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CORRECTION OF UNEVENNESSIN RECYCLER BEAM PROFILE®

J.Crisp,M. Hu, andK.Y. Ng, Fermilab,IL 60510,USA

Abstract

A beamconfinedbetweentwo rf barriersin the Fermi-
lab Regycler Ring exhibits very uneven longitudinal pro-
file. This leadsto the consequenc¢hat the momentum-
mined antiprotonbuncheswill have an intolerablevaria-
tion in bunchintensity The obsenedprofile unevennesss
theresultof atiny amountof rf imperfectionandrf beam-
loading. Theprofileunevennessanbeflattenedy feeding
backtheunevenrf fan-backgapvoltageto thelow-level rf.

INTRODUCTION

Cooledp beamstoredbetweentwo barriersof voltage
+2 kV insidethe FermilabRegy/cler Ring exhibits, in gen-
eral,unevenbeamprofile. An exampleis shovn in Fig. 1
for abeamof intensity N, =5.1 x 10! at E; =8.939 GeV,
longitudinal emittancee, ~ 90 eVs, rms enegy spread
or = 3.5 MeV, andbarriersseparatioriis; = 5.8 us. The
uneven beamprofile will leadto p bunchesof unequalin-
tensitiesafter momentunmining. This will affectthe per
formanceof p-p collision laterin the Tevatron.

The sourceof theunevenbeamprofile canbetracedto
therf voltageimperfectionandbeam-loadingttherf cav-
ities of just a few volts. It takesa ratherlarge numberof
turnsfor a particleto drift betweerthe barriers,1.5 x 10°
turnsat the enegy offseto; or 3.5MeV in this example.
Smallrf imperfectionof, for example, 10V, will beexperi-
encedurn-by-turnandaccumulatdéo produceatotal offset
aslargeas~ 0.31 MeV or 8.8% of o,. Sometimesthe
profile unevennesganevenreach100%or more. Explicit
formulafor theaccumulatedinevennessvill begivenlater.
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Figurel: Rf wave (left) andthe uneven beamprofile (right).
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HAISSINSKI EQUATION

Equationsof motionof abeamparticleof chage —e are
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wherep(7) isthelineardensityor profile of thebeam T, =
11.13 nsiis the revolution period,n = —0.008511 is the
slip factor Sc is the nominal beamvelocity with respect
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to the velocity of light ¢, Vi is the rf wave, W{j(7) is the
longitudinalwake, 7 is the arrival time of the particlein
advanceof somesynchronougparticle,andthe revolution
turn n hasbeenchosenasthe independentariable. The
Hamiltoniancanbewritten as
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Whena Gaussiardistribution in enegy offsetis assumed,
theparticledensityin thelongitudinalphasespacebecomes
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Integrationover AF givesthelineardensity
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The profile unevennesshusarisesfrom the exponent
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where -
Vo = —— | Ve’
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andAr = |n|Tyos /(3% Eo) denoteshedrift of theparticle
atenepy offseto,, in onerevolution. It is easyto see
1. Constantl.¢ leadsto aroughlylinearbeamprofile.
2. If Vg is sinusoidaltheintegrationin V¢ shouldbeper
formedoverthe half-wavelength) /2, sothat
Unevenness= )\—/2 VeLL\/Q,
AT 0g
whichis whatwe postulatedn the previoussection.
3. Theprofile unevennesswill belargerfor alongerbeam
confinedbetweentwo barriers. The unevennesdbecomes
more significantwhen the beamis cooled since o be-
comessmaller and so doesthe drift A+ per revolution.
Thesepredictionshave beenverifiedin obsenation.
4. For asinusoidalf bucket, thesynchrotrorperiodis very
much shorter for example, ~ 100turns in the Tevatron.
Thusanrf imperfectionandbeam-loadingf 10V will lead
to abeamprofile variationof ~ 0.5 keV only, whichis neg-
ligibly smallcomparedvith theenegy spreadf thebeam.
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EFFECTS OF BEAM-LOADING

If thereis no rf imperfection,V,¢ recevescontribution
in betweenthe two confining barriersonly from the im-
pedanceroundthering. The Reg/clerimpedanceomes
mostly from the rf cavities andis mostly real with R, =
130 2. Sincethe wake functionis W(j(r) = Rsd(7), the
profile betweerbarrierscanbe simplifiedto

p(r) = p(0) exp [aRNb I pv’)dr'} ,



with a, = €232EgRs/(In|Tho%). The Haissinskiequa-
tion canbe corvertedinto a differentialequation

d
[:z(:) = —anNpp*(7)
betweerthetwo barrierswith the solution
0
p(7) = AD)

1+ axNytp(0)’

whererp(0) variesfrom 0 atthetail of thebunchto ~ 1 at
thehead.Thusbeamprofileis linearonly if az N, < 1.

For thebeamin Fig. 1, ag N, = 0.081. Sincerp(0) =0
atthetail and~ 1 atheadthebeamprofile is roughlylin-
ear about8% higherat tail thanat head,or leaningback-
ward. Suchaleft-rightasymmetnof thelongitudinalbeam
profile is rathercommonin electronbuncheswherepar
ticles are creepingaheadbecauseelectronmachinesare
mostlyabove transition(n > 0). Heren < 0 andthebeam
leansbackwardinstead.

Thebeam-loadingroltageis Vi, ~|e| Ny Rs/T>=1.83 V.
We see that such a small voltage has been magnified
throughturn-by-turnaccumulatiorto a 8% une/ennessor
0.28MeV. Sincewe seemorethana linear slantingbeam
profilein Fig. 1, theremustalsoberf imperfectionbetween
thetwo barriers.

EFFECTSOF RF IMPERFECTION

Therf gapvoltageV.g in Fig. 1 experiencedy thebeam
is integratedto arrive at the rf potentialwell depictedin
Fig. 2 with a magnifiedview shovn on theright. We see
thatthe well bottomis not flat, is notlinearly slanting,but
hasacurvature.Theunevennesss just~ 1.4% of thedepth
of the well. A flat well bottom will leadto a flat beam
profile, a linear slantingwell bottomwill leadto a linear
beamprofile,anda well bottomwith curvaturewill leadto
abeamprofile with curvature.If we studythe curvatureof
thewell bottommoreclosely wefind thatit closelyresem-
blesthe negative of the beamprofile curvaturein Fig. 1.
This is not accidental. As will be shovn below, the two
cunvaturesarein fact proportionalto eachotherwhenthe
profile unevennesss small.
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Figure 3:  (Color) .

Beam profile computed
from the rf fan-back
voltageVeg (red)agrees
very well with the mea-
sured beam profile

(shawn in black).
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CRITERION OF REQUIRED FLATNESS
A tolerablefractionalunevennessn profile F' implies
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In otherwords, the allowable unevennessn rf potential-
well bottommustsatisfy
In|Too%
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In this particularexample,an unevennessn potentialwell
Of | [ Vet dT|max =37 V-uswill leadto amaximumprofile
unevennes®f F'=0.28. If thetolerableprofile unevenness
is only F'=10%, therf imperfectionmustbe compensated
to the extentthattheintegratedunevennesof rf potential-
well bottombecomedessthan13 V-us.

Since out of the total | [ Veffdr}max = 37 V-us only
0.08V-us comesfrom beam-loading,rf imperfectionis
dominatinghere. However, the p beamin the Regycler is
intendedto be very muchstrongemreachingV, = 3x10'2
in the future; the wake term may becomemore dominat-
ing then. Thusthe total profile unevennesswill become
very muchlargerin the future andunevennessompensa-
tion cannotbe avoidedin operation.
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UNEVENNESS COMPENSATION
Method 1

The easiestcompensatiorof profile unevennessis to
feedbacko thelow-levelrf (LLRF) thenegative of thefan-
backcavity gapvoltageV.g (Fig. 4).
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Figure2: Therf potentialwell correspondlngo therf gapvolt-
ageVes in Fig. 1. A magnifiedview is shavn ontheright.

Usingtheimperfectrf well bottom,the beamprofile can
be computedfrom the Haissinskiequationusing suitable
normalization.Theresultis plottedin redin Fig. 3, which
agreeswith the measuredeamprofile from Fig. 1. This
indicatesthat our understandingf the profile unevenness
is correctandthe assumptiorof a Gaussiarenegy-offset
distributionis acceptable.
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Figure4: (Color) Block diagramshaving correctionto thebeam
profile unevennesshroughfeedback Therf fan-backgapvoltage
(Method1) or the beamprofile picked up by thewall-gapmonitor
(Method?2) is digitized, processedgcomparedwith the reference,
corvertedto suitablevoltagetable,andfedbackto the LLRF.



In thepresenexample,V.g ~ 32 V atthetail of thebeam
and—9.2 V atthe head. Amplification from the LLRF to
the cavity gapis 2000. Feedbaclat the LLRF is therefore
—16 mV at tail and +4.6 mV at head. To avoid phase-
spaceincreasethe feedbackhasto be appliedslower than
onesynchrotrorperiodof thebeam,~ 1.7 shereat 1 0.
Thusthe feedbackhasto be appliedin mary small steps
(morethan10)in practice.

At therf fan-back,1.6V outof the+2kV barriervoltage
is only 0.08%,pretty small,andthe signal-to-noiseatio is
thereforevery low. In practice,we needto averageover
200 to 500 datasamplesin orderto sort out the signals.
With a 1 GHz oscilloscopethe time requiredis typically
~1 min, includingdatastorageandprocessing.

Method 2

Another compensatingnethodis to employ the beam
profile unevennesgpicked up at wall-gapmonitor asfeed-
backinput. Becausehe profile unevennesss very much
largerthanthe rf imperfection,the signal-to-noiseatio is
relatively very muchhigher, sothatanaverageof ~ 20 sets
of readoutwill be enough. But thereare otherdisadwan-
tages.TheHaissinskiequationcanbe expandedas
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Thusprofile unevennesss
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andis proportionalto rf potential-wellunevennessaprop-
erty we noticedearlier The compensationoltageis
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The compensatioprocedureanvolvesa differentiationand
a multiplication with a constantwhich dependson the
enegy-offsetdistribution. For adistribution with a smooth
spreadat both ends the dependeng shouldbe small. This
methodalsoinvolvesan expansionby omitting all higher
orderterms. However, this lastconcerncanbe eliminated
by solvingthe Haissinskiequatiorexactly with thesolution
givenby Eqg. (1) but with p(0) replacedy p(7).

EXPERIMENTAL IMPLEMENTATION

The fan-backvoltage was recordedwith a Tektronix
TDS 3054Bdigital oscilloscopewith time resolution2 ns.
Thedatawereaveragedor 500samplego furtherimprove
signal-to-noiseatio. Thenoisydatawerefirst low-pasdil-
teredto remove high-frequeng noises.A decimationwas
madeto fit the 18.936-ngime resolutionof theinput table
to be appliedto the LLRF. The correctionpulsewasthen
sentto the LLRF in smallsteps.

As atest,a protonbeamwith modestintensity1 x 10*!
ando; ~2 MeV is storedin abarrierbucketof length2 ps.
Theprofilesbeforeandaftercorrectionareshavnin Fig. 6.

In anotherexampleshaown in Fig. 7, thefirst compensa-
tion removedthe curvatureof the beamprofile but leaving

‘/comp = -

behinda slantingprofile. This is becausehe rf pulsesare
ac-coupledo thebeamand | Vegdr # 0 betweerthebar
riers. Furthervoltagefine adjustmentwas then madeto
ensuref Vegdr = 0 andthebeamprofile becamélat.

Figure 5: (Color) =
The signalsat 2 ns
interval was low-
pass filtered, and
thendecimatedo fit
the18.936-nd LRF o E
time resolution ta- . E 3
ble. E 3

U Ll ] =

Fanback Voltage (V)
\
T
1l

o o uﬁa@mﬁfqu\
=] o (=

Figure6: (Color) A protonbeamwith profilesbefore(left) and
after (right) profile-uneennessompensation.

Figure 7: (Color) First com-
pensatiomemoved beamprofile
cunatureleaving behindaslant-
ing profile, since [ Vegdr # 0.
Fine adjustmentof the barrier
voltage was requiredto totally
i flattenthe unevenprofile.

SUMMARY

The connectiorbetweenthe unevenbeamprofile andrf
imperfectionandbeam-loadindhasbeengiven. The com-
pensationof beam-profileunevennesshas beensuccess-
fully performed. Although compensatioris straightfor-
ward, it is rathertediousbecausethe compensatiorhas
to be appliedin mary small stepsto avoid phase-space
increase. When the areaunder the fan-backvoltage is
nonzero fine-adjustmenof the barrierwave mustbe per
formed. To guaranteea correctionpulse free of ary dc
componenta simplesolutionis to computethe difference
betweenV,g andthereferencevoltageoverthe entire rev-
olution period (not just betweenthe barriers)whendeter
mining the feedbackto the LLRF. An automationof the
compensatiorprocedurehas beendesignedand is being
built, hopingthatthe compensatiorould be performedin
thefutureby just pushinga button.



