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TUNE DRIFTSON THE TEVATRON FRONT PORCH*

Norman M. Gelfand, Fermilab, Batavia IL, 60510-0500 U.S.A.

Abstract

It has long been known that the tunes of the Tevatron
drift on the 150GeV front porch. The drift is observed to
have the same time dependence as the drift in the chro-
maticity. The variation in the chromaticity is due to the
changeinthe b, of the superconducting dipoles, which rep-
resents the integrated sextupole moment of the magnet. It
is reasonabl e to assume that the tune drift is due to the feed
down from the changing b». Calculations based on this as-
sumption, both here and in earlier attempts to explain the
tune drift, show, absent unreasonable assumptions about
the closed orhit, that the ssmple models of the variation of
the sextupole moment will not explain the tune drift. An
explanation, for both the tune drift, and the tune split ob-
served when the Tevatron was first operated, is proposed.
The suggestion is based on the longitudinal variation of the
time varying sextupole component of the dipoles and the
fact that the dipoles are not perfect sector magnets.

INTRODUCTION

The time drift of the Tevatron tunes on the front porch at
150GeV is awell known, and well documented phenom-
ena In 2004 an extensive series of measurements were
made of the tunes and chromaticities in the Tevatron at
150GeV [1],[2]. These data show a variation of the tune
(Fig. 1), coupling and chromaticity during the time on the
front porch. The tune data can be fit with the following
eXpressions:

AQp(t) = +0.003543 In((£(s) + 170)/170) (1)

AQ,(t) = —0.004196 In((¢(s) + 170)/170)  (2)

The explanation of the change in the chromaticity was
ascribed to the well known change in the sextupole (b2)
strength of the dipoles. The time dependence of the tune
drift is the same as the dependence of the changein b,. It
is natural to look for the tune drift as in the change in the
sextupole moments in the dipole. The tune shift dueto the
sextupole momentsin the dipoles depends on the displace-
ment of the beam in the dipoles relative to the magnet cen-
ter. The expected tune drifts, dueto the observed drift inthe
value of by, have been calculated the using the measured
closed orbit and the measured values of the a; and b, mul-
tipoles (also shown on Fig. 1). This calculation, as well as
earlier, similar, attempts [3] to explain the tune drift, show
that, absent unreasonable assumptions about the closed or-
bit, the variation of the sextupole moment assigned to the
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Figure 1: Tune Drift as a Function of Time on the 150GeV
Front Porch, Measured and Cal cul ated Values.

dipoles, the value of b, needed to explain the chromaticity,
will not explain the measured tune drifts. The calculated
tune drifts are much smaller than the observed drifts. To
understand the difference between the measured and cal cu-
lated tune drifts we need to understand the characteristics
of the Tevatron dipoles.

CHARACTERISITCSOF TEVATRON
DIPOLES

An extensive discussion of the Tevatron dipoles can be
found in reference [4]. The magnets are of a two layer.
wedgeless cos-theta design inside a cryostat. The cryo-
dtat is inserted into a warm iron yoke. The dipole field is
designated as By. The high order harmonics of the mag-
netic field are described in terms of the multipole coeffi-
cients, b,, for the normal momentsand a,, for the skew mo-
ments. These multipole coefficients are defined relative to
the dipolefield so that at the reference radius of 1 a multi-
pole strength of 1 unit will contribute to the magnetic field
an amount equal to 10 ~* of the dipolefield. At the ends of
the magnet the super-conducting strands are bent to form
the coils. The shape of the coils produces a large sextupole
component of the magnetic field, alarge negative b, local-
ized at the ends of the magnet. This was recognized dur-
ing the design of the magnets and an additional sextupole
component was introduced into the body of the dipole to
compensate for the end sextupole. This design yielded a
value of b, at a current of 4kA of ~21unit, well with the
correction capability of the chromaticity sextupolesin the
Tevatron. The problemwith thissolution isthat if the beam
does not go through the center of the magnet there will
be feed down from the sextupole and and as a result,the
dipoleswill have asignificant quadrupole componentin the
field. The solution to the feed down problem was to bend
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the dipoles so that the tragjectory of the particles inside the
dipole coincided with the center line of the magnet. This
effort was only partialy successful and it was found, when
the Tevatron began operations, that, contrary to expecta-
tion the tunes, rather than being equal, in the vertical and
horizontal planes differed by 0.4 with v, > v, [5]. (The
coupling was minimized before measuring the tunes.) The
effect was modeled by incorporating a zero length pseudo-
quadrupole at each end of the dipoles in the lattice.This
pseudo element, (referred to as kbendq in the lattice de-
scriptions), is due to the feed down of the sextupolein the
dipole. Since the strength of the sextupole, and in particu-
lar the relative strengths of the end field and the body field
change with time, (due to the change in the persistent cur-
rents) the strength of the feed down quadrupole will also
change. Thischangein the feed down quadrupole accounts
for the tune drift.

EXTRACTION OF THE STRENGTHS OF
THE BODY AND END FIELDSOF THE
DIPOLES

We can extract the body and end fields of the dipoles
from the magnetnic measurements because in addition to
the full length dipoles (TB and TC magents of length~
6.2m) there are two half length dipoles (TD magnets with
length, =~ 2.4m) inthe Tevatron. same design geometry as
the full length dipoles. The b, at the ends of these magnets
is the same as the b, at the ends of the normal magnets,
the length of the body is shorter. The cancellation of the
end field and the body field that worked for the full length
magnets does not work here, because of the smaller contri-
bution from the body, and these magnets have a large neg-
ative bo. (The width of the distribution for the measured b,
is given for the full length dipoles in the tunnel.There are
not enough shorter magnets to compute a meaning width.)
We can use the measured b, moments (Table 1) of the full

Table 1: Measured Vaues of b,

Magnet Type | Current(A) b | Width
TB/TC 660 | -4.32 ~

TD 660 | -21.56 -
TB/TC 4000 0.83 ~ 3
TD 4000 | -16.20 -

length and half length magnets to extract the contributions
of the body field and the end field to the b, and the length
of the end field. The strength of the feed down quadrupole
was also used in the fitting to obtain the sagitta of the mag-
net. Theresultsareshownin Tablell. Thesevaluesare con-
sistent with the measurements made at the Fermilab Mag-
net Test Facility.

A SIMPLIFIED MODEL

The quantity kbendg depends on the values of the b at
the ends and in the body of the dipole and the trgjectory of
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Table 2: Solutions for the End and Body Fields at 660A
and 4000A.

Current
Parameter A Value | Units
Len. of end 0.157+ ~ 0.005 m
by end 660 -597.95+ ~ 5
bo body 660 11414+ ~ 0.4
by end 4000 -583.12+ ~5
bs body 4000 16.38+ ~ 0.4
sagitta 6] 23418+ ~ 0.11 | mills
sagitta 5.9481 mm

the beam relative to the center line of the magnet. These
quantitlies vary over time and hence the value of kbendq
also varies. The time variation in the strength of kbendq
is the cause of the tune drift. While this quantity has not
been measured it can be calculated, as a function of time,
from measured tune drifts. It isimpossible to reconstruct
the actual conditions in the Tevatron when the tune was
measured. If the tune drift is due to the variation in the
sextupole in the dipoles then the tune drifts 6v, and év,
should be equal and opposite. Figure 1 shows a significant
difference between the drifts. This is most likely due to
coupling. To eliminate this effect the average of the mag-
nitude of the drift coefficients shown in equations(1) and
(2) is calculated. The tunes as a function of time are then
calculated. With these tune valuesthe model of the Teva-
tron lattice is used to calculate the value of kbendg which
will yield these tunes. The result is the computed value of
kbendg as afunction of time. Theresult isplotted in Fig. 2.
From these computed values of kbendqg, and the measured
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Figure 2: Calculated Value of /emkbendq from the Mea-
sured Tune Drifts.

(from the chromaticity) values of b5 as a function of time,
we can cal culate the val ues of the body and end fields func-
tion of time. The results are found in table 111 and plotted
inFig. 3and Fig. 4.

SUMMARY

The discussion presented here provides a plausible ex-
planation of both the tune drift observed in the Tevatron on
A01 Hadron Colliders
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the 150GeV/c front porch, as well the reason for the large
tune split observed in the early days of the Tevatron. Both
effects are due to the feed down from the sextupole mo-
ments in the dipoles. While the variation of the b.(body)
(=~ 40%) and bs(end) (=~ 17%) are large so are the tune
shifts and the change in the b2(~ 45%) in the nearly two
hours on the front porch. Since the calculations are done
with an approximation to the tune drift (the coupling has
been removed from the model) the changes should be re-
garded as approximations to the behavior of the sextupole
fields in the ends and body of the Tevatron dipoles. The
actual behavior should, however, resemble closely the cal-
culations presented here.

Table 3: Calculated Values of ba(Body) and ba(End) asa
Function of Time

Time bo bo
(min) bs kbendq | (Body) | (End)
0.00 -4.320 | 2.25987E-05 114 | -598.
0.67 -4.212 | 2.27328E-05 116 | -604.
1.50 -4.104 | 2.28668E-05 119 | -610.
381 -3.888 | 2.31348E-05 125 | -622.
12.72 | -3.456 | 2.36710E-05 13.6 | -646.
33.62 | -3.024 | 2.42070E-05 146 | -671.
82.60 | -2.592 | 2.47432E-05 15.7 | -695.
127.94 | -2.376 | 2.50112E-05 16.3 | -707.
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Figure 3: Calculated Value of b2 (body) from the Measured
Tune Drifts.
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Figure 4: Calculated Value of by (end) from the Measured
Tune Drifts.
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