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Abstract

TheUS-LHC Magnet Database is designed forproduction-
magnet quality assurance, field and alignment error impact
analysis cryostat assembly assistan% and ring installa-
tion assistance. The database consists of tables designed to
store magnet field and alignment measurements data and
quench data. ‘lEis information will also be essential for fu-
ture machine operations including heal II? corrections.

1 INTRODUCTION
l%eUS part of the Large Hadron ColIider (US-LHC) ac-
celerator program is responsible for manufaeturirtg super-
conducting magnets for the Inserdon Region (IR) inner
triplet and RF Region dipoles. Dipoles built at Brookhaven
National Laboratory, quadruples built at Fermi Lab and
Japan’s KEK and correctors built in Europe will be mea-
sured and assembled in cryostats in the US and then
shipped to CERN for installation. In a muhi-labomtory
collaboration like this it is necessq tounify the mea-
summent and application conventions, and to establish a
database StrUCtUfe COlllIIIOIdJ’ accq)td by CERN and Other
collaborating Iabomtories. The US-LHC Magnet Database
[1] is des@ed for produetion-ruagnet quality assurance,
field and alignment error impact analysisj cryostat assem-
bly assistan% ring installation assistance. The database
consists of tabks designed to store magnet field and align-
ment measurements data and quench data. This informa-
tion will also be essential for future machine operations in-
cluding local IR comections.

The design of US-LHC Magnet Database is based on
the existing shueture used for the Relativistic Heavy Ion
Collider (RHIC). Analysis and monitoring software for
field quality [2] and aIignment quality [3] have also been
adapted for US-LHC magnet use.

2 DATABASE FUNCTIONS AND
DATAFLOW

Fig. 1 shows the fimction of Magnet Database during the
production stag% at installation and after operation. After
individual magnet elements (coldmasses) are constructed
and measti quench &@ field quality data (integral
transfer functiom center offset and field angle relative to
mechanical fidueials, field harmonics, etc.) and alignment
data (fiducial Positiou magnetic center, etc.) are collected.
After processing (analyzing measurement conditions and
statisti~ correcting calibration and other systematic er-
rors, etc.), a minimum set of tqwesentative data is trans-
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Figure 1: Datafiow for US-LHC magnet field and align-
ment qualhy analysis.
fered to the US-LHC Magnet DatAase. Based on these
stored &@ computer tracking and simulation is performed
to assess the impact of errors; statistkal and trend analysis
is performed to monitor field quality and to assist in mag-
net coldmass acceptance information of magnetic center
and field angle can be used for alignment sorting [4] be-
fore cryostat assemblfi and mukipoles with signs defined
according to the convention are used for futute machine
operation including IR cmection [5J.

During cryostat assembly, survey and alignment data are
extracted and stored in the databme. Sufficient information
is contained to provide the center and field angle of the
assembly relative to the cryostat fiduckds. Along with the
completed assembly, this information will be delivered to
CERN to assist in ring installation.

3 MEASUREMENT AND ANALYSIS
CONVENTIONS

3.1 Measurement Convention
Conventions are established among BNL, CERN and
FNAL detining the reference measurement coordinates.
Magnetic muhipoles are defined in the reference system
[6, 7] illustrated in Fig. 2. The description is 2dimensional



Table 3:Expected field errors of KEK low-@’ quadruple
at collision (version 2.0. ILe # = 17 mmk

n Normal Skew
(bn) d(bn) u(bfi) (an) cf(an) u(an)

body [unit]
3
4
5
6
7
8
9
10
LE
2
6
10

0.51
0.29
0.19

0.5
0.05
0.02
0.01

0.25 0.03
[unit-m]

2.28 -
-0.17 -

1.0 -
0.57 -
0.38 -
0.19 -
0.06 -
0.03 -
0.01 -
0.01 -

(length=O.45 m)
13.4
0.07

- 4).02

0.51
0.29
0.19
0.10
0.05
0.02
0.01
0.01

—

1.0
0.57
0.38
0.19
0.06
0.03
0.01
0.01

2 DA TRACKING ANALYSIS

Theleadiig mors of the IR quadruples are the systematic
& and blO,which are allowed by thequadrupole symmetry.
We assess the etlect of magnetic ernxs by the tune spread
of particles with Stnplitll& of up to 6 times the transverse
rms beam Sk? (6u=J, and by the DA det=mid by 6D
TEARYf’ [3] tracking after either IF or 105 w aver-
aged over 10 random sets of magnetic errors at 5 emittance
ratios c=/cy. Tracked particles have 2.5 times therms mo
mentum deviation (2.5uP) [2]. Uncertainties in the mean
are set at their Ml amount with either plus or minus sign.

The tune spread due to mukipole emrs scalea as (2C+

P.V~=y)ni2/f=Y, wh~ Z. is the CIO@ orbit P*Ytie lti-
tice @inwtion and Czuthe emittance. The 610ea’rorof the
KEK magnets alone produces a tune spread of 0.61 x 10-3
at 6U=Ythereby reducing the DA by 2U=V(’E& 4).

A possibility for reducing the impact of the KEK ge-
ometric ?qo could be to adopt a “mixed” triplet scheme
where Q1 and Q3 are KEK quadruples and Q2 FNAL
quadruples. This arrangement would lead to a 3W0 re-

duction of the tune spre@ and an 18% incmaseofthe D~
as shown in T*. 4.

The mixed arrangement increases the possibility for
magnet sorting [4, 5] and helps randomizing the uncer-
tainty. It may also reduce the number of needed spare mag-
nets and simplifies the engineming process. Howevex,com-
bining quadruples of different transfer functions implies a
more complicated powering scheme. While a common bus
is still possible, retaining the natural mnpenmdon of rip
ple in a &ipI@ dynamic behaviour at injection mkted to
snap back and eddy-current effects need to be verified [a.

ktito=~te’thebG _we=~ethtt FN~
magnets are placed at IPl and 5 and gradually &crease
the tottd bfj to 30% of it3 ori@d ti~ ~tig a posi-
tive d(b6). Tab. 4 shows a steady increase of the DA tlom
9.3U=Yto 12.1a=y.

The orientation of the quadruples was chosen to mini-
mize the lead end boimpact [2]. With the mixed quadruple

Table 4 Comparison of DA for various triplet arrange-
ments ( l@-turn DA in units of a=v with lUZYstep size).

DA mean DA rms DA min
FNAL IP5, 8; IUZK PI, 2

8.5 1.4 7
without blo 10.3 1.5 7
FFh4L aa QZ KIEKas Ql, Q3 (miXed):

10.0 1.5 8
reversed Q3 LE 9.6 2.0 6
FNAL XPl, 5; KEK IF2, 8

9.3 2.1 6
80% b6 9.9 2.0 6
50% btj 11.0 1.8 8
3~o b6 12.1 1.7 9

scheme, the minimization is less effective however. In or-
der to reduce the number of electric buses through Q3, it
was further suggested to reverse the orientation of Q3. This
leads to a reduction of the average DA of 0.4 si~ and to
an b~ Of bGCO1=W StIRI@L A3 the random b6 is
Iargq this effect could be alleviated by sorting. [4, 5]

3 XRCOMPENSATION SCHEMES
3.1 Two-Element Correction Principle
The errorcompensation is based on the minimhdon of
action-angle kicks [2]1produced by each muftipole emor b.
(or a.) over a pair of inner triplets. Using two correction
elements uf each multipole order G (either an or bn ), we
mirhize the sum

/
dfC.Bocn + (–)”

/
dlC.Bocn, Z = Z,y (1)

takin~ advantage of the neg&ible betatron phase advance
within each triplet and Dl, and approximate the phase ad-
vance between the triplets by 18W. The integral is over
the entire left-hand-side (L) or right-band-side (R) MQX
triplet and D1. In dipoles B. is simply the main field in
quadrupolea it is the field at the reference radius &.j. In
generaL the weights C. in Eq. 1 are chosen according to
the muhipoles w

even bn odd bn even an odd an

G #2
I

@’-1)i2 A?2 $$’’-12P;1212
c py @12$jL12 pyzp$’-’~iz #

The compensation is equally effective for both intemecdng
beanm since the optics of the interaction region is anti-
symmetric. However, it does not take into account the
closeckrbit deviatiou due to the crossing angle, and the
fact that the crossing planes are respectively vertical and
horizontal in the two high luminosity interaction points. On
the other hand the effect of this closed ortit feeddown is
partially compensated by the feeddown from the correctors.

3.2 Correction Scheme Comparison
‘f%ereare three corrector packages (MCX1, MCX2,
MCX3) in each triple~ Fig. 1. Each MCX1 and MCX3
contains two dipole layers, and each MCX2 contains



Tale 5: Compariaonoflocal IR comctor effeetiveneaa a3-
sumingthat XRquadrupoleerror33re measured toa59iorrns

~. ~ DA is @v~ in tits of u=~. m physi~
-of60m~m*14=g.

DAmean DArma DAmin
UNMIXED
no correction 8.5 1.4 7
scheme 1 11.8 2.4 8
seherne2 12.1 2.2 9
3cheme3 15.4 1.8 12
*4 15.9 1.7 13

noCorredion 10.0
scheme 1 12.8
*2 13.2
scheme3 16.1
scheme 4 17.6

MIXED
5 8
.1 10
3 11
.8 13
,6 14

=- k b3, 34, b5, &3, a3, a4, @

seherne k b3, b4, b5, b6, a3, a4, as, a6
SCheme3: b3, b4, b5, b6, blo, as, a4, afj
SCht!me4: b3, b4, b5, bs, blo, a3, q, a5, as

a skew quadtupole layer. A straightforward ttppmach
(scheme 1) iatohave3 additiomdlayeraof mndinmrakew
lllldtipob (as, a~, as) f~ M= d tWO titbltd kly-

ersofndinear mtdtipoles for MCX1 and MCX3. These
Iayem could be a combinadon of any of b3, b4, 65 and b6
layera. For each mukipol~ two eormction elemea@ io-
eatedsymmetriGdly at both3ide30ftbeJP, can deactivated
tomkdmizethe kickinboth thezandydimctiona (corn-
W4.1). Duetothelattice symmetry botltbeamsare

sche4ne 1 incmmea the DAby38%inthe unmixed and
28%inthemixed case. Wlthanadditional ascorrdor
(scheme 2) the “npvement is 42% and 32% respectively.

Af@=~t~~fiev~-ablO~-
tor, a33hown inlhb.5and Fig.2. Wealaoinveatigated
the effect of misalignment of the emector layers. With an
rmsmi3alignrneltt ofo.5mm inthehoriZ@@ and Vertictd
planea we find no degmdadon of the DA.

The mquinxistrengthof the mukipole~ lltb. 6,

Table 6 Needed and available eomctor StIength

Order Available Needed strength
strength (mean + SD) (mean+ 6 SD)

m- m !?’l”
b3 0.100 0.0023*0.(M)27 0.018
b4
b5
b6
blo
as
aq
a!j
a5

IM66
0.037
0.020

0.0030
0.155
0,0s6
0.020
0.044

0.0057+OJM43
0.0015+0.0018
0.0075+0.0016
0.001 MO.m

0.012+0.009
0.014*0.(M38

0.0021+0.CN)16
o.o14+o.tM8

0.032
ao12
0.017

0.0023
0.066
0.062
0.o12
0.062

Figure2 Effect of IR multipole correcdon on the covered
tune space. (a) shows the uncomcted machine and (b) the
cmected machine with scheme 4.

can be provided by 50 cm long spool pieces wound using
the LHC sextupole corrector wire and operating at Iess than
5Homarginat600A [~. At~theIRcorrectora arealao
designed to reduce the effect of the D1 errors during low-
~ heavy ion operations [1].

3.3 Short versus long term tracking
F@y we reamihned [2] the difference between the DA
ddmmindafter losandlos turns fortwosekctedcase%
anwmrmtedmachine andacometed maehine. Thedif-
fetenee (’kb. 7) is 0.7c7=Yor 7% for the mmrmted ~
and o.9u=g or 5% for the comcted case.

Thble 7 Comparison of 1,000-turn and 100,000-turn DA.

DAmean DArms DAmin
no cmeetion (I(Y) 10.0 1.5 8
no CoHection(105) 9.3 1.4 7
scheme 4 (1(F) 17.6 1.6 14
scheme 4(105) 16.7 1.5 13
target (1(F) 12 – 10

4 SUMMARY
Localnonlinear IR corrwto~ up to multipole order 6,
ampmpoaed formpmatmg “ the IR quadruple errors.
‘llteae ameetom cm improve the DA by2-3aSg.Mixing
magnetsof different origin can help reaeh the target DA as
its improvement is about 1.5u=Y.‘fltia would be equivalent
to a reduetion of the systematic blo and uncertainty of b6
errors ofabout5W0. Further benefit of mixing could be ex-

e -h d-g tieUncemintiesandbroader

sektionof the magneta.
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