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Introduction

In view of the recentattentiongiven to thesubjectof beam-beamsimulation,
an informal mini-workshopwas held at the SSCL during5/21-23,1990. The
purposeof this mini-workshopwas to 1 comparethe techniquesandresults
of the various beam-beamsimulation efforts and 2 evaluatewhat to do
next. There were threegroupsin attendancefrom SSCL, the University of
Texas at Austin, andCornell University. No attemptwas madeto include
all the importantbeam-beamsimulationefforts elsewhere.Highlights of the
discussionsare summarizedin this report.

Participants

SSC group

Alex Chaochairman
Miguel Furman
NarayanK. Mahale

CorneUgroup

Robert Siemann
Srinivas Krishnagopal

UT Austin group:

Toshiki Tajima
Jim Koga secretary

agenda5/21-5/23/90
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May 21, 1990

* Furman

* Mahale

May 22, 1990

* Siemann

* Koga

* Tajima

May 23, 1990

* Krishnagopal

* Mahale/Furman

* Tajima

Topics

* SSCeffort

- CoherentDipole Beam-beamSimulations

* UT Austin effort

- Beam-beamInteractionEffects on ParticleDynamics

* Cornell effort

- DCI Simulations

- PhaseAveraging in the Beam-beamInteraction
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SSC effort

CoherentDipole Beam-beamsimulationshavebeenperformedto determine
the stability boundaryof the beam-beamstrength parameterE versusthe
total tune ii of a collider ring. Details of the simulation techniquecan be
found in reportSSC-62[1]. Thesimulationscantakeinto accountbothhead-
on and long rangecollisions. In the current study only head-oncollisions
are considered.This is a tool checkingstage. Somefurtherconcernsfor the
SSCare long range collisions, different numberof particles in each bunch,
z - y coupling, randomchangesin the tunes,and the effects of gaps in the
beami.e. abort, systematic,andrandom. Once this tool is checked,other
effects will be includedfor SSCruns.

The configuration consistsof 4 equally distributed IR’s interaction re
gions with 2 bunchesper beam.The total tune, v, is scannedto determine
the - ii stability boundarywherev = v12 + v23 + va + £141 and £112 refers
to the arc tunebetweeninteractionregions 1 and 2, etc... Two arc tunes
arefixed: 23 and V4j. 12 and V3 are set by 12 = £134 = ii - £112 - u41/2.

For unequalphase advances,23 = 2.75 and 41 = 2.25, a novel boat
sail shapeis apparentfigure 1. Eachpoint in the figure representsa single
tracking simulation. Particlesin the unstableregions are lost within 100
rotations. For valuesof the tunebetweenv 8.55 - 8.75 a stableregion is
boundedin e betweentwo unstableregions. This result is independentof the
particleinitialization in the simulationandwhetherp-p or p- collisionsare
used. To checkthe tracking resultseigenvaluesof the transfermatrix were
calculatedand the largesteigenvaluesof thematrixwere determined.Figure
2 showsthe resultsof scanningthe tune-shift parameter for valueof the
total tuneof 8.65. The resultsshow a stableregion betweene = 0.050 and
0.080 boundedby two unstableregions. This is confirmed within numerical
accuracyby the resultsof the simulationsat the samevalue of the tune.

When 23 = 2.25 and 41 = 2.0, an island region is observedbetween
6.6 - 7.0 figure 3. Again a stable region is boundedin E between

two unstableregions. When £123 = 2.5 and 41 = 2.0, standardtriangular
stability curves are obtained. No stable regions are boundedin C by two
unstableregions. When all four tunesare equal,the half integer resonance
disappearsand a single triangularstability curve is obtained.

Theseresultsdiffer from matrix calculationsof Keil [2]. Keil examined
the maximumeigenvaluefor a single value of the beamstrengthparameter

= 0.03 and scannedin the total tune. Keil claims that at i.’ = 0.5 the
stability boundaryis verticalfor the particularcaseshownin figure 12 from
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reference[1]. This apparentdiscrepancywill needto be resolved.

UT Austin effort

The objectiveof this studyis to determinebeam-beaminteractioneffectson
particledynamicsusinga collectiveplasmamodelat the interactionpoint. A
1 dimensionalmodelis employedat the interactionpoint so only transverse
oscillations dueto the counterstreamingbeamsarestudied.The restof the
machineis treatedby simple harmonictransportbetatronoscillations. By
employing a fully self-consistentmodel at the interaction point it is hoped
that an assessmentof the relative importanceof collsions as a whole and
individual "soft" collisions collective effects can be determined. One of
the fastestgrowing collective effects which can occur in a plasma is the
filamentation instability. There are two factors which determineits effect
on collective motion of counterstreamingbeams.They are the timescaleof
the interactionand the transversesize of the beam. The timescaleof the
interaction r is determinedby the length of the beambunchesL& where
Tint = Lb/2C. The maximumgrowth rateof the filamentationinstability for
largebeamsis 1max = w6/2 for p - collisions andñWb for p - p collisions
where Wb = 147re2n6/lm is the beamplasmafrequency, nb is the beam
density,0y is the relativistic factor, and in is the proton mass[3]. The factor
Fmax Tint determinesthefraction of the growth ratetime the beamsinteract.
This numberfor the SSCis 0.05. So the beamsinteractfor asmall fraction of
the growth time of the instability. Therefore,the only way the filamentation
instability may be of someimportanceto the beamdynamicsis by repeated
interactionsover many turns. The transversesize of the beam is another
factor limiting the effects of the filamentationinstability. The typical scale
of the filamentationinstability is the collisionlessskin depthA,, = c/wb. For
the SSCthe ratio of the beamwidth 1Db to A.., is 2 x io. It hasbeen
foundthat the filamentationinstability is suppressedwhen this ratio is small
[4]. The simulationshaveshownthat this doesoccur. Analytic calculations
are being carriedout in the current 1 dimensionalcollider geometry.

Long runsof 1000 turnshavebeenperformed.in order to keep the time
betweenrotationsreasonable 1000 time stepsa beamwidth larger than
the SSC was used. This is due to constraintsof following light waves in
the electromagneticcode. The ratio wb/Ac is still small at io. Mea
surementsof the tuneshift for both beamsfor small amplitudeparticlesare
shown in figure 4. The tune-shift oscillatesaboutan averageof 1.87 x i03
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and 1.93 x i03 for beams 1 and 2 respectively. The predictedtune-shift
for a one dimensionalGaussianbeamusing SSCparametersis 2.1 x 1O.
Power spectraof theseoscillations show both high and low frequencycom
ponentsfigure 5. The large peaks correspondto oscillationswhich occur
every 6 rotations. Largerpeaks which are not plotted occur at the high
est frequenciesand can be attributed to noise in the simulations. Poincare
sectionsin x - spacehave beengeneratedfor particlesin variousinitial
positionsin phasespace. A preliminaryinvestigationhasshown what seem
to be resonanceislandsof 38th order.

Somecomparisonof short runswith variousdifferent dynamicshasbeen
done. Thesesimulationsincorporatedvacuuminsteadof periodic boundary
conditionsobtaining closer agreementwith theory. The aspectsof the 1
dimensionalfully self-consistentmodel were eliminated in stagesfigure 6
for beam1. Thefinal stageinvolved non-movingparticlesfor onebeamand
a numberof non-interactingparticlesfor theother beamlabeledminimum
codein the figure. This caseis similar to the "weak-strong"approximation
used in tracking codes. The main difference betweenthe self-consistent
model and the "weak-strong"model at leastfor the smallnumberrotations
is the oscillations in the tune-shift. A comparisonwill be done for a large
numberof rotationswherecollective effects may begin to play somerole.

The preliminary conclusionsare that 1 collective effect accumulation
is weak at least over short runs, 2 the filamentation instability is sup
pressedby the finite extentof the beam,3 averagevaluesof the tune-shift
nearly agreewith theory after substantialcalibration efforts, and 4 some
oscillations are seenin the tune-shift andemittance.

Some of the shortcomingsof this fully self-consistentmethod have be
comeclear:

* too costly/ small numberof particles

* a large number of time steps are neccesaryfor one rotation. For
realistic SSC parametersthe simulation time step size at is about
3 x 105rj,n.

* only 1 dimensionalcollective effects are included

* need to look at x - y coupling betatron resonanceand x - y - z
coupling betatron-synchrotronresonance

* need increasedresolutionandmuch longer runs.
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Most of these items can be eliminated by incorporating a new mag
netoinductivemodel where the displacementcurrent is neglectedDarwin
approximation[5]. As a result at becomescomparableto r anda factor
of io - io increasein speedis possible.This will allow:

* extensionto z - y andx - y - z dimensions.

* investigationof betatronresonanceanda 4D mapcomparison

* investigationof synchrontron-betatronresonance

Another methodfor increasedsmoothing,accuracy,and reducedcost is the
bf algorithm technique. In this method deviationsfrom a steadyGaussian

are used in a smoothing process[5]. This method could be applied to
other simulationssuchas the Cornell "strong-strong"beamsimulations[6].
Future developmentsof the beam-beaminteraction researchinclude:

* comparisonwith "weak-strong"simulation

* calibration with the theory andpresentresultsfor the magnetoinduc
tive model

* reductionto one time stepfor particlepushfor agiven setof particles
in the other bunch anda few time steps to include the bunchlength

* calibration with other existingmachines

* applicationsto the SSC, or other machines

* diffusion model developmentD vs. radius, etc...

Cornell effort

DCI simulations

The goalof thesesimulationswas to determinereasonsfor DCI resultswhich
show saturationin the tune-shift versuscurrent in a round beamconfigura
tion figure 7a. Round Beam B-factorieswith Q .75, .25 achieve> 0.1
in simulationsthat included transversemotion. Based on this one would
have expectedsimilar performancefrom DCI which had a close resemb
lence to such round beamcolliders. The limit for DCI was measured to

be Climit 0.018. Simulationshave beenperformedfor two machineswith
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parametersclose to thoseof DCI. ONE is a one interaction region machine
with half the DCI circumference.It was primarily usedto study resonance
structureand radiation damping effects. TWO is a two interaction region
machinewith the samecircumferenceas DCI. It was used to study the ef
fects of betatron phase advanceerrors. The simulations did not include
dispersionor longitudinal motion. Theseapproximationsarejustified by

* the dispersioncontributionsto beamsizesare small when running on
the coupling resonance.

* >> OL

* variation of Q3 is not important [7].

The simulationstreat the radiation and coupling as uniformly distributed
along the arc smooth approximation. A result is that there is coupling
only when the integer partsof the vertical and horizontal tunes are equal.
This is not the casefor real machines.Transportbetweenthe IF’s was done
with a 4 x 4 linear matrix. Simulations of TWO allowed different phase
advancesbetweenIP’s.

Therearefour possibilitieswhich explain the low Climit observedin DCI

* operatingpoint

* radiation energyloss AE/E betweencrossings

* c making

* optical errors

Radiation damping 6 = E/E was examinedusing ONE with Q,, =

.8625 and Qh = 1.8625just below resonance.Only evenorderresonances
are important. The resonancestrengthsshould decreaseas the resonance
order increases. With fixed current and radiation damping 6th, 8th, and
10th orderresonanceswere observedin decreasingstrength.The tuneswere
scannedover the 8th orderresonancefor different valuesof radiation damp
ing 6. There is a small dependenceon 6 for 6 c 2 x jQ5 and an abrupt
changein behaviorat 6 = 5 x i0. Away from resonancethe behavior is
the same, but thereare differencesnearresonaces.Radiationdampinghas
someeffect, but ‘Etimit is maintainedwell aboveE = 0.018 wheresaturation
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was observedin experiments. Radiationdampingalone is not sufficient to
explain results.

e making is given by propertiesof the synchrotronradiation. In general
h >> 6.., so emittancein the vertical direction was simulatedby 1. random
and 2. coupling methods.This effect was not important.

Optical errorswere examinedusing the TWO machineparameters.A
horizontal phase advanceerror, Q4 was put into one of the arcs. The
otherarc had the oppositesign error to maintain the tuneQ at the nominal
value. One expectsbeam-beamresonancesfor 2pQ = m where p is the
order of the resonance.If m is even, then the reducedHamiltonian,H7d is
independentof AQ. If in is odd, Hred pAQ. Qh = 3.725 is near 3. The
4th order resonanceis not excited if AQ = 0. Qj is also near The 8th
order resonanceis excitedindependentof AQ. All otherfactorsin limiting
C influence the strengthof the 8th except optical errors. The simulations
were done in two dimensionsso Qh, AQh, Q, and iQ,, were set. aQh was
varied andaQ = 0. When aQh is introduced,this substantiallyaffects
level. When AQh 0.004 - 0.008, resultsstart agreeingwith experiment
figure 7b.

There were no direct measurementsof AQ in DCI. Also the errors in
the quadrupolemagnetswere never measured.The errors were measured
for similar quadrupolesused in a machinecalled superACO. The errors
measuredwere oq = 0.002 and aqh = 0.0005with C Qv3Qh >= -0.7. A
"2 sigmamachine"was simulatedwith SQ = 0.004and 4SQh = -0.001.
The measuredtune-shift limit E,nt was 0.0195 which is close to the tune-
shift limit observedin DCI.

Thesesimulationshaveshownthat reasonablephaseadvanceerrorscan
explain the DCI performance.

A puzzlefrom DCI performancewhich has not beenresolved is a mea
surementof the limiting tune-shift versus tune where Qh = Q. The ex
perimentaland simulation resultsseemto agreeexcept for when the tune
is slightly above0.8 wherethe simulation indicatesa higher Cumit than that
observed.It needsto be resolvedwhether the tunesin the datawere mea
suredtunes or from the quadrupolemagnetsettings. If the latter caseis
true, then the extrapoint can be attributed to a shift of all points in the
tune to higher values.
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PhaseAveraging in the Beam-beaminteraction

In the usual approximations,the longitudinal extent of the beam-beamin
teractionis ignored and is treatedas a delta-function. The consequenceof
ignoring the Gaussianlongitudinal distribution is calculatedin a Hamilto
nianmodel[8]. It manifestsitself as a Gaussianform-factorin the expression
for resonancestrengths.Physicallythis arisesfrom the fact that the driving
force is applied not at a single betatronphase,but is spreadover a wide
range of the test particles’s betatron phase. Hence,this phenomenonis
referredto asphase-averaging.

The Hamiltonian analysiscanbe extendedto deriveenergy-transparency
conditionsfor asymmetriccolliders [9]. If one requiresthat both beamssee
the samesetof resonancesandstrengths,thenthe constraintsarestringent.
In particular, one energy-transparencycondition requires to have propor
tionally more particlesin the low-energybeam.

Simulationsthat incorporatephase-averagingvia a thick-lens treatment
agreewell with the theoreticalmodel. Simulationsthat in addition allow for
a Gaussiandistribution of test particles predict an optimal bunch length,
aj , for roundbeamin a single-ring e+r collider.

The latter simulationswere also applied to compareflat and round pro
files. For flat beamsthe tune-shiftparameterdecreasesmonotonicallywith
increasinguj/. The maximumtune-shiftsachievedin paramterscansare

0.05. For round beamsthe tune-shift limit is 2-3 times larger.
The emphasisin all the work so far is on the nonlineardynamicswithin

the framework of single isolatedresonances.
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