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CORRECTION OF UNEVENNESS IN RECYCLER BEAM PROFILE
�

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

Abstract
A beamconfinedbetweentwo rf barriersin the Fermi-

lab Recycler Ring exhibits very uneven longitudinalpro-
file. This leadsto the consequencethat the momentum-
mined antiprotonbuncheswill have an intolerablevaria-
tion in bunchintensity. Theobservedprofileunevennessis
theresultof a tiny amountof rf imperfectionandrf beam-
loading.Theprofileunevennesscanbeflattenedby feeding
backtheunevenrf fan-backgapvoltageto thelow-level rf.

INTRODUCTION
Cooled

�� beamstoredbetweentwo barriersof voltage���
kV insidetheFermilabRecycler Ring exhibits, in gen-

eral,unevenbeamprofile. An exampleis shown in Fig. 1
for a beamof intensity ���
	���
������������ at ����	���
 � �!� GeV,
longitudinal emittance "$#&%'� � eVs, rms energy spread(�) 	*�

 � MeV, andbarriersseparation+-,.	*��
 ��/ s. The
unevenbeamprofile will leadto

�� bunchesof unequalin-
tensitiesaftermomentummining. This will affect theper-
formanceof � -

�� collision laterin theTevatron.
Thesourcesof theunevenbeamprofile canbetracedto

therf voltageimperfectionandbeam-loadingat therf cav-
ities of just a few volts. It takesa ratherlarge numberof
turnsfor a particleto drift betweenthe barriers, �0
 �1�2�3� 4
turnsat the energy offset ( ) or 3.5 MeV in this example.
Smallrf imperfectionof, for example,10V, will beexperi-
encedturn-by-turnandaccumulateto produceatotaloffset
as large as %5��
 �6� MeV or 8.8% of (6) . Sometimes,the
profile unevennesscanevenreach100%or more.Explicit
formulafor theaccumulatedunevennesswill begivenlater.
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Figure1: Rf wave (left) andtheunevenbeamprofile (right).

HAISSINSKI EQUATION
Equationsof motionof abeamparticleof charge M�N areOQP
O3RS	

T U-T + �QV �W , ���YXO V �OQRZ	[M T N T]\_^a`3b P�c MdN , � �
e
f
gih� b P h M P�ckj b P h clOQP h 	&M T N Tm\_nlo X

where
j b P�c

is thelineardensityorprofileof thebeam,+ � 	
�!�0
���� ns is the revolution period,

U 	pM���
 � � �!�6�!� is the
slip factor,

Wrq
is the nominalbeamvelocity with respect

s
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to the velocity of light
q
,
\_^a`

is the rf wave,
g h� b P�c is the

longitudinal wake,
P

is the arrival time of the particle in
advanceof somesynchronousparticle,andthe revolution
turn

R
hasbeenchosenasthe independentvariable. The

Hamiltoniancanbewrittenas

t 	uM
T U-T + � ( ,vW , ��� M V � ,� ( ,v M

T N T W , � �T U-T +-� ( ,v
e
�

\ nlo b P h clOQP h 

Whena Gaussiandistribution in energy offset is assumed,
theparticledensityin thelongitudinalphasespacebecomes

w b V � X
P�c %yxQz|{ M V � ,� ( ,v M

T N T W , ���T U}T +~� ( ,v
e
�

\_nlo�b P h c$O3P h 

Integrationover V � givesthelineardensity

j b P�c 	 j b � c x�z_{ M
T N T W , ���T U}T + � ( ,v

e
�

\ nlo b P h clOQP h 

Theprofile unevennessthusarisesfrom theexponentT N T W , ���T U}T + � ( ,v

el�
eQ�

\ nlo b P h clOQP h 	
P ,�M P �V P N �\ nlo( v X

where �\!nlo 	 �P ,�M P �
e �
eQ�

\!nlo�b P h c$O3P h
X

andV P 	 T U}T +-� (6)
� b W , ��� c denotesthedrift of theparticle
at energy offset (6) in onerevolution. It is easyto see
1. Constant

\!nlo
leadsto a roughlylinearbeamprofile.

2. If
\ nlo

is sinusoidal,theintegrationin
\ nlo

shouldbeper-
formedover thehalf-wavelength� � � , sothat

Unevenness	 � � �
V P

�\ nlo T ��� ,( ) X
which is whatwe postulatedin theprevioussection.
3. Theprofile unevennesswill be larger for a longerbeam
confinedbetweentwo barriers. The unevennessbecomes
more significant when the beamis cooled since ( ) be-
comessmaller and so doesthe drift V P

per revolution.
Thesepredictionshavebeenverifiedin observation.
4. For asinusoidalrf bucket,thesynchrotronperiodis very
much shorter, for example, %��3� � turns in the Tevatron.
Thusanrf imperfectionandbeam-loadingof 10V will lead
to abeamprofilevariationof %��

 � keV only, which is neg-
ligibly smallcomparedwith theenergy spreadof thebeam.

EFFECTS OF BEAM-LOADING
If thereis no rf imperfection,

\ nlo
receivescontribution

in betweenthe two confining barriersonly from the im-
pedancearoundthe ring. The Recycler impedancecomes
mostly from the rf cavities andis mostly real with �����
���!�2� . Sincethe wake function is

g h� b P�c 	'� ��� b P�c , the
profile betweenbarrierscanbesimplifiedto

j b P�c 	 j b � c x�z|{ M������ �
e
�

j b P h c$O3P h
X



with � � 	�N , W , ���!� � � b�T U}T +~� ( ,v c . The Haissinskiequa-
tion canbeconvertedinto a differentialequationOQj b P�c

O3P 	uM����|� � j , b P�c
betweenthetwo barrierswith thesolution

j b P�c 	
j b � c

���y� � ��� P�j b � c X
where

P�j b � c variesfrom 0 at thetail of thebunchto %�� at
thehead.Thusbeamprofile is linearonly if ����� ��� � .

For thebeamin Fig. 1, ���r����	y�

 �!�6� . Since
P�j b � c 	��

at thetail and %�� at head,thebeamprofile is roughlylin-
ear, about8% higherat tail thanat head,or leaningback-
ward.Suchaleft-right asymmetryof thelongitudinalbeam
profile is rathercommonin electronbunches,wherepar-
ticles are creepingaheadbecauseelectronmachinesare
mostlyabovetransition(

U¡  � ). Here
U�¢ � andthebeam

leansbackwardinstead.
Thebeam-loadingvoltageis

\_£Q¤ � T N T � � ��� � + , 	��¥
 �!��¦ .
We see that such a small voltage has been magnified
throughturn-by-turnaccumulationto a 8% unevennessor
0.28MeV. Sincewe seemorethana linear slantingbeam
profile in Fig. 1, theremustalsoberf imperfectionbetween
thetwo barriers.

EFFECTS OF RF IMPERFECTION
Therf gapvoltage

\ nlo
in Fig.1 experiencedby thebeam

is integratedto arrive at the rf potentialwell depictedin
Fig. 2 with a magnifiedview shown on the right. We see
that thewell bottomis not flat, is not linearly slanting,but
hasacurvature.Theunevennessis just %¡�0
 §6¨ of thedepth
of the well. A flat well bottom will lead to a flat beam
profile, a linear slantingwell bottomwill lead to a linear
beamprofile,anda well bottomwith curvaturewill leadto
a beamprofile with curvature.If we studythecurvatureof
thewell bottommoreclosely, wefind thatit closelyresem-
bles the negative of the beamprofile curvaturein Fig. 1.
This is not accidental. As will be shown below, the two
curvaturesarein fact proportionalto eachotherwhenthe
profile unevennessis small.
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Figure2: Therf potentialwell correspondingto therf gapvolt-
age ´_µa¶ in Fig. 1. A magnifiedview is shown on theright.

Usingtheimperfectrf well bottom,thebeamprofilecan
be computedfrom the Haissinskiequationusingsuitable
normalization.Theresultis plottedin redin Fig. 3, which
agreeswith the measuredbeamprofile from Fig. 1. This
indicatesthat our understandingof the profile unevenness
is correctandthe assumptionof a Gaussianenergy-offset
distribution is acceptable.

Figure 3: (Color)
Beamprofile computed
from the rf fan-back
voltagé_µa¶ (red)agrees
very well with themea-
sured beam profile
(shown in black).
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CRITERION OF REQUIRED FLATNESS
A tolerablefractionalunevennessin profile Ã implies

N W , � �T U}T +-� ( ,v
e
�

\ nlo b P h clOQP h
Ä�ÅÇÆ

¢ Ã�

In other words, the allowable unevennessin rf potential-
well bottommustsatisfye

�
\!nlo�b P h c$O3P h

Ä�Å�Æ
¢ T U}T +-� ( ,v

N W , ��� Ã�

In this particularexample,anunevennessin potentialwell
of

T \!nlo OQP T Ä�ÅÇÆ 	2��È V-/ swill leadto amaximumprofile
unevennessof Ã�	���
 � � . If thetolerableprofileunevenness
is only Ã�	¡����¨ , therf imperfectionmustbecompensated
to theextent that theintegratedunevennessof rf potential-
well bottombecomeslessthan13 V-/ s.

Since out of the total
\_nlo OQP Ä�Å�Æ 	É�6È V-/ s only

0.08V-/ s comesfrom beam-loading,rf imperfection is
dominatinghere. However, the

�� beamin the Recycler is
intendedto bevery muchstrongerreaching���Ê	Ë�����3�6� ,
in the future; the wake term may becomemoredominat-
ing then. Thus the total profile unevennesswill become
very muchlarger in the future andunevennesscompensa-
tion cannotbeavoidedin operation.

UNEVENNESS COMPENSATION

Method 1
The easiestcompensationof profile unevennessis to

feedbackto thelow-level rf (LLRF) thenegativeof thefan-
backcavity gapvoltage

\ nlo
(Fig. 4).

Method 2
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Figure4: (Color)Block diagramshowing correctionto thebeam
profileunevennessthroughfeedback.Therf fan-backgapvoltage
(Method1) or thebeamprofilepickedupby thewall-gapmonitor
(Method2) is digitized,processed,comparedwith thereference,
convertedto suitablevoltagetable,andfedbackto theLLRF.



In thepresentexample,
\ nlo % � � V atthetail of thebeam

and M���
 � V at the head.Amplification from theLLRF to
thecavity gapis 2000. Feedbackat theLLRF is therefore
M.�	� mV at tail and � §�
 � mV at head. To avoid phase-
spaceincrease,thefeedbackhasto beappliedslower than
onesynchrotronperiodof thebeam,%y�0
�È s hereat � ( ) .
Thus the feedbackhasto be appliedin many small steps
(morethan10) in practice.

At therf fan-back,1.6V outof the
���

kV barriervoltage
is only 0.08%,prettysmall,andthesignal-to-noiseratio is
thereforevery low. In practice,we needto averageover
200 to 500 datasamplesin order to sort out the signals.
With a 1 GHz oscilloscope,the time requiredis typically
%¡� min, includingdatastorageandprocessing.

Method 2
Another compensatingmethodis to employ the beam

profile unevennesspickedup at wall-gapmonitorasfeed-
back input. Becausethe profile unevennessis very much
larger thanthe rf imperfection,the signal-to-noiseratio is
relatively verymuchhigher, sothatanaverageof % � � sets
of readoutwill be enough. But thereareotherdisadvan-
tages.TheHaissinskiequationcanbeexpandedas

j b P�c � j b � c ��M
T N T W , ���T U}T + � ( ,v

e
�
\ nlo b P h clOQP h 


Thusprofile unevennessis

V j b P�c 	 j b P�c M j b � c 	
T N T W , � �T U}T +~� ( ,v

j b � c
e
�

\!nlo�b P h c$O3P h
X

andis proportionalto rf potential-wellunevenness,aprop-
erty we noticedearlier. Thecompensationvoltageis

\�

� Ä�� 	uM
T U}T + � ( ,vT N T W , ���

V j h b P�c
j b � c 
 (1)

Thecompensationprocedureinvolvesadifferentiationand
a multiplication with a constantwhich dependson the
energy-offsetdistribution. For adistributionwith asmooth
spreadat bothends,thedependency shouldbesmall. This
methodalsoinvolvesanexpansionby omitting all higher-
orderterms. However, this lastconcerncanbeeliminated
by solvingtheHaissinskiequationexactlywith thesolution
givenby Eq.(1) but with

j b � c replacedby
j b P�c

.

EXPERIMENTAL IMPLEMENTATION
The fan-backvoltage was recordedwith a Tektronix

TDS 3054Bdigital oscilloscope,with time resolution2 ns.
Thedatawereaveragedfor 500samplesto furtherimprove
signal-to-noiseratio. Thenoisydatawerefirst low-passfil-
teredto remove high-frequency noises.A decimationwas
madeto fit the18.936-nstime resolutionof theinput table
to be appliedto the LLRF. The correctionpulsewasthen
sentto theLLRF in smallsteps.

As a test,a protonbeamwith modestintensity ���2���6�Ç�
and (6) % �

MeV is storedin abarrierbucketof length
� / s.

Theprofilesbeforeandaftercorrectionareshown in Fig.6.
In anotherexampleshown in Fig. 7, thefirst compensa-

tion removedthecurvatureof thebeamprofile but leaving

behinda slantingprofile. This is becausetherf pulsesare
ac-coupledto thebeamand

\_nlo OQP��	Ë� betweenthebar-
riers. Furthervoltagefine adjustmentwas then madeto
ensure

\ nlo OQP 	y� andthebeamprofile becameflat.

Figure 5: (Color)
The signalsat 2 ns
interval was low-
pass filtered, and
thendecimatedto fit
the18.936-nsLLRF
time resolution ta-
ble.
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Figure6: (Color) A protonbeamwith profilesbefore(left) and
after(right) profile-unevennesscompensation.

Figure 7: (Color) First com-
pensationremovedbeamprofile
curvatureleavingbehindaslant-
ing profile, since ´_µ ¶��������� .
Fine adjustmentof the barrier
voltage was requiredto totally
flattentheunevenprofile.

SUMMARY
Theconnectionbetweentheunevenbeamprofile andrf

imperfectionandbeam-loadinghasbeengiven. Thecom-
pensationof beam-profileunevennesshas beensuccess-
fully performed. Although compensationis straight for-
ward, it is rather tediousbecausethe compensationhas
to be applied in many small stepsto avoid phase-space
increase. When the areaunder the fan-backvoltage is
nonzero,fine-adjustmentof the barrierwave mustbe per-
formed. To guaranteea correctionpulse free of any dc
component,a simplesolutionis to computethedifference
between

\ nlo
andthereferencevoltageover theentire rev-

olution period(not just betweenthe barriers)whendeter-
mining the feedbackto the LLRF. An automationof the
compensationprocedurehasbeendesignedand is being
built, hopingthat thecompensationcouldbeperformedin
thefutureby just pushingabutton.


