadvance. The first we call BCDR, after,[31 since

it is similar to that in the CDR. It employsbore-tubecorrectorsin the dipoles

to correct the systematicmultipoles 62, 63, and 6; it has six 17-meterdipoles

per half-cell for a half-cell length of approximately1.15 in; the errors are ap

propriatefor 1 TeV injection energyand:4 cm dipole aperture;andbinning[4] is

usedto correct the randomb2. The secondwe call 4.5DIP; it has 4.5 17-meter

dipolesper half-cell for a half-cell length of approximately89 m; it usesonly

the chromaticity sextupolesto correct the systematic62 and no correctorsfor

systematic63 or b4 the errors are appropriatefor 2 TeV injection energyand

4 cm dipole aperture;and no realisticcorrectionis applied in the simulationsfor

random62; but it is assumedthat one will be found which will reduceits value

by a factor of 5, thus the random62 usedis artificially reducedfrom its expected

value by this factor.

The tracking is done for 10,000 turns with one caseextendedfor 100,000

turns, with synchrotronoscillations,using CRAY XMP in MFE. A post-Teapot

tracking program, Ztrack, is developedfor vectorized multi-particle tracking.

Ztrack readsin a machinefile generatedfrom Teapotand assignsinitial particle

coordinatesand then tracks the particles simultaneouslyelement by element.

Onehundredandtwenty-eightparticleswith initial amplitudeequally distributed

between6 mm and 12 mm in x-coordinateare trackedfor eachcase. Six cases,

three seedsfor each of BCDR and 4.SDIP, are studied. If a particle is lost,

Ztrack will reducethe particlenumberalter thelost particleinformation is stored.
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Alternatively, one canchooseto substitutea new particlefor eachparticleasit is

lost so asto maintain 64 or a multiple of 64 particlesto takethe best advantage

of the CRAY XMP vector process.

The Lattices

The BCDR and the 4.5DIP lattices are given in detail in standardformat

in AppendicesA and B. The linear BCDR. lattice consistsof 320 90° cells, each

229.592 in long, and the tunesareset to Q = 81.285,Q, = 82.265. The 4.5DIP

lattice consistsof 426 90° cells, each177.572 in long, and the tunes are set to

= 107.285,Q= 106.265.

Stepsin Preparingthe Machinesfor Tracking

Severalstepsareinvolved in preparinga Teapot[2] file describingthe machine

"machinefile" for trackingon the CRAY. Thefirst is the addition andcorrection

of multipole errors,followed by the addition and correctionof closedorbit errors.

Finally, the tunesareset to their desiredvalues,the chromaticitiesareset to zero

and a final machinefile is written which is then transferredto the CRAY where

the RF cavity is addedand particlesaretracked. The stepsup to the creationof

the final machinefile will now be describedin somedetail for both latticeswhich

havebeenstudiedso far. We will include Teapotstatementswhich show exactly

what was includedin each case.

3



1. Addition andcorrectionof randommultipole errors

After the linear lattice is defined,with the correct tunesandchromaticities,

randommultipole errorsareaddedto the lattice. For the BCDR case,the errors

addedare:

random errors

errors, HABNDM, sigb22.O. sigb3=O.30e2, sigb4O.70e4, &

siga2O.6, siga3O.70e2, siga4O.20e4, ft

seedaXXX, cut6

errors, IIABNDP, sigb22.O, sigb3-O.30e2, sigb4O.70e4, &

siga2O.6, siga3O.70e2, siga4O.20e4, ft

seed = XXX, cut 6

cevg, bin-7, scheme.bcdr

The multipole sigmasaregiven as a fraction of the bend field at one meter. All

distributionsare cut at six sigmacut = 6. Though the bendsare cut in half,

each half gets the samerandomerrors. This is accomplishedby the command

cewg, which sets the randomerrors in eachhalf of a dipole equal, and also sets

the bore tubecorrectorsso that the random62 is corrected,using a binning[4] [3]

schemewith 7 bins.
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For the 4.5DIP lattice, the random errors are:

random errors

errors, HABNDM, sigb2=O.4, sigb3=O.30e2, sigb4-O.70e4, ft

siga2O.6, sigaaO.70e2, siga4O.20e4, ft

seed = XXX, cut = 6

errors, HABNDP, sigb2O.4, sigb3O.30e2, sigb4=O.70e4, ft

siga20.6, siga3O.70e2, siga4=O.20e4, ft

seed = XXX, cut = 6

this just sets errors equal in two half dipoles

cewg, binO, scheme-none

The difference here is that the sigma for the random 62 is simply reducedfrom

2 to 0.4 units, assumingthat some correction schemewill later be found. In

this casethe cewg commanddoes nothingother than set the randomly generated

errors equalin the two halves of eachdipole.

2. Addition andcorrectionof systematicmultipole errors

For systematicmultipoles,the multipole valuesdiffer betweenthe two lattices

studied. The BCDR lattice has systematicmultipoles in the dipolesas follows:

systematic errors

errors, HABNDN, sigb2=7.4, sigbSO.1e2, sigb4=O.64e4, &

sigb6-O. 13e8, systematic=1.O

errors, HABNOP, sigb2=-7.4, sigb3-O.1e2, sigb4-O.64e4, ft

sigb6=O.13e8, systematicl .0
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Here we see that the bore-tubecorrectorsareset by setting the "errors" in one

half dipole to cancel those in the otherhalf dipole. HABNDM containsthe 62

bore-tubecorrector,and HABNDP the 63 and 64 ones. Although the command

defines "sigmas", the errorsin this caseare actually the samein eachdipole of

the given name since at the end of the errors commandthere is the keyword

systematic.

For the 4.5DIP case,the systematicerrorsare:

systematic errors

errors, HABNDM, sigb2-3.O, sigb3O.0e2, sigb4O.20e4, ft

sigb6-0.05e8,. systematicl.0

errors, HABNDP, sigb2--3.O, sigb3o.0e2, sigb4o.20e4, ft

sigb6s-O. 05e8, systematicl .0

Here all the systematicerrorshavebeenreducedto the valuesfor 2 TeV injection.

It was decidedfor theseinitial studiesto set 63 to zero for simplicity, since the

correctvalueis uncertain.In this casethereareno bore-tubecorrectors,so both

half of the dipoleshavethe samesystematicerrors. The chromaticity sextupoles

are later usedto correct the linear chromaticity.

3. Addition andcorrectionof errors

which produceclosedorbit deviations

The next step is the addition of errors which produceclosed-orbit devia

tions. Theseincluderandomsteeringerrorssigao and sigbo, dipole rotations,

dipole misalignments,quadrupolemisalignmentsand rotations, and BPM mis

alignments.Theseall havethe samevaluesfor both the BCDR and 4.SDIP cases,

as follows:
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!add orbit errors

errors, habndm, habndp, ft

siga0 - 8.34e-4, sigbO - 12,Oe-4, ft

sigtheta - O.85e-3, sigx = 1.4e-3, sigy = 1.4e-3, ft

seed = XXX, cut = &

errors, hqf90a, hqd9oa, ft

sigx * 1,4e-3, sigy = 1.4e-3, ft

seed - XXX, cut - S

bpmerrors, bpm, ft

sigxwrtq = O.le-3, sigywrtq = O.le-3, ft

seed = XXX, cut = 5

Since the bendsand quadrupolesarecut in half, the valuesfor their errorshave

beenmultiplied by /i For the BCDR case,the relativemisalignmentbetween

the two dipole halvesmeansthat the bore-tubecorrectorsare effectively mis

aligned, also. This results in a feed-downeffect which is probably too big, since

the bore-tubecorrectorscould probably be aligned to better than 1.4 mm rms.

However,analytical calculationsshow that this effect contributesless than 1%

to the smear.[6] In future simulations this could be eliminatedby adding the

closedorbit errorsbeforeissuingthe commandcewgwhich setsthe errorsin both

halvesof the dipoles equal. This would only work for the dipoles, though. The

quadrupolescould be put back togetherto form one, single,whole quadrupole.

The BPM errors are with respectto the adjacentquadrupole,so the total

BPM misalignmentis thesum of themisalignmentof the adjacentquadrupoleand

the misalignmentof the BPM with respectto that quad. The rms misalignment

with respectto the adjacentquad is 0.1 mm.

The orbit is thencorrectedasdescribedin the references.[5] A final rms orbit

deviation in both the horizontal and vertical planesof 1 mm is requestedof
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the orbit correctionprogram. The programthen iterateson the orbit until this

rms deviation is achieved.We havecheckedthat the resultingorbit agreesvery

well with an analytic calculation,and thus the orbit is fully correctedi.e. there

is negligible residualbetatron oscillation. All orbit deviationsquoted are with

respectto the referenceor designorbit.

4. Retiining

Both latticesarethen retuned,sothat the tunesareasgiven earlier,and the

linear chromaticitiesare set to zero using the chromaticity sextupoles..Before

this is done,the linear chromaticitiesare a few units, and the tune shifts areon

the order of 0.005,dependingon the seed.

Tracking

Six final machinefiles, 3 seedsfor eachof the BCDR and 4.5DIP, were pre

paredon a Sun workstationand thentransferredto a CRAY for long-termtrack

ing usinga post-Teapotvectorizedtracking programnamedZtrack. Ztrack reads

in a machinefile and a "namelist" commandfile. The machinefile describesthe

final nonlinearlattice in detail, while the commandfile tells how one wants the

tracking to be performed,suchashow manyparticles,how manyturns,how par

ticle coordinatesare initialized, how particlesarehandledoncethey get lost, etc.

AU six machinesare studiedfor 10,000 turns with a RF cavity for synchrotron

oscillation. For each machine, 128 particles are tracked with initial horizontal

x-axis amplitudesequally distributedbetween6 mm and 12 mm with respect

to the closedorbit. The correspondinginitial vertical y-axis coordinatesare

assignedsuchthat

I, _Z

v’$ ‘‘

where $, and f3, are the beta functions at injection. The initial momentum

deviationsareall zero. The initial time-of-flight deviationsare all threetimes the
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rms half bunch length;.that is, the initial time-of-flight deviations are 16.7 cm

for the BCDR and 11.8 cm for the 4.5DIP. After the particle coordinatesare

initialized, the particles are tracked turn by turn for 10,000 turns. On each

turn, they are tracked first thrQughthe RF cavity to updatethe particle energy

synchrotron oscillation only, no accelerationand then through eachelement

in the machinefile. Once a particle’s amplitude gets too large, it is "lost".

The numberof turns survived and the initial amplitude arestored for each lost

particleandthe total numberof particleswill be reducedafter sortingthe particle

coordinatearrays. A restart file that includesboth the alive-particle and lost-

particleinformation aredumpedeach1,000 turns for protectingagainstmachine

hardwareproblemsor for tracking beyond 10,000turns, if necessary.

Results

Particle-survival charts for the 10,000-turn tracking are shown in Figures

1a,b,c for the threeBCDR casesidentified asBCDIt-a, BCDR-b, and BCDR-c

hereafterandin Figures2a,b,cfor the three4.5DIP casesidentified as4.5DIP-

a, 4.SDIP-b, and 4.5DIP-c. Eachpoint in the chartsrepresentsa particle with

its initial amplitudein the x coordinateon the horizontal axis andturn number

at loss on the vertical axis. The dynamicaperturesvary somewhatfrom caseto

case.For the BCDRs, the 10,000-turndynamicaperturesare about 7.5 mm and

7 mm for BCDR-aandBCDR.-b,respectively;but unknownfor BCDR-c sinceall

particles are lost before 10,000 turns are reachedin this case. For the 4.5DIPs,

the 10,000-turndynamic aperturesare 7 mm, 6 mm, and 6.5 mm for 4.5DIP-a,

4.5DIP-b and4.5DIP-c, respectively.

Besidesthe dynamicaperturemeasurement,the spreadcalled survival spread

hereafter tracedout by the points in each of the particle-survival charts is also

very interesting. The left marginsas shownin the figures of the survival spreads

are almost straight for most of the cases. By extrapolation one would predict

small dynamic aperturesfor 10,000,QO0turns life time of the SSC injection lat
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tice. To test such an extrapolation or to measurethe dynamic aperturefor

10,000,000turns directly, one would simply track particlesfor 10,000,000turns.

However,this is essentiallyimpossiblewith currently availablecomputers.So the

case4.5DIP-b was chosenand an additional 64 particles,with initial amplitude

spreadequally between5 mm and 6.4 mm in the x coordinate,were tracked for

100,000 turns. The particle-survivalchart is shown in Figure 3. The dynamic

aperturesfor 1,000 turn, 10,000 turn, and 100,000 turn are 7.3 mm, 6 mm, and

5.4 mm,respectively.The left marginof thesurvival spreadis no longerstraight,

but rathercurved to favor a largerextrapolateddynamicapertureat 10,000,000

turns.

Conclusions

With the supercomputervector processor,we were ableto track hundredsof

particleselement by elementthroughthe SSC lattice for 10,000 turns without

much difficulty. Theparticle-survivalchartsas shownin Figures1. and 2 display

the dynamic aperturefor less than 10,000turns. By extrapolationone may also

try to predict the dynamicaperturesfor 10,000,000turns, but the resultsarenot

reliable. The 100,000-turnparticle-survivalchart shownin Figure 3 allows one

to make a better prediction of the dynamic apertureat 10,000,000turns, but

one would always questionthe extrapolationreliability. Since 10,000,000turn

elementby elementtracking for the SSC lattice is essentiallyimpossible,other

tracking methodswhich arenecessarilyless accuratearebeing pursued.A brief

descriptionof suchfast tracking modeling activity currently going on in the SSC

Laboratorycanbe found in Reference7. However,to makesure the results from

fast tracking are reliable,we suggestthat one comparethe resultswith detailed

elementby elementtracking results perhapsup to 100,000 turn suchas those

we havepresentedin this paper.
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Appendix A - BCDR. Lattice

TITLE

CDR, Bore-tube correctbrs

I SSC 90 DEGREE CELL LATTICE, AUG 6, 1987

I Vilues of Pt and C, the speed of light

PARS, Pt - 3.14159265358979

PARS, CLIGHT - 2. 99792458D8

Energy in. eV

PARS, ENEB.GT a 2.0D13

Magnetic rigidity CT-rn

PARS, 81130 - 6.671281903963D4.

Total number of horizontal dipoles

PARS, NBENDS .* -3840

Dipole magnetic field length metres

PARS, LBFIELD = 16.54

Bending radius IN DIPOLES

PARS, RHO = NBENDS * LBFIELD / 2.0 * Pt

Dipole bend angle

PARS, BANGLE - LBPIELD / RHO

Dipole field Tesla

PARS, BFIELD = 81110 .1 RHO

Magnetic length of arc quads

PARS, LQFIELD - 3.64*230.0/200.0

Overall length of spool pieces Cm

PARS, LSPOOL = 5.57
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Magnetic length of spool piece elements m

PARS, LSPOOLEL - 0.001

Length of non-magneticends of quadrupolesand dipoles Cm

PARS, LEND = 0.4

PARS, LBTOT = LBFIELD + 2.0*LEND

Beam position monitor length m

PAILS, LMONITOR = 0.2

Half cell length

PARS, LHCELL - LSPOOL + 6*LBTOT + LqFIELD + 2*LEND + LMONITOR

I Nominal strengths of dipoles and quadrupoles

90 degreecell quadrupolestrength metres**-2

PARS, KF9OF = 3.0113080d-3

PARS, KY900 - 3.0315935d-3

Spool chromatic sextupole strengths metres**-3

PARS, K2HSPOOL 2.0*0.23563325419d1.

PARS, K2VSPOOL 2.0*0.47186113779d1

Yield free end, and beamposition monito

DEN!: DRIFT, L = LEND

8PM: MONITOR, L = LMONITOR

I Dipole with field free ends

DIPOLE: LINECE = DEND, B, DUD

Spool pieces

Spool piece, containing 3 Primary and I Secondarycorrection

elements, each of length LSPOOLEL

RSPOOL: DRIFT, L = 0.5 * LSP0OL - 2*LSPOOLEL

Horizontal and vertical dipole corrector

HCORR: EKICK, L = LSPOOLEL, KICK = 0.0

VCORR: VKICK, L = LSPOOLEL, KICK = 0.0.
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MSINBUSS = 1.0

MSINHSS = 1.0

MSINVSS - 1.0

O.5*LBTOT, ANGLE = 0.5*MSINBUSA*BANGLE

0.5*LBTOT, ANGLE = 0.5*MSINBUSA*BSNGLE

L = 0.5*LQFIELD, Xl - MSINBUSA * KP9OF

L - o.5*LQFIELD, Xl = -MSINBUSA * KISOD

L = LSPOOLEL, K2 = MLINHSS * K2HSPOOL

L - LSPOOLEL, K2 = -MSINVSA * K2VSPOOL

elements

LINE = HSPOOL,ECORR, HSEXTA, HSPOOL

LINE = HSPOOL,VCORR, VSEXTA, HSPOOL

LINE - QF9OA, HQF9OA, BPM, DEND, SPOOLFA, &

RSBNDM,ESBNDP, HABNDM, HABNDP, HSBNDM, HABNDP, &

1151111DM,HABNDP , HABNDM, HABNDP, HABNDM, HABNDP, &

DEND, HQD9OA, QD9OA, HQD9OA, BPM, DEND, &

SPOOLDA, &

HABNDM, HABNDP, HABNDX, HABNDP , HSBNDM, HABNDP, &

HABNDM,HABNDP , 1151111DM,HSENDP,1151111DM,HSENDP, &

DEND, HQF9OA

C320*ceflffa

Buses

PARS,

PARS,

PARS,

Magnetic elements

QF9OA: MARKER

qD905: MARKER

HABNDM: SBEND, L =

RSBNDP: SBEND, L -

HQV9OA: QUAD,

HQD9OS: QUAD,

HSEITS: SEIT,

VSEITA: SEIT,

Physical

SPOOLFA:

SPOOLDS:

CELLFFS:

ring: line =

use, ring
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Appendix B - 4.5DIP Lattice

TITLE I

4.5 dipoles/hcell, systematicb2 corrected wI chromaticity sorts

SSC 90 DEGRZE CELL LATTICE, AUG 6, 1987

Values of Pt and C, the speed of light

PARS, Pt - 3.14159265358979

PARS, CLIGET = 2.99792458D8

Energy in eV

PARS, ENERGY = 2.ODIS

I Magnetic rigidity CT-rn

PARS, BRBO = 6.671281903963D4

Total number of horizontal dipoles

PARS, NBENDS = 3834

Dipole magnetic field length metres

PARS, LBFIELD = 16.54

Bending radius IN DIPOLES

PARS, RHO = NBENDS * LBFIELD / 2.0 * Pt

Dipole bend angle

PARS, BANGLE - LEFIELD / RHO

Dipole field Tesla

PARS, BFIELD = BRHO / RHO

Magnetic length of arc quads

PARS, LQFIELD = 3.64*230.0/200.0

Overall length of spool pieces Cm

PARS, LSPOOL = 5.57
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Magnetic length of spool piece elements Cm

PARS, LSPOOLEL = 0.001

Length of non-magneticends of quadnpolesand dipoles Cm

PARS, LEND - 0.4

PARS, LBTOT - LBFIELD + 2.0*LEND

Beam position monitor length Cm

PARS, LMONITOR = 0.2

Half cell length

PARS, LHCELL = LSPOOL + 4.5*LBTOT + LQFIELD + 2*LEND + LMONITOR

Nominal strengths of dipoles and quadrupoles

90 degreecell quadrupolestrength znetres**-2

PARS, KF9OF = 3.86876935e-3

PARS, KF9OD - 3.84854638e-3

Spool chromatic sertupole strengths Cmetres**-3

PARS, K2HSPOOL = 2.0*0.23563325419d1

PARS, K2VSPOOL = 2.0*0.47186113779d1

Field free end, and beam position monito

DEND: DRIFT, LEND

BPM: MONITOR, L - LMONITOR

Dipole with field free ends

DIPOLE: LINEB - DEND, B, DEND

Spool pieces

Spool piece, containing 3 Primary and I Secondarycorrection

elements, each of length LSPOOLEL

HSPOOL: DRIFT, L = 0.5 i LSPOOL - 2*LSPOOLEL

Horizontal and vertical dipole corrector

HCORR: UKICK, L = LSPOOLEL, KICK = 0.0

VCORR: VKICK, L LSPOOLEL, KICK = 0.0
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Buses

PARS, MAINBUSS = 1.0

PARS, MSINKSS - 1.0

PARS, MSINVSS - 1.0

Magnetic elements

QF9OA: MARKER

QD9OS: MSRXER

HABNDM: SBEND, L -

HSBNDP: SBEND, L =

HQF9OS: QUAD,

HQD9OS: QUAD,

HSEXTS: SEIT,

VSEXTA: SEXT,

elements

LINE = CHSPOOL,HCURR, ESEITS, HSPOOL

LINE = CHSPOOLPVCORR, VSEXTS, HSPOL

LINE =* QFS0A, HQF9OS, 8PM, DEND, SPOOLFA, &

HABNDM, HABNDP,RSBNDM,HABNDP, &

RABNDM , RSBNDP, 1151111DM,RABNDP, &

HSBNDM, &

DEND, HQD9OA, qD9oA, HQD9OS, BPM, DEND, &

SPOOLDS, &

KABNDM,KSBNDP, RABNDM, RSBNDP, &

HABNDM,HABNDP,HABNDM,HABNDP, &

RABNDM., &

DENO, HQF9OA

ring: line = 426*CELLFFA

use, ring

O.5*LBTOT, ANGLE = 0.5*MAINBUSA*BSNGLE, &

0.5*LBTOT, ANGLE = 0.5*MSINBUSS*BSNGLE, &

L - 0.5*LQFIELD, KI = MAINBUSA * KI9OF

L = 0.5*LQPIELD, Xl = -MSINBUSS * KF9OD

L = LSPOOLEL, K2 = MAINUSS * K2HSPOOL

L = LSPOOLEL, K2 = -MSINVSS * X2VSPOOL

Physical

SPOOLPS:

SPOOLDS:

CELLFFA:
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Figure 1. Particle-survivalcharts for 10,000-turntracking of the BCDRS.

The threechartsa, b, c arefor threetracking casesBCDR-a,

BCDR.-b, and BCDR.-c that differ from eachother only by differ

ent randomgeneratorseeds.Eachpoint in the chartsrepresents a

particlewith its initial amplitudein z coordinateon the horizontal

axis and turn numberat losson the vertical axis.
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4.5D1P-a - 4.5DIPb
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Figure 2. Particle-survivalcharts for 10,000-turn tracking of the 4.5DIPs.

Similar to Figure 1, the three charts a, b, c are for three

tracking cases4.5DIP-a,4.5DIP-b, and 4.5DIP-c that differ from

eachotheronly by different randomgeneratorseeds.
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Figure 3. Particle-survival.charts.for 100,000-turntracking of the 4.5DIP-b.
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