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Abstract

It hasbeenknown thatthetunesof theTevatrondrift on
the150GeVfront porch. Thedrift is observedto havethe
sametime dependenceasthedrift in thechromaticity. The
variationin thechromaticityis dueto thechangein the

���
of thesuperconductingdipoles,which representsthe inte-
gratedsextupolemomentof the magnet. It is reasonable
to assumethat the tunedrift is dueto the feeddown from
the changing

���
. Calculationsbasedon this assumption,

both hereandin earlierattemptsto explain the tunedrift,
show, absentunreasonableassumptionsabout the closed
orbit, that the simple modelsof the variation of the sex-
tupolemomentwill not explain the tunedrift. An expla-
nation, for both the tunedrift andthe tunesplit observed
whentheTevatronwasfirst operated,is proposedwhich is
basedon the longitudinalvariationof the sextupolecom-
ponentin the dipolesandthe fact that the dipolesarenot
perfectsectormagnets.

INTRODUCTION

Thetimedrift of theTevatrontuneson thefront porchat
150GeVis a well known, andwell documentedphenom-
ena. In 2004 an extensive seriesof measurementswere
madeof the tunesand chromaticitiesin the Tevatron at
150GeV.[1],[2] Thesedata show a variation of the tune
(Fig. 1), couplingandchromaticityduringthetime on the
front porch.

Thetunedatacanbefit with thefollowing expressions:
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The explanationof the changein the chromaticitywas
ascribedto the well known changein the sextupole (

� �
)

strengthof thedipoles.Thetimedependencethetunedrift
is the sameas the dependenceof the changein

� �
. It is

natural to look for the tune drift as in the changein the
sextupolemomentsin thedipole.

The tune shift due to the sextupole momentsin the
dipolesdependson the displacementof the beamin the
dipolesrelative to themagnetcenter.

Theexpectedtunedrifts, dueto theobserveddrift in the
valueof

�#�
, have beencalculatedthe using the measured

closedorbit andthemeasuredvaluesof the ?>@ and
���

mul-
tipoles(alsoshown on Fig. 1). This calculation,aswell as
earlier, similar, attempts[3] to explain thetunedrift, show

A
Operatedby FermiResearchAlliance,LLC underContractNo. DE-

AC02-07CH11359with theUnitedStatesDepartmentof Energy.

Figure1: TuneDrift asaFunctionof Timeon the150GeV
FrontPorch,MeasuredandCalculatedValues.

that,absentunreasonableassumptionsabouttheclosedor-
bit, the variationof the sextupolemomentassignedto the
dipoles,thevalueof

� �
neededto explain thechromaticity,

will not explain the measuredtunedrifts. The calculated
tunedrifts aremuchsmallerthanthe observed drifts. To
understandthedifferencebetweenthemeasuredandcalcu-
latedtunedrifts we needto understandthe characteristics
of theTevatrondipoles.

CHARACTERISITCS OF TEVATRON
DIPOLES.

An extensive discussionof the Tevatrondipolescanbe
found in reference[4]. The magnetsare of a two layer,
wedgelesscos-thetadesigninside a cryostatwhich is in-
sertedinto awarmiron yoke. Thedipolefield is designated
as BDC . Thehigh orderharmonicsof themagneticfield are
describedin termsof themultipolecoefficients,

�#E
for the

normalmomentsand ? E
for theskew moments.Thesemul-

tipole coefficientsaredefinedrelative to thedipolefield so
that at the referenceradiusof 1 a multipole strengthof 1
unit will contribute to the magneticfield an amountequal
to

(7��F
G
of thedipolefield.

At the endsof themagnetthe super-conductingstrands
arebentto form thecoils. Theshapeof thecoils produces
a largesextupolecomponentof themagneticfield, a large
negative

� �
, localizedat theendsof themagnet.This was

recognizedduring the designof the magnetsandan addi-
tional sextupolecomponentwasintroducedinto the body
of thedipoleto compensatefor theendsextupole.Thisde-
sign yieldeda valueof

���
at a currentof 4kA of H 1unit,

well with thecorrectioncapabilityof thechromaticitysex-
tupolesin the Tevatron. Theproblemwith this solutionis
thatif thebeamdoesnot go throughthecenterof themag-
net andasa result,therewill be feeddown from the sex-



tupole and the dipoleswill have a significantquadrupole
componentin thefield.

Thesolutionto the feeddown problemwasto bendthe
dipoles so that the trajectory of the particles inside the
dipole coincidedwith the centerline of the magnet.This
effort wasonly partiallysuccessfulandit wasfound,when
theTevatronbeganoperations,that,contraryto expectation
the tunes,ratherthanbeingequal,in the verticalandhor-
izontal planesdifferedby 0.4 I+JLKMI+N .[5] (The coupling
wasminimizedbeforemeasuringthetunes.)Theeffectwas
modeledby incorporatingazerolengthpseudo-quadrupole
at eachendof thedipolesin thelattice.

Thispseudoelement,(referredto askbendq in thelattice
descriptions),is dueto thefeeddownof thesextupolein the
dipole.Sincethestrengthof thesextupole,andin particular
the relative strengthsof the end field and the body field
changewith time,thestrengthof thefeeddown quadrupole
will alsochange.Thischangein thefeeddown quadrupole
accountsfor thetunedrift.

EXTRACTION OF THE STRENGTHS OF
THE BODY AND END FIELDS OF THE

DIPOLES.

In additionto the full lengthdipolestherearetwo half
lengthdipolesin theTevatron.Theseshortermagnetshave
thesamedesigngeometryasthefull lengthdipolesexcept
for theirshorterlength, 2.4mvs. the6.2mof thefull length
dipoles. The

� �
at the endsof thesemagnetsis the same

asthe
� �

at endsof the normalmagnets,the lengthof the
bodyis shortersothatthecancellationthatwaspartof the
designof the full lengthmagnetsdoesnot applyhereand
thesemagnetshavea largenegative

���
.

Table1: MeasuredValuesof
� �

Magnet Type Current(A) O�P
TB/TC 660 -4.32
TD 660 -21.56
TB/TC 4000 0.83
TD 4000 -16.20

Wecanusethemeasured
� �

moments(TableI) of thefull
lengthandhalf lengthmagnetsto extract thecontributions
of thebodyfield andtheendfield to the

� �
andthe length

of theendfield. Thestrengthof thefeeddown quadrupole
wasalsousedin thefitting to obtainthesagittaof themag-
net.Theresultsareshown in TableII.

Thesevaluesareconsistentwith themeasurementsmade
at theFermilabMagnetTestFacility.

A SIMPLIFIED MODEL

The quantitykbendq dependson the valuesof the
���

at
theendsandin thebodyof thedipoleandthetrajectoryof
the beamrelative to the centerline of the magnet.These

Table2: Solutionsfor the End andBody Fieldsat 660A
and4000A.

Current
Parameter A Value Units
Len. of end 0.157Q�H 0.005 m���

end 660 -597.95Q)H 5� �
body 660 11.41Q=H 0.4���
end 4000 -583.12QRH 5� �
body 4000 16.38 QSH 0.4

sagitta[6] 234.18QSH 0.11 mills
sagitta 5.9481 mm

quantitliesvary over time andhencethe valueof kbendq
alsovaries.Thetime variationin thestrengthof kbendq is
thecauseof thetunedrift. While thisquantityhasnotbeen
measuredit canbecalculated,asa functionof time, from
measuredtunedrifts.

It is impossibleto reconstructthe actualconditionsin
the Tevatronwhenthe tuneis measured.If the tunedrift
is dueto the variationin the sextupolein the dipolesthen
the tunedrifts T�I+J and T�I+N shouldbe equalandopposite.
Figure1 shows a significantdifferencebetweenthedrifts.
This is mostlikely dueto coupling.To eliminatethiseffect
I take theaverageof themagnitudeof thedrift coefficients
shown in equations(1)and(2). I thencalculatethetunesas
a functionof time. Usingthesetunevaluesin theTevatron
modelwithout couplingto find thevalueof kbendq which
will yield thesetunesasa function of time. The result is
plottedin Fig. 2.

Figure2: CalculatedValueof /emkbendqfrom the Mea-
suredTuneDrifts.

From thesecomputedvaluesof kbendq, andthe values
of

���
asa functionof time thevaluesof thebodyandend

fields canbe computedasa function of time. The results
arefoundin tableIII andplottedin Fig. 3 andFig. 4.

SUMMARY

The discussionpresentedhereprovidesa plausibleex-
planationof both the tune drift observed in the Tevatron
on the 150GeV/cfront porch, as well the reasonfor the
largetunesplit observedin theearlydaysof theTevatron.



While the variationof the
���

(body) ( H ���.U
) and

���
(end)

( H (;*�U
) arelargesoarethetuneshiftsandthechangein

the
���

( H �V��U
) in thenearly100minutesof observation.

Sincethe calculationsare donewith an approximation
to the tunedrift (the couplinghasbeenremovedfrom the
model)thechangesshouldberegardedasapproximations
to theactualbehavior of thesextupolefieldsin theendsand
bodyof theTevatrondipoles.Theactualbehavior should,
however, resemblecloselythecalculationspresentedhere.

Table3: CalculatedValuesof
� � 	 BXW+Y�Z 


and
� � 	9[0\ Y 


asa
Functionof Time

Time OVP O�P
(min) O P kbendq (Body) (End)
0.00 -4.320 2.25987E-05 11.4 -598.
0.67 -4.212 2.27328E-05 11.6 -604.
1.50 -4.104 2.28668E-05 11.9 -610.
3.81 -3.888 2.31348E-05 12.5 -622.
12.72 -3.456 2.36710E-05 13.6 -646.
33.62 -3.024 2.42070E-05 14.6 -671.
82.60 -2.592 2.47432E-05 15.7 -695.
127.94 -2.376 2.50112E-05 16.3 -707.

Figure3: CalculatedValueof
� � 	 � W+Y�Z 


from theMeasured
TuneDrifts.

Figure4: CalculatedValueof
� � 	9]&\ Y 


from theMeasured
TuneDrifts.
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