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Abstract similarly strong local coupling sources, but without suc-
cess. The Tevatron is equipped with one large coupling
Correction circuit, and a few individual skew quadrupole
Wrrectors. The strong corrector settings were indicative of

) . much larger problem than a single rolled magnet, but yet
guadrupole magnets is used to correct for coupling an

. . . . e locality of the error was hard to deduce from the setting
though capable, its required strength has increased sin

§fa global correction system.
1983 by more than an order of magnitude. In more recent 9 y

years changes to the Tevatron for colliding beams operati . . .
have altered the skew quadrupole corrector distribution a%ltmng Systematic Steering Correction

strong local coupling become evident, often encumbering In late 2002 regions of the Tevatron were found to con-
routine operation during the present physics run. Detaile@in vertical steering magnets whose average strength was
magnet measurements were performed on each individy@kuired to be non-zero in order to produce a smooth trajec-
magnet during construction, and in early 2003 it was rerory as seen on the Beam Position Monitors. Compared to
alized that measurements could be performed on the magie 0.7urad average horizontal steering corrector strength,
nets in situ which could determine coil movements withirthe vertical correctors had a ring-wide average of about
the iron yoke since the early 1980's. It was discovered6 yrad, and areas of the Tevatron had strengths of 70-
that the superconducting coils had become vertically di®0 urad averaged over distances of 400 m or so. At 1 TeV,
placed relative to their yokes since their construction. Thghe maximum strength of a corrector is a little more than
ensuing systematic skew quadrupole field introduced by00 yrad and so the available correction for general beam
this displacement accounts for the required corrector seiteering was limited in these locations. The interpretation
tings and observed beam behavior. An historical accoupt this effect was that these areas contained magnets which
of the events leading to this discovery and progress towaygere systematically rolled toward the inside of the tunnel.

During the 20 years since it was first commissioned, th
Fermilab Tevatron has developed strong coupling betwe
the two transverse degrees of freedom. A circuit of ske

its remedy are presented. This was verified by magnet roll angle measurements per-
formed in October 2002, and January 2003.
INTRODUCTION The systematic corrections produce a “scalloped” verti-

cal trajectory through the bending regions.[3] Though the
During the start-up of Run Il of the Tevatron Collider distributed beam position monitors might read zero dis-
program, several issues surfaced which were not preseptacements, the beam will actually undergd.5 mm ex-
or not seen as detrimental, during Run |. These includeglirsions through these regions, assuming the magnets are
the repeated deterioration of the closed orbit requiring orolled about the beampipe axis. The fact that they are actu-
bit smoothing every two weeks or so, the inability to correcally rolled about a different axis closer to the floor means
the closed orbit to desired positions due to various correthat the beam trajectory may be closer to 1 mm or more
tors running at maximum limits, regions of systematicallyirom the center of the magnet coil.
strong vertical dipole corrections, and the identification of Since the Tevatron dipoles have a sextupole component,
very strong coupling between the two transverse degrees-systematic vertical offset will feed-down into a coupling
of-freedom. It became apparent that many of the problenigrm between the horizontal and vertical motion. The sex-
being experienced operationally were connected to a detefpole component is also known to vary as the logarithm of
rioration of the main dipole magnet alignment, and remdime due to persistent current effects at low field, hence the
dial actions were undertaken.[1] However, the alignmertoupling would vary with time accordingly. It is thought
alone was not enough to explain the corrector strengths riat this effect explains much of the observed tune drift
quired to handle transverse coupling. behavior during the Tevatron injection process, though it
Strong coupling had been an issue in the Tevatron dus not nearly enough to explain the large skew quadrupole
ing Run I. The start-up of Run Ib was complicated by whagorrector settings.
was later discovered to be a rolled triplet quadrupole mag-
net in one of the Interaction Regions.[2]. This led to a relnjection Experiment

duction in luminosity of nearly 50%, as well as operational The transverse counlina aenerated by orbit feed-down
confusion until it was uncovered. With this history, sev- ping g y

eral studies were performed early in Run Il to search fotlhrough rolled dipole magnets and the estimated coupling
due to observed quadrupole magnet rolls could not ac-

*Work supported by the U.S. Department of Energy under contract N&OUNE fpr the strong correction required of the main skew
DA-AC02-76CH03000. quad circuit early in Run Il. Taken together, these effects
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Figure 1. Data taken in February, 2003, showing horizontal motion coupling fully into the vertical plane in less than 2
turns. One revolution about the Tevatron is about 6283 m; the data are for 5 consecutive turns.

were strong enough to explain a correction of the minimursurements extracted.
difference between the two transverse tunes of amountBy the end of February the data had been analyzed and
Av =~ 0.03. However, the setting required of the mainit was apparent that in those 18 magnets the coil had sys-
skew quadrupole correction circuit to decouple the Tevaematically dropped approximately 0.11 mm relative to the
tron was indicative of a minimum tune difference an oryoke. (See Figure 2.) After a bit of thought it was realized
der of magnitude larger. An experiment was performed[4hat this was probably due to “creep,” slow inelastic defor-
in which protons were injected into the Tevatron with allmation under pressure, in the G11/G10 blocks that support
skew quadrupole correctors turned off. The result, givethe coil within the cryostat. This change is enough to pro-
in Figure 1, shows pure horizontal motion being coupleduce a skew guadrupole component in the field of about
completely into the vertical plane within about 1.5 revolu-1.15 “units.” Indeed, the position had been adjusted during
tions. production to minimize the skew quadrupole.

The fact that the coupling builds up gradually and not at Knowing that betatron coupling was a troubling issue in
a a few localized sources is indicative of a uniformly disthe Tevatron, but not knowing of the active calculations and
tributed source of skew quadrupole fields. The 3-turn pegneasurements, one of the authors (Harding) sent e-mail
riod of the coupling is consistent with a tune split of ordeto the other (Syphers): "If every Tevatron dipole had de-
0.3. It was quickly noted that a systematic skew quadrupole
term,a, = 9(B,/dz)/ By, would account for this behav-
ior, and would need to be of order = 1.5 x 10~%inch™*, Sums and differences of cold lift changes
or 1.5 “units.” [4] 6

7

SEARCH FOR COUPLING SOURCES ’

In January, 2003, as plans were being made to correct .
the rolled Tevatron dipoles, the question arose of ensuringf: s
that the cryostat and coils moved with the warm iron mag- -
net yoke. It was noted that provision had been made dur- .
ing construction of the magnets for monitoring the cryostat !
movement through a measurement known as the “lift” us-
ing a depth gauge. To assess the viability of making these
measurements in the tunnel and the stability of the cryo-
stat over time, technicians measured 18 magnets during a
day in February when the accelerator was down for maint&igure 2: First Cold Lift Measurements. Q1 and Q2 are
nance. The 0rigina| (paper) production records of the ma@i‘ﬁ and rlght measurements; a net sum indicates a vertical
nets were retrieved from off-site storage and the lift meadisplacement; a net difference would indicate a rotated coil.

B(Q2+Q1)2
(Q2-QU)2




veloped with age a skew quadrupole component, how bigccordingly would have been fraught with possibilities for
would it need to be to explain the effects that are currentlgrror. Examination of the production data quickly led us
seen?” When the authors conferred and discovered thatthe conclusion that it was not sufficiently reliable on a
they were taking about numbers that matched quite wellnagnet-by-magnet basis to warrant the effort of individual
they and the others involved agreed to report the resultiseatment. Instead, it was decided to treat all magnets as
and propose further studies. though they had changed by the same amount. A standard
The original calculations from the production era wereshim change was agreed upon.
repeated, affirming the linear relationship between dis-
placement and skew quadrupole error term,= &k -y, REMEDIATIONS AND PRESENT STATUS
where k is 10.6 units/mm. The magnets had been de- ) ) )
signed to allow adjustment of the coil position while the With 774 dipole magnets in the Tevatron, and with 18
magnet was cold by adding and removing shims from theim locations per magnet, it was clear that to fix the
cryostat suspension system. During production this featuREoblem completely would take significant tunnel access
was used as a standard procedure to compensate for faljf?€- Any piece-wise repair of the problem had to be per-
cation tolerances and mechanical differences between tfggmed with the skew quadrupole corrector system always
top and bottom coil. Each of the almost 1000 dipoles (inl? Mind.  Thus, patterns of magnet repairs were chosen
cluding spares) built for the Tevatron was measured col‘ﬁ(h!Ch were conS|ste_nt W|th_the corrector system Iay_out and
and, if necessary, adjusted to remove the skew (and nd¥hich could be carried out in tolerable amounts of time.

mal) quadrupole components and remeasured. The sensitivity of the operation led us to augment
our usual quality assurance procedures with more formal

analyses.[7] The sheer volume of measurements, 18 lift
measurements for each magnet before and after the reshim-
Once the Tevatron dipole magnets were considered [Bing, required extensive apqve gr.ound monitoring in addi-
be the main source of the coupling, further verification%'on.to Fhe teams Of. techmuans |n.t.he tunnel. A_Ithough
I%Q job in the tunnel is tedious, requiring the technicians to

FURTHER CONFIRMATIONS

were performed using beam measurements as well as m

net measurements. It was determined that during Run® awl over the ma_lgnets in tight quarters, a crew of three can
Iomfortably reshim two magnets per day .

skew quadrupoles were removed from the main correct§ .

circuit in the vicinities of the two major detectors. Thus.d In th:elc;‘glldqf 2|003’ during :}he angu.al e:]ccele.rar:(;r sr?ut;j

while the distribution ofi; was essentially uniform around own, . |po.es wer_e reshimmed in the neighborhoo
f the intersection regions. Another 12 magnets were

the ring, its correction was no longer. This led to a residudl hi 4 in March 2004 duri K shutd
vertical dispersion wave which was measured and correc shimmed in Marc + unng a one-weex s ut own.
ith the worth of the project demonstrated through im-

interpreted, verifying our understanding.[4
P fying g-14] roved accelerator performance, the fall 2004 shutdown

The lifts of an additional sample of 66 magnets wer® :
measured in the tunnel during a subsequent short mainfi & concentrated effort to reshim 412 more magnets. We

nance period, confirming the original distribution. Similaf?'a" to reshim the remaining 244 magnets during the next

changes in the coil position were measured in spare dipolgéajor shutdown, currently planned for the late fall of 2005.

that had not been in service. Several spare dipoles were
magnetically measured [5], confirming that the long term
change in lift was reflected in the expected change in skew REFERENCES
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