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1. Introduction

The dynamicsof particlesin phasespaceis central to the study of particle motion

in synchrotrons. ‘fladitionally, suchstudiesare conductedeither by examininga plot

consistingof a singleparticle recordedat a numberof different times a la Poincare,or by

studying separateplots containingthe positions of a numberof particlesat a single time

step. Advancesin graphicsworkstationtechnologyare providing physicistswith newways

in which to study thesephenomena. In particular, this paperdescribesan application

developedon a Silicon GraphicsCrimson workstationthat providesthe scientistwith the

ability to interactively manipulatea simple model of an acceleratoras it is running and

observetheeffectsof thesemanipulationson the particlemotion. Thesystemmay he used

to demonstratesucheffectsas decoherence,slow extraction, resonanceislands,coupling

resonances,and synchro-betatroncoupling.

The simplemodel hasthreedegreesof freedom,with a variablelinearcoupling between

the horizontal and longitudinal motion only i.e., no linear coupling in the transverse

plane. At startup,the particlesarereadin from a file, and the codeopensthreewindows

on the workstation screen: A plot window for displaying phasespaceinformation during

the simulation, a datawindow for displaying current values of the parametersdescribing

the model, and a ‘beant current’ window to display a record of the number of particles

remaining iii the machine as a function of turn number. The system then begins to

iterate the particles, re-plotting the phase spaceat every turn. The ability to rep-lot

this information c1uickly even for large numbersof particles r 1U is the key feature

enabling the interactive operation of such a program. The user may observe any of the

three phasespacesavailable, or physical spacein the two transversedimensions.
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2. Descriptionof the Model

We begin with the expressionfor a full transfer matrix for a beamline with no 1W

cavity presentandno linear transversecoupling’2:

cos4’x sin. 0 0 0 D1
-sin cos4 0 0 0

M - o 0 cos4 sinl’ 0 0
1t1 0 -sin4, cos4’ 0 0

Fl F2 0 0 1 F3-a
0 0 0 0 0 1

where we assumef3 = = 1 and 0x = = 0 at both ends of the transfer. and

are the horizontaland vertical phaseadvances.-a is changein the arrival time per

unit changein the momentumin the absenceof any dispersiveeffects i.e. for uncoupled

synchrotronmotion. ‘We restrict ourselvesto the casein which the contribution of the

energyvariation to the tranversemomentumPr 15 0 at both ends of the transfer. In this

casethe expressionsfor the quantitiesrelatedto dispersionare:

D =q2-cos’71j

= sin 4’x?lxl

Fl = -sin r7x7 2

F2 = cosrx2 - 7ri

F3 = sinr1r11x2

The transfer matrix for a thin rf cavity in the linear approximation is trivially:

1 0 0 0 0 0
010000
0 0 1 0 0 0

Mrf= 0 0 0 1 0
0 0 0 0 1 U
0 o 0 0 v 1

where V is the energychangeper unit longitudinal displacement.

Wi-’ 110W construct an elementary‘lattice as follows: The nonlinearity is at the end

of the lattice, where there is nonzero dispersioni. The particles first transfer through

I etatroll phises r and ç6q to an II F cavity located at a location where m* = 0, then

Iiroitgti an RF cavity. Fizially, the particles are tratisferreti through a subsectionwith
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çb = = 0 from the dispersion-freelocation back to the endof the lattice where the

nonlinearity is located. In principle, the phaseadvancesin the secondtransferneednot

be zero,but for the presentpurposesit simplifies the results.

The simplified forms of Eq. 2 are:

= - cos

Dpx = sin #r’lx

Fl =0 3

F2 =-

F3=0

The compositematrix for the first transfer and the RF cavity is the product M,.1M21:

cos sin - 0 0 0 -xcosx
-si cos 0 0 0 qsin

M
- 0 0 cos# sin 0 0

cump
- 0 0 -sin# cos# 0 0

0 -lfr 0 0 1. a
0 -Vtj 0 0 V 1+1/a

For the secondtransfer,the relationscorrespondingto Eq. 2 are:

D =

Fl =0 4

F2 =

F3=0

and the correspondingtransfer matrix is then:

1 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0

Mt2=
0 0 0 1 0 0
0 tj,. 0 0 1 U

U 0 U 0 0 1
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The total linear transfermatrix is:

cos4 sinc1ix-iiV 0 0 flxv ii1+Va-cos#
cos41 0 0 0 i,sin4

M - 0 0 cos sin 0 0
total

- 0 0 -sin4’ cos4’ 0 0
-qsin4 -nl-cos 0 0 1 a+sin

0 -7lxV 0 0 V 1+Va

At the end of the lattice is a single sextupolewhich applies akick accordingto:

Px = b y2 - it2

‘SPy 2bzy

The table below lists the parametersof the model:

Table 1: Parametersfor simple model.

Parameter Units Description

q none Horizontal Tune

q none Vertical Tune

ij meters Horizontal Displacementper fractional energydeviation

a meters Longitudinal Displacementper fractional energydeviation

V meterC1 Fractional Energychangeper longitudinal displacement

b meterr2 angularkick of sextupole
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3. User’s Guide

The codeis invoked by typing

bdl <particle file name> <number of particles to iterate>

wherethe file containsthe initial conditions of the particlesto be iterated. The number

of particlesis specifiedbecausethe usermay wish to run fewer particles than are in the

file to increasethe iteration speedof the model at the expenseof less detail in the phase

space.Fig. 2 shows the threewindows generatedby the code. The Main window displays

the plots on a turn by turn basis. The legendsin the lower left and right cornersprovide

the current turn numberand numberof particlescurrently in the machine. A particle is

lost if it exceedsunit amplitudein either s or y. The numbersalong the left and bottom

axesshow the scaleof the plot. They are the valuesof their respectivecoordinatesat the

leftmost tick mark.

The Datawindow showsthe currentsettingsof the model. The numbersin the paren

thesesto the left of the parametersare the correspondingdial numbersusedfor setting

the parameterin question.The longitudinal tune is given by
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The viewing option sehectedis also displayed: Horizontal Plane. Vertical Plane, Longitu

dinal Phane.or X-Y Plane.

The perU window provides a perfrneter-stylerunning histogram of the number of

particks in the inarhunevs. turn number. Currently. the system is set for a inajumum

nuLnberof turns of 10000. The current run is dhsphayedas a filled red! area. while the result

of the p’" nis run is typically displayed as a- yellow line in order to titake comparisons

easily. This line may be erasedat any time by hitting the erasebutton.
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The systemis controlledby the dial and buttonbox locatedto the left of the console.

Fig. 1 shows the locationof the pertinentbuttons. The following is a brief descriptionof

the functions of each button.

o Quit

o Pause: stops the motion of the systemif running, or resumesmotion of the

systemif stopped.The button lights to denotethe stoppedcondition.

U Erase:Causesthe blue line showingthe resultsof the previousrun in the perf

window to be erasedthe next time the pen window is updated.

C Reinject: Causesthe particle file to be rereadand the turn numberset to 0.

o Zero buttons: setsthe correspondingparameterto 0.

4. Activities

The fundamentalpurposeof laboratoryexercisesis the educationof students,and it is

in this spirit that the BeamDynamicsLaboratoryis intended.The following is an exercise

which a studentmight undertakeimmediatelyafter his/herfirst introduction to nonlinear

resonances.The student logs into the guest area on the Silicon graphics machine and

changesto the Ml directory.

For the first two experimentsuseacollection of particleshaving agaussiandistribution

in it and it’ with astandarddeviation of .2, and0 in all othercoordinates.This distribution

is located in the file dlbunch.dat located in the bunches subdirectory. Immediately

after starting the program, the horizontal phase spaceview should he selected. For this

particular lab, only the sextupolestrengthand the horizontah tune are adjusted.

The effect of the tiurd integer resonancefrom a sextnpole is the first example. of a

nonlinear resonancetypically cncotnit.ered,and an excellentfirst choice for the. laboratory

as well. The tuneshouhdhe set somewhatabovethe third integer,say q.r = .345. Then, the

sextupolestrengthshoitich he mcreasechto a value of about.2. Note that there. is already

somechangeiii the particledynaniics seenin the phasespacemonitor. The next stepis to

slowly adj tist the Iii rizontal tune towards the third integer resonance- .333 and observe

the. formation of the standard triangular phasespaceand loss of particles. is shown in

Fig. 2
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Button Layout

Quit Psuse Erne 1njec*

_

EMPVHb
a

View ‘¼
Toggle

Dial Layout

>,- ‘Zero’ keys

Figure 1: Layout of Buttons and Dials for BDL

The secondexperimentis to observeand populate the resonanceislands associated

with the 2/5 resonance. The tune is again set slightly above the resonanttune, such

as .410. Next, begin slowly increasingthe sextupolestrengthand moving the resonant

amplitude inwards while observing the phasespacemonitor. As the resonantamplitude

reachesthe populatedregion of phasespace.the islandswill becomevisible as ‘holes’ non-

populatedregions in the phasespacewhen the sextupohestrengthis slightly larger than

1. This is becauseslow variation of the machineslnfts the separatricesassociatedwith the

resonanceislands adiabatically and the particles, which a-re initially outside the islands,

remain outside. Continue increasing the sextupolestrength until the holes are into the

well- L’°h- datc d portion of the phasespace.as shown in Fig. 3. At thus point, perturb the
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tune of the machine downwards slightly .002, shifting the islands suddenly inwards and

capturing particles insidethe shifted islands. Observethe existenceof an isla-nd tune for

particle motion inside the islands. and observe decoherencewithin the islands gradually

caitsitig the ishatids to tecoiiie invisil di against the iiiaiii portion of the beam. Finally.

Figure 2: Phasespacenearthird integerresonance
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Figure 3: Phasemonitor showingunpopulatedislandsagainstthe particle
distribution

slowly reducethe sextupolestrength.gradually moving the now-populatedislands to large

amplitudes, away front the center of the bunch, as shown in Fig. 4. Finally, adjust the

tuneslightly againandobservethe decoherenceof the islands as the resonanceamplitude

is suddenlyshifted away from the partwles.
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Figure 4: Phasemonitor showingfilled islandsextractedfrom the pop
ulation.

Islands can also he populatedby injecting a distribution of particlesdirectly into an

already-createdisland. or said differently, injection into an already nonlinear machine.

Tins may he observedby running the code on the distribution found in dioff set .dat.

This is a more compactdistribution standard deviation of .1, and is offset by .5 in it’.

Setting the tune to .410 and the sextupole strength to 1.25 amid re-injecting the bunch.

okserve the population of a single island. Jote that the particles ‘hop’ from island to

island. Becausebeamnionitors record the location of the centroid of the beam,thus stable

motion will result. in a persistentsignal. This experimentis the numericalanalogueof the

Fermilab E778 experinieit3.
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Next the behaviorof particlesin the presenceof a two-dimensionalresonancemay be

studied. For this experiment,the particledistributionis gaussianin x, ë, y, andy’, again

with a standarddeviatonof .2, and is found in the file d2bunch.dat.Thehorizontaland

vertical tunesare set to q = .23, qy = .383, times which are not themselvesresonant.

Next, the sextupolestrengthis set to .05, a small value. Continuedobservationof the

particle monitor showsthat a significantportion of the beamis lost, however,on the time

scaleof 1000 turns. seeFig. 5 Observethe horizontal phasespacemonitor while this

loss takesplace andnotice the halo formed around the central coreof the beam. Once

the particle loss stops, increasethe vertical tune to .384, and observewhetherfurther

particle loss takesplace?Repeatthis experimentfor .383, and finally .385. Next, return

the vertical tune to .380 and increasethe sextupolestrengthto .1. Re-inject the bunch

andobservetheparticle loss. By using the numberof particlessurviving 1000 turns after

injection asa figure of merit, the width of the resonancein q andqy may be mappedout.

The final experimentconcernsthe effect of longitudinal motion on resonances.For

this experiment,you will use the threedimensionalbunchfound in d3bunch.dat,which

has particles distributedas a gaussianwith a varianceof .2 in all phasespacevariables.

First, set up a similar situation to the previous experiment:qr = .220, q,, = .385, 6 = .1,

and notice a small particle loss from the nearbyresonance. Now, adjust a = - .001,

V = .001. Toggle the view to the longitudinal planeand note the rotation of the bunch

in longitudinal phasespace. At this point, while the two transverseplanesare coupled

together,the longitudinal motion is not coupledto either. Now introducesuchcoupling

by increasingthe value of ij to .2, Re-inject the bunch andallow it to run for l0 turns.

Notice onset of slow loss near 1000 turns Fig. 6. Becausethe variation of momentum

in tins scaledsystemis much larger than for real machines here dip/p = .2, the small

value for eta- is deceptive.The prodtict of the dispersionand the rmns momentumhere is

.004. while for the Tevatron I = 3, Up/p = .0002. This was done purposefully in order to

compressthe slow particle loss into i04 turns.
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Figure 5: Configuration space view of two-dimensionalresonanceand
particle loss

5. Conclusion

The Beam DynamicsLaboratory is a- useful tool for students to become accustomed

to UI;lllipkllatillg eatlls in accelerators Studentsmay gain intuition and experienceabout

5011W aspectsof tue I ehavior of beams without requiring accessto actnal accelerators.
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Other types of nonlinearities octupole. weak-strongheani-beamor other simple effects

tune modulation, gas scattering.dipole ripple. etc. may he reasonablyadded,enabling

thestudyof their effectsin different operatingscenarios.Possibledisplayenhancementsin-

chide emittanceplots and loss characterizationdisplay horizontal vs vertical. Similarly,

while the current admittedly elementary representationof the acceleratorpresentsfew

Figure 6: Resultsof run with threedegreesof freedom
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opportunitiesfor theresearcher,theBDL may beusedas a testbedfor steeredsimulation.

Certainly, if "mapswith knobs"areeverclearlydevelopedthey could be implementedin a

similar manner.As the complexity of the map is increased,the iteration speedfor a given

numberof particleswill decrease,but theseissuesarein principle tractable.

Readersinterestedin trying thesystemout arewelcometo contactB. Cole. We wish to

thankGeorgeBourianoffand CarryTahernfor helpful commentsandcriticisms. Further

criticismsand suggestionsare welcomed.
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