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It hasrecentlybeenpointedout that theechoeffect, knownfor manyyearsin suchdiverse

branchesof physics as nuclearmagneticresonance,plasmaphysics and laser physics,has

a counterpartin transverseacceleratorbeamdynamics."2In this note, we wish to point

out that the echo phenomenonmay be elicited as well in longitudinai acceleratorbunch

dynamics,and suggesta plausiblescenariofor demonstratingit at the IndianaUniversity

Cyclotron Facility IUCF CoolerRing.

Thelongitudinal echoeffect operatesin virtually perfectanalogywith thetransverseecho

phenomenondescribedin References1 and 2, which wenow very briefly review. As is well

known, a beam*which is kicked off the closedorbit proceedsto undergospiral filamentation

decoherencein phasespacein the presenceof nonlinear componentsin the magnetic

field, such as octupoles. Once the beam hasthoroughly decohered,a quadrupolepulse

can initiate a partial, transientreversalof that decoherence,with the partial recoherence,

or echo, reachingits transientpeak valuethe samenumberof turns after the quadrupole

pulse as that pulse followed alter the occurrenceof the initial kick off the closed orbit.

In the longitudinal case,a bunch which is "kicked" e.g., phaseshifted away from the

centerof the bucketalso undergoesspiral filamentationin the phasespaceat least if the

feedbacksystem is disabled becausethe pendulum-like restoring force which gives rise

to synchrotronoscillationsis inherentlynonlinear. In preciseanalogywith the transverse

situation, once the bunch has thoroughly decohered,an RE’ voltage pulse can initiate a

partial, transient recoherenceecho, which peaksthe sameamount of time after the RF

voltage pulse as that pulse followed after the initial displacementof the bunch from the

centerof the bucket. Since an RE’ voltagepulse in longitudinal bunch dynamicsis closely

analogousto a quadrupolepulse in transversebeam dynamics,it is not surprising that

the normalizedphasespaceportraitsof the evolution of a longitudinal bunchsynchrotron

oscillation echoareessentiallyindistinguishablefrom thoseof a transversebeambetatron

oscillation echo,examplesof which aredisplayedin Reference2.

We have usedthe longitudinal tracking codeESME3 to try to simulatethe occurrence

of echoesin the IUCF Cooler Ring. Conveniently, this low-energyproton storagering is
frequently run at harmonicnumberunity, i.e., just a single bucket,which containsthe

lone bunch. Much less conveniently,this bunch is normally injected into the ring in the

presenceof electroncooling, which stabilizesthe beam,but ensuresthat it is space-charge

dominated. Even if the electroncooling is subsequentlyswitchedoff, it turns out that a

space-chargedominatedbunch decoheresat bestonly extremelyslowly after displacement

from the center of the bucket. Figure la shows the phasespaceportrait of a typical

45 MeV IUCF CoolerRing bunch whoseparametersare discussedin moredetail in the
next paragraphwhich hasjust beendisplaced400 in phasefrom the centerof the bucket.



With the effectsof spacechargesuppressed,Figurelb showsthe samebunchafter 140 ms,

at which point the spiral fliarnentationis well advanced.In Figure ic, however,the effects

of spacechargehave been taken into account,and after the same 140 ms, we see that

thereis only a slight amountof filamentation. Figure id showsthe completedecoherence

history of thesetwo casesfor thefirst 140 ms in termsof the bunchcentroid’ssynchrotron

oscillation amplitude i.e., the centroid’ssimple harmonicoscillator invariant versustime.

The reluctanceof the casewith spacechargetaken into account to manifestevidenceof

decoherenceis striking. It is obviously difficult to demonstratea recoherenceechounder

circumstancesin which spacecharge.effects inhibit decoherenceto begin with!
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Figure 1. a Phasespaceportrait of 6.3° rns length Gaussianbunch at 0 ins, launchedat 45 MeV with
a 40° centroid displacement. b Same bunch after 140 ins, not including the effects of space
charge.c Sameas b, but with spacechargeeffects bunch contains3 x 108 protons included.
d Centroidsynchrotronoscillation amplitude history of the bunch, the lower curve being that
without the effectsof spacecharge,and the uppercurve including the spacechargeeffects.
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To remedy this stateof affairs, it is suggestedthat a low intensity bunch be injected

into the CoolerRing without benefit of electroncooling, and then promptly accelerated

to 400 MeV in order to obtain a stablebeam. A coastingbunch of 3 x 106 protons at

400 MeV insteadof the 3 x 108 protons at 45 MeV typically usedin conjunction with

electron cooled injection provides slightly more than 1 jtA of beam current, enough to

permit the phasedetectorto satisfactorilytrack the synchrotronoscillationsof thebunch

centroid. rms bunchlengthwould bemadeabout twice that typically usedat 45 MeV

with cooledinjection, namely 12° insteadof 6.3°, and the rms transversebeamsize could

be expectedto be about 3.4 mm ratherthaji 0.7 mm within a beampipe which averages

about 51 mm in diameter. Themuchsmallertotal chargeof the bunch, its greaterlength

and transversesize, and its higherenergyall act to reducethe spacechargeeffect. Since

the synchrotrontunetendsto decreaseat thehigherenergy,and alongwith it, theeffective

non-linearityinduced synchrotrontune spreadwhich producesdecoherence,we proceed

to partially counteractthis by increasingthe RF voltageto its highestpresentlypractical

value of 400 volts, insteadof the 95 volts typically usedat 45 MeV. Someadditional

relevant parametersfor the IUCF Cooler Ring are its transition gammaof 4.85 and its

circumferenceof 86.82m.

Under the aboveconditions, the bunch is well decoheredabout 90 ms after being dis

placed40° in phasefrom the centerof the bucket-seeFigure 2a. At this point, the RF

voltage is decreasedfrom 400 volts to 200 volts for 0.081 ms 200 turns, after which it

is restoredto its former 400 volt value, thus producing the negative, in this instance

RE’ voltage pulse which is supposedto initiate the echo. Figure 2b shows the elliptical

deformationof the phasespacespiral producedby this pulse. Decoherenceof this ellipti

cally deformedspiral leads,by 140 ms after the phasedisplacement,to the formation of

the distinctive phasereversaltips mentionedin Reference2, as seenin Figure 2c. The

confluenceof thesetips around180 ms, as shown-in Figure 2d, comprisesthe echo’speak.

Figure 3a displaysthe completehistory of the echoin temis of the bunch centroid’s syn

chrotronoscillation amplitudeversustime. Figure3b is the sameasFigure 3a,exceptthat

the spacechargeeffectshavebeensuppressed-wesee very little differencebetweenthese
two cases,indicating that the measuresdetailedaboveto minimize spacechargeinfluence

havebeensuccessful.It is hopedthat an echoexperimentalongtheselines canbe carried

out during the summerof 1993 at the IUCF CoolerRing.
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Figure 2. a Phasespaceportrait at 90 ins of a decoheredbunch of 3 x 106 protons, which was launched
at 0 ins at 400 MeV as a Gaussianof 12° rms length, with a 40° centroiddisplacement.b Same
decoheredbunch, now elliptically deformed by the negativeItT’ voltage pulse BY voltage was
decreasedfrom 400 volts to to 200 volts for 0.081 ms, and then restoredto 400 volts. c Same
bunch at 140 Ins; it has now formed distinct; s-harpphasereversaltips. d Confluence of the
phasereversaltips at 180 ms, very near the peak of the echo phenomenon.

4

I

0
0
0
‘a,

a,
V

.1

0
0
0
‘-I
C’
a,
V

a
0
a,
Ia,
0’
a,
V

I.,, I

100

SD

01
0
0
‘a,
0’
0
V

0

50



a.

a
C’
C
F

0.

0

0
0
F

U

N
C’

F
I- 0
0.

St
a
H
S
ía
U

b.

0
0
0

0’
0
V

CENTROID HISTORY

50

40

30

20

10

0

50

40

30

20

10

0
0 SD 100 150 200 250 300

milliseconds

Figure 3. a Centroid synchrotronoscillation amplitude history of the echowhich has been depictedin
Figure 2 by meansof selectedsuccessivephasespacesnapshots.Long vertical bar locatesthe
time 90 ms of the negativeRF voltage pulse. I, Sameecho history, but with spacecharge
effects not included.
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