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FOREWORD

The Workshop on LHC Interaction Region Correction
Systems was held at Brookhaven National Laboratory, Up-
ton, New York, on 6 and 7 May 1999. It was attended by
25 participants from 5 institutions.

The performance of the Large Hadron Collider (LHC) at
collision energy is limited by the field quality of the inter-
action region quadrupoles and dipoles. In three sessions the
workshop addressed the field quality of the these magnets,
reviewed the principles and efficiency of global and local
correction schemes and finalized a corrector layout.

The session on Field Quality Issues, chaired by J. Strait
(FNAL), discussed the progress made by KEK and FNAL
in achieving the best possible field quality in the interaction
region quadrupoles. Results of simulation studies were pre-
sented that assess the effects of magnetic field errors with
simulation studies. Attention was given to the uncertainties
in predicting and measuring field errors.

The session on Global Correction, chaired by
J.-P. Koutchouk (CERN), considered methods of reducing

the nonlinear detuning or resonance driving terms in the
accelerator one-turn map by either sorting or correcting.
The session also discussed the crossing angle dependence
of the dynamic aperture and operational experience from
LEP.

The session on Local Correction, chaired by T. Taylor
(CERN), discussed the location, strength and effectiveness
of multipole correctors in the interaction regions for both
proton and heavy ion operation. Discussions were based
on technical feasibility considerations and dynamic aper-
ture requirements. The work on linear corrections in the
interaction regions was reviewed.

‘We thank all participants for their contributions to the
success of the workshop. We are grateful to Pam Man-
ning, Rhianna Bianco and Waldo MacKay for their support
in organizing the workshop and in preparing the proceed-
ings. We hope that these proceedings are a useful reference
for interaction region correction systems in general and the
LHC’s in particular.

W. Fischer and J. Wei
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1 WORKSHOP SUMMARY

J. WEI, BNL

During the two-day workshop, representatives from
CERN, FNAL, KEX, BNL, and other institutions and uni-
versities met and discussed issues relevant to LHC interac-
tion region correction schemes and plans. In this Section,
we summarize the proposed IR corrector layout and correc-
tion plan. In Sections 2, 3, and 4, summaries of the three
individual sessions, Field quality, Global correction, and
Local correction, are given by the corresponding session
chairmen.

1.1 Proposed IR corrector layout and plan

towards the IP
Dt
Q1 Q2A C1 Q2B (2 Q3 c3
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Figure 1: Schematic layout of the proposed LHC inner

trinlat racinn corractinon nackaocac
HIp:e région CoIrecliln packagos.

The proposed layout and content for the interaction region

corrector packages is shown in Fig. 1.

1. The corrector layout for all the 8 inner triplets of the
4 interaction region are identical. This allows con-
structional and operational standardization as well as
sorting.

2. Correctors at IP2 are mainly useful during the heavy
ion operation when ihe 5* at IP2 is low. Correctors
at IP2 and IP8 may also be used for global correction.

Initially, one may choose not to power IP§ correctors
until needed.

3. Each inner triplet contains 3 corrector packages: pack-
age Cl1 located between Q2A and Q2B contains five
elements: by, a1, ba, bs, and as; package C2 located
between Q2B and Q3 contains four elements: az, as,
a4, and as; package C3 located between Q3 and D1
contains four elements: b1, a1, b3, and bg.

4. The strengths designed for each correction element is
given in Table 1. Tentatively, the strengths for n > 2

AMAADIEGC
(54

multipoles are set here at twice the maximum strength

used to ]nr\a"v nnmpeﬂsate the lunnped mult;p"“‘ er-

rors of IR inner triplet quadrupoles built by FNAL
(reference table version 2.0) and KEK (reference ta-
ble version 3.0), cold D1 built by BNL (reference ta-
ble version 1.0), and warm D1 (reference table ver-

sion 1.0). (It was decided that these strength should be

moderately chosen to maximize their effectiveness.)

Yy LRUSC

5. The strength for n = 1, 2 elements are chosen to be as
much as practically achievable.

6. Dne to the strong b correction needed, more snace is

SN HAQlls vg LIl L2, 12020 Spal

reserved for its coil winding. Therefore, the package
C3 that contains the bg correction element has only

onbtideaa]

two nonlinear (n > 2) layers, while both C1 and C2
have three nonlinear layers.

7. The design strength will be finalized by the end of year
1999 after further measurements are made on the IR
magnet prototypes and after further feasibility studies
are performed on the corrector spool piece design.

Table 1: Proposed IR corrector package contents and

giranath Tha ad ~ tha oth aAf tha
auousuz L1 ouvusux is IIII,GBLGLUU over uic 19115141 U.l. uic

correction element normalized at the reference radius of

17mm. Each inner IR triplet contains one of

contains one of each type of

correction element. The magnetic length of each element
ic 0.5m

15 Vediid.

n b, strength @, strength unit
1 3.0 3.0 1]
2 - 0.51 [T]
3 0.029 0.068 [T]
4 0.027 0.068 [T]
5 0.012 0.012 [T}
6 0.025 0.010 [T]

1.2 Other issues

Consensus is reached on other issues at the workshop per-
taining to IR compensation and-operation:

1. Updated error tables for IR inner triplet quadrupoles
and warm D1 dipoles are needed before the end of
September 1999 for the final determination of the IR
corrector strength.

2. During the LHC operation, a “threshold” (e.g. 10% of
the maximum strength) may be set for the powering
of IR correctors below which correctors will not be
activated.
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3. The orientation of the IR inner triplet quadrupoles and
cold D1 is shown in Fig. 1. This arrangement reduces
the requirements on the IR cormrector power supply
strengths.

4. Magnetic tuning shims are not planned to be used for
any LHC IR magnets due to mechanical difficulties
and uncertainty in magnetic multipole errors.

5. In general, sorting on IR magnets, correctors, and as-
semblies is encouraged during all stages of the con-
struction to optimize the performance and to mini-
mize the corrector power supply requirements. The
decision on the IR corrector layout, however, is made
independent of sorting consideration, since sorting is
often constraint by real world issues like planning, as-
sembly and installation schedules.

6. Options for global correction will be evaluated in the
future to determine the corrector candidates and their
locations, preferably in regions where the counter-
rotating beams are separated.

7. Impacts from magnetic errors of multipole order
higher than n = 10 appear to influence the dynamic
aperture when the betatron amplitude is larger than
10c in the presence of the design crossing angle. In
practical operation, however, these higher order 1m-
pacts are likely to be negligible due to their strong am-
plitude dependence, when the actual dynamic aperture
is below 100.

8. Alignment of IR magnet cold masses and assemblies
is crucial to the collision performance. Reference mis-
alignment tables will be established for the IR mag-
nets and correctors.

2 SUMMARY OF FIELD
QUALITY SESSION
J. STRAIT, FNAL

This session reviewed the expected field quality of the Fer-
milab and KEK IR quadrupoles and calculations of the im-
pact of the field errors on the LHC performance. Data from
the existing model magnets were presented and the rela-
tion between them and the reference harmonics tables were
discussed. A number of recommendations were developed
concerning which harmonics are the most dangerous and
how the current versions of the reference harmonics tables
could be improved.

2.1 Questions for the workshop

A number of questions were posed to the workshop, which
are listed below, together with the answers developed dur-
ing the discussions.

1. What is the optimal choice of corrector layers? This
is addressed in Jie Wei’s summary presentation.

2. Are corrector positions optimal? The corrector po-
sitions will remain as in the original layout: MCBX
between Q2a and Q2b, MCQS between Q2b and Q3,
and MCBX between Q3 and D1.

3. What should be the lead end orientation for Q3? The
lead end should remain facing the IP.

4. Can MCBX.Q3 contain only a horizontal dipole?
Both horizontal and vertical layers should be included

in this magnet.

a1 EAAS 2IG

5. Should the same correctors be used in IR2 and IR8
as in IR1 and IR5? The same correctors should be
installed in all locations and leads for all should be
brought through the DFBX, but it is left as an option
that some layers might not be powered at the low lu-
minosity IRs.

6. The corrector strength should be set to cover the sys-
tematic errors plus how many sigma? This will be
discussed in Jie Wei’s summary presentation.

7. Do we need a reference misalignment table? This ta-
ble should be developed in the coming months.

8. Can FNAL eliminate tuning shims? Yes.

2.2 Error contribution in order of importance

Tracking and other beam studies indicate that the errors
contributing to machine performance, in order of impor-
tance, are

1. byp if it is above about 0.06 units.

2. Random bg, which is currently 0.6 units in both FNAL
and KEK quadrupoles.

3. Multipoles of order 3 and 4 in both lab’s magnets.

4. Lead end bs in both lab’s magnets.

2.3 Reference error tables

Continued discussion is required to ensure that there is a
common understanding concerning the use and meaning of
the reference harmonics tables. At least two types of mean-
ing are attached to the values in the tables:

1. They are statistical estimates of the errors expected for
the magnets to be installed in LHC. This is the usage
assumed by those doing tracking studies.

2. They are specifications for magnet manufacturers,
with the sum of systematic plus uncertainty plus rms
errors taken essentially to be limits. The table entries
are treated this way by some magnet builder.

The lack of common understanding results in the tables
being perceived as “pessimistic” by the accelerator physi-
cists on the one hand and as justifiably “conservative” by
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Table 2: Measured harmonics for FNAL models compared with the reference table.

Field Measured field harmonics reference table V2.0

harmonic | HGQO1 HGQ02 HGQ03 HGQO5 | mean rms | uncertainty random
b3 0.36 -0.70 1.04 072 036 0.76 0.30 0.80
as 0.27 0.55 -0.30 0.12 | 0.16 0.36 0.30 0.80
by 0.26 0.18 0.14 -] 015 0.11 0.20 0.80
aq 0.73 -0.41 0.32 0.19 | 021 047 0.20 0.80
bs -0.29 0.09 -0.34 -0.04 | -0.15 0.20 0.20 0.30
as 0.02 -0.17 0.26 005 004 0.18 0.20 0.30
be 0.33 1.32 0.37 -022 | 045 0.64 0.60 0.60
as -0.02 0.03 0.07 -0.03 | 0.01 0.05 0.05 0.10
b7 -0.08 -0.01 -0.06 0.01 | -0.04 0.04 0.05 0.06
ay -0.05 - -0.03 001} -0.02 0.03 0.04 0.06
b 0.06 0.01 - -1 002 003 0.03 0.05
as - 0.02 0.03 -1 001 0.02 0.03 0.04
bo 0.04 - - -1 001 0.02 0.02 0.03
ag 0.01 -0.01 0.01 - - 0.01 0.02 0.02
bio 0.04 -0.01 - -1 001 0.02 0.02 0.03
aio 0.02 - -0.01 - - 0.01 0.02 0.03

magnet builders on the other. The definition of the uncer-
tainty d(b,) does not always appear to be clear. It must be
remembered that this is not the same as the mean of the dis-
tribution of a finite number of magnets. It is clear that care
must be used in treating the statistics of small numbers of
magnets.

There was some discussion as to how data from the mod-
els and prototypes should be used to revise the tables. How
closely should the error table follow from the mean and
rms over the models? Should the table be based on all the
model data, corrected for known manufacturing deviations,
or just on the most recent models? Should the table be re-
vised each time a new model is measured? Should the data
be used to set table values directly, or only to adjust the ta-
ble when the table is inconsistent with the data by a statisti-
cally significant amount? Should the data be treated as the
best estimate of the field quality of production magnets, or
just to set bounds (for example at a 90% confidence level)
on the reference table values? No consensus conclusions
were drawn.

2.4 Field quality of FNAL quadrupoles

The Fermilab reference harmonics table appears conserva-
tive relative to the data. Tab. 2 compares the measured
harmonics for the first 4 models, corrected for the non-
standard pole shims used in the first three models, with the
reference table. The comparison reveals:

1. The measured rms < random (b,/a,) for all b,, a,
except bz and bg, for which the measured rms is ap-
proximately the random error in the table. Were the
reference table arealistic estimate of the expected rms
for a production series, perhaps one-third of the mea-
sured values would be larger than the entries in the
reference table.

2. The measured rms < random (b,./a,) for as, bs, aa,
by 2-3 times the estimated uncertainty in the measured
rms. These are among the most important harmonics
noted in Sec. 2.2 above.

3. The measured (b,,) and (a,,) are all consistent with 0
except (b4) = 0.1530.05. This apparently systematic
value of by may be small enough to be unimportant,
but should be understood by the magnet builders.

It should be noted that this good field quality has been
achieved without using the tuning shims.

2.5 Field quality of KEK quadrupoles

The draft KEK reference harmonics table V3.0 (Tab. 3) is
explicitly conservative at this point. This conservatism is
driven by the fact that the body and end designs have been
recently changed, but no models of the new design have
been built yet. Notable features of the table include:

1. b3 4/a3 4 values are larger than in the FNAL table.
2. d(b1o), o(b1o) are together larger than the 0.06 “limit.”

3. The two-piece stressed yoke can generate a system-
atic b4 of approximately 0.7 units according to calcu-
lations, but this is not observed in the first two models.

4. Systematic differences exist in the first two models be-
tween measurement and calculation for the allowed
harmonics: Abs &2 —1.0 unit and Ab;g &~ —0.1 unit.
If the cause of this can be understood, then d(bs) and
d(b10) can be reduced.

5. High order entries (except for b1o) are essentially the
same as in the FNAL table.
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Table 3: KEK reference harmonics table V3.0 (draft), body
multipoles in units of 107%, Ry.; = 17 mm).

n Normal Skew

(bn) d(bn) o(bn) (an) d(an) ofan)
3 - 050 1.00 - 0.50 1.00
4 - 070 0.80 - 030 0.80
5 - 020 0.40 - 020 040
6 0.1 0.50 0.60 - 0.10 0.20
7 - 005 0.06 - 0.04 0.06
8 - 003 0.05 - 0.02 0.04
9 - 002 0.03 - 0.02 0.02
10 - 0.10 0.05 - 0.02 003

2.6 Highest order harmonics in tables

Currently the error tables include harmonics up to b;0 and
a1, but this may not be a high enough order. If b, is im-
portant, why not b4, bys, ...? Calculations done by Norm
Gelfand, using the d(b;4) error from the original FNAL
table which included harmonics up to order 14, are said
to show a limit on the dynamic aperture of 11-12¢ from
this harmonic alone. The estimated accuracy of harmonics
measurements ranges from < 1% for n < 3 to (conserva-
tively) < 6% for n < 15, supporting the inclusion of higher
order harmonics. Thus both FNAL and KEK need to es-
timate the higher order harmonics, especially the allowed
moments which have the possibility to be more significant,
and the effect of these on the beam needs to be evaluated.

2.7 Reproducibility of harmonic errors

The limit on the accuracy of the field quality and of the
ability to correct the measured field errors may be set by the
reproducibility of the field in an individual magnet. FNAL
has seen changes in the transfer function and harmonics
with thermal cycles (see Sec. 2.4), but has not yet looked
for changes with quenching. KEK has observed changes
at low field with quenching, but has not presented data on
changes with thermal cycles. It remains to be verified that
the field errors settle (“train™) to constant values after a tol-
erable number of cycles. The source of the larger varia-
tions should be understood in order to try to minimize the
changes.

2.8 Summary, conclusions and recommenda-
tions

1. The new KEK design eliminates the b;¢ problem, but
the current values of d(b1o) and o (byo) in the draft
V3.0 reference table are conservative at a level that
may affect machine performance.

2. Both FNAL and KEK tables appear to have built in
margin. That is, it seems likely that the production
magnets will have better field quality than that implied
by the tables.

3. We need to continue to develop a better common un-
derstanding of how to use tables and of the definitions
of error types: statistical estimates vs. specifications
and limits.

4. Both FNAL and KEK need to review their tables by

Tha ¢tahl oAy 1
The tables should be the best estimates

semtaraleac

SCP[CIHUCI.
of the distribution of errors in production series. If
margin is included in table, this should be explicitly
acknowledged along with the magnitude of the mar-

gin‘ The tables may need to account for r'.haqggs with
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thermal cycle or quench. Higher order harmonics, es-
pecially the allowed moments, should be examined
and included if they are important (10~* at /20 mm).
Both error tables should be entered into the CERN
database used by the Field Component & Machine
Performance Working Group, chaired by L. Walck-
iers.

5. The reference harmonics table for the Novosibirsk-
built D1 dipoles needs to be updated.

6. The effect on the beam of time dependent field varia-
tions at injection should be evaluated.

7. Variation of the transfer function with thermatl cycles
must be understood, in particular to reduce the effect
and to ensure that it “trains” to a stable value after a
finite number of cycles.

8. Despite the conservatism, the existing tables seem to
be good enough to be correctable with a reasonable
set of correction coils. On this basis, FNAL plans not
to use tuning shims. KEK has no provision for tuning
shims.

9. A reference misalignment table should be developed
jointly by the magnet builders and the accelerator

physics group.

3 SUMMARY OF GLOBAL
CORRECTION SESSION
J.-P. KOUTCHOUK, CERN

This session reviewed the means to minimize or suppress
the requirement to locally correct the triplet multipoles.
They are based on minimizing a measure of the non-
linearity by sorting or correcting. This approach is con-
fronted to the constraints of the real-world, such as those
encountered in the RHIC construction. In this session the
LEP experience was reviewed and the latest calculations on
the beam-beam effect in LHC were presented as well.

3.1 Sorting

The sorting of the quadrupoles, including the effect on the
two LHC rings, was shown by J. Shi to be definitely ef-
fective in terms of dynamic aperture, assuming the official
error tables 2.0. I.P. Koutchouk pointed out the large ran-
doms in this tables, which explain the success of sorting,

4
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but do not seem to be observed on the FNAL quadrupole
models measured so far, S. Peggs analyzed how the sort-
ing was conducted for RHIC. It appears that for all kinds
of magnets, the sorting was used to fix more ‘fundamental’
quantities than the higher-order multipoles. It was further
constrained by real world issues like planning and capabil-
ity of measuring all magnets cold.

The consensus is that sorting should be kept to fix
‘pathologies’, i.e. unexpected problems rather than pre-
dictable dispersion of characteristics. If this turns out not
to be necessary and if the random multipole errors turn out
to be as expected in table 2.0, sorting for dynamic aperture
remains attractive and should be feasible if planned (mag-
net storage, ...). Indeed, if sorting can prevent using the
multipole correctors, operation will gain in simplicity and
efficiency.

3.2 Global correction

These methods require making several hypotheses:
o What are the most important non-linearities?
o What shouid be the ‘measure’ for the non-linearity?
o What should be the layout of the correctors?

J. Shi chose to minimize a norm of the one-turn map co-
efficients order by order. T. Sen rather minimized excita-
tions terms of 37¢ order resonances evaluated at the dy-
namic aperture. The corrector layout obeys no special rule
in the first case while the sextupoles in the triplets were
used in the second case. The map minimization appears ef-
fective and the very first results of the second method show
some improvement in spite of an unfavorable sextupole ar-
rangement.

It is not proposed to replace the local correctors by
a global correction scheme. The unknowns are still too
many: robustness versus optics errors, efficiency in case
of an optics change between the non-linear source and the
correctors or a tune change, effect of the global minimiza-
tion of the non-linearity on the beam lifetime.

The advantage of the global scheme is its generality
which allows to act even if the exact source is unknown
by means of a small number of non-linear ‘knobs’. The
consensus is to encourage an evaluation of what non-linear
knobs could be implemented with the available LHC non-
linear correctors and to identify which one would be worth
adding.

3.3 Crossing angle

The latest results obtained by T. Sen show that the dynamic
aperture due to the beam-beam only is limited at 8.50 for
the nominal crossing angle. The latter appears to be the
very minimum for a decent dynamic aperture. Increasing it
to =175 prad gives a very significant decrease of amplitude
growth in 4D tracking, especially in the range from 8 to
11o.

The field quality requirements on the quadrupoles should
not be relaxed, since the crossing angle cannot be de-
creased, and in fact may likely to be increased in the future.

3.4 LEP experience

Although the electron beam dynamics in LEP is very dif-
ferent, the review of the LEP experience shows the impor-
tance of a good and versatile instrumentation, and the re-
quirement to take into account the complexity of operation
and machine studies (13000 vertical orbit corrections in
one year!). The beam based alignment using K-modulation
turned out to be very useful and allowed the detection of PU
misalignments far above expectations (up to 2 mm).

4 SUMMARY OF LOCAL
CORRECTION SESSION
T TAYLOR, CERN

The desired correction strengths of the local correction
windings appear to be well within the range which can
be obtained using the CERN techniques for making spoo}
pieces. The distribution of the seven windings, with two
windings in the dipoles and three in the skew quadrupole,
is also acceptable. Using the baseline values, a check of the
true engineering feasibility of the windings will be made at
CERN.

The baseline strengths include a safety factor of at least
two. If the multipoles come out to be much weaker than
presently estimated, this could lead to having windingsrun-
ning at a very small fraction of their maximum value, which
is operationally undesirable. It was suggested that the level
below which a multipole would be considered to be accept-
able without correction should be determined, and that this
information should also be taken into account in the final
determination of spool corrector strengths.

The final design of the spool pieces will be made after
the next update of the expected multipole errors in the mag-
nets, which is targeted for next September.
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Overview of LHC Low-f Triplets and Correction
Scheme Issues

R. Ostojic
CERN, Division LHC, Geneva, Switzerland

1. Introduction

The LHC experimental insertions consist of a low- triplet, a pair of separation dipoles, and
a matching section of four quadrupoles. The superconducting low-B quadrupoles must
accommodate separated beams at injection, provide high field gradients and low multipole errors
for colliding beams, and sustain considerable heat load from secondary particles generated in the
high luminosity ATLAS and CMS experiments. In the other two experiments, ALICE and LHC-b,
the separation dipoles and matching sections share the available space with the injection
equipment, which implies less flexibility for beam separation. In this report we give an overview of
the layout and required performance of the LHC experimental insertions, and discuss issues related
to the triplet correction scheme that should be discussed during this Workshop.

2. LHC Experimental Insertions

The layout of the Large Hadron Collider comprises eight straight sections available for
experiments and major machine systems [1]. The two high luminosity p-p experiments, ATLAS
and CMS, are located on the symmetry axis of the machine, at interaction points 1 and 5. The other
two experiments, ALICE and LHC-b, are at points 2 and 8, where the counter rotating beams are
injected in Ring 1 and Ring 2, respectively. In these four insertions, a pair of recombination-
separation dipoles guides the two beams onto crossing orbits. In points 1 and 5, the first separation
dipole D1 is a conventional resistive magnet, while D2 is a superconducting magnet. In points 2
and 8, where space is tight and luminosity lower, both separation dipoles are superconducting
magnets.

Table 1. Nominal collision parameters for LHC experimental insertions

Insertion p-p Heavy-ion
p* £ A L p* £ A L
(m) (prad) (mm) | (cm*") | (m) (urad) (mm) | (cm3s™h)
IR1 05 +150 (V) 0 10*
IR2 10 +100 (V) | +0.5 10%° 0.5 +75 (V) 0 10%
50
IR5 0.5 +150 (H) 0 10% 0.5 +75 (H) 0 102
IR8 1 +150 (V) 0 10*
50 £50 (V)

The nominal collision parameters of the LHC experimental insertions are summarised in
Table 1. For p-p runs, the high luminosity insertions will operate at the highest luminosity of

6
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10* cm™s”, which correspond to a B* of 0.5 m. In order to minimise the effects of long range
beam-beam interactions the beams will collide with a crossing angle of +150 prad, in the vertical
plane in IR1 and horizontal in IRS. The other two insertions will also observe p-p collisions. They
will, however, operate in a detuned mode, corresponding to the injection optics with a §* of 10 m.
Furthermore, in order to reduce the luminosity in IR2 to the level of acceptable for the ALICE
experiment (10 cm’s”), halo-type collisions with parallel beam separation A of *0.5 mm are
envisaged. For heavy-ion runs, it is presently foreseen that two experiments will collect physics

data: the dedicated heavy-ion experiment ALICE in IR2, and the CMS experiment in IRS.

%57 is expected for a R* of 0.5 m. Due to the heavv-ion bunch snacine of

vapvive AV & BWOMML MVQY yTAVI: Uliaval Spaiviiigs Wi

125 us, the crossing angle can be reduced in th1s mode to 75 prad with a still satisfactory beam
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The low- triplets, Fig.1, consist of four wide aperture superconducting quadrupoles [2]. The
outer two quadrupoles, Q1 and Q3, are 6.3 m long, while the central one is divided for engineering
reasons into two identical units, Q2a and Q2b, 5.5 m each. The triplets are identical in all
insertions, and are at 23 m from the interaction points. In the high luminosity insertions, a 1.8 m
copper absorber (TAS), located within the front shielding of the experiments, ensures the
protection of the triplets. The main parameters of the low-B quadrupoles are given in Table 2.
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Fig.1. Baseline layout of the LHC low- triplets in IR1 and IR2

One of the most important issues in the design of the low-§ triplets is the protection of the
superconducting quadrupoles against the high flux of secondary particles emanating from the p-p
collisions. This issue has been thoroughly studied [3] and it has been found that the Q2a
quadrupole, where the power density due to the secondaries is the highest, can be better protected

by optimising its dlstance from Q1. Based on these studies, the separation between Q1-Q2a has

7
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been set to 2.5 m. This is sufficient place for a supplementary absorber (TAS2). The protection of

the tﬂplctb is further iI‘ﬁpI‘O‘ved oy mcreasmg the wall thickness of the cold bore u_y 1cuuCii’i’g its

inner diameter to 60 mm, Table 2, and by including an absorber TAS3 in between Q2 and Q3. In
T A=A nog alomalinen Ams vt smnndad amed then lemee e Aines At ~m11 PP

1NZ allu Ll\O, IJICDC aosSOorpcis are nou HCCUCU ana lllC lllllCl ulaiiicicl Ul LllC (16,103 UUIC 1D :)Cl. l.U llb
nominal value of 63 mm for the purpose of increasing the geometrical acceptance of the triplets.

Table 2. Nominal parameters of the LHC low-B quadrupoles

Aperiure
Coil aperture 70 mm
Cold bore ID IR2/8 63 mm
IR1/5 60 mm
Operating Gradient 205 T/m
Alignment
Initial radial 0.3 mm rms
Initial tilt 0.3 mrad rms
Twist 0.3 mrad/m
Longitudinal 1 mm rms

The space of 1 m between Q2a and Q2b is reserved for the combined horizontal-vertical
orbit corrector (MCBX). In this location the B-function is maximum in one plane (x or vy,
depending on the polarity of Q2), while the maximum in the orthogonal plane occurs upstream of
Q3, where an additional orbit corrector is envisaged. These correctors are capable of compensating
individual misalignment of the quadrupoles by an initial amount given in Table 2. Experience in
operating the machine and the development of beam-based techniques should result in considerable
improvement of quadrupole alignment. The triplet is also equipped with a skew quadrupole
corrector in between Q2b and Q3 (MCQS), and two directional beam position monitors, one in
front of Q1 and the other between Q2b and Q3.

Decision has been recently taken in the sense that the Q1 and Q3 quadrupoles (MQXA) wiil
be supplied by KEK as part of the Japanese contribution to the LHC, while Q2a and Q2b (MQXB),

s~ rves

as well as the superconducting D1 in IR2 and IR8, will be part of the US contribution. The
corrector packages and BPMs will be supplled by CERN. The cold-mass integration and

oo ¥

cryostating will be done by Fermiiab as part of the US-LHC project.
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uncertainties expected in production magnets.

The performance for the LHC low- mplets is defined in terms of the target dynamic
aperture, calculated on the basis of tracking over 10° turns. Having in mind the collision parameters
given in Table 1, the target performance of the LHC for p-p collisions is 12 ¢ for the average and
10 o for the minimum dynamic aperture, Table 3. With the rms beam size of 1.5 mm, this
corresponds to a good field region of the quadrupoles of 26 mm. A similar target dynamic aperture
is required for heavy-ion collisions.
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Table 3. Nominal tunes and target dynamic aperture of the LHC

_Betatron tunes (H/V) 63.31/59.32
Synchrotron tune 0.00212
Chromaticity (H/V) 22
Target performance

p-p high luminosity
' Average DA 126
Min DA 100G
Heavy-ions
Average DA <120

On the basis of the present version of the MQXA and MQXB error tables, it is clear that the
target performance will be difficult to achieve without higher-order multipole correctors [5]. The
layout of the triplet provides three locations for these correctors, nested within the dipole and skew
quadrupole correctors. The basic assumptions for defining these correctors are:

e Magnetic length

as for MCRBX and MCOQS

I, a 4V s dllQ VAL /D
? b4

in of about 50% which takes into account the background field of the

e Operating mar;
ar correctors (3 T, H/V for the MCBX, and 30 T/m for the MCQS)

ﬁvs
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e Number of nested multipole layers limited to 2 for normal correctors, and 3 for skew
Correctors.

T LY

The expected strength of the muitipole correciors, Table 4, based on using the LHC
sextupole corrector wire (rated at 600 A) and satisfying the above guidelines [6], gives an
indication of the expected correction range.

Table 4. Expected strength of multipole correctors

Multipole Field (T)
Corrector @ 17 mm
b3, a3 0.100 0.150
b4, ad 0.066 0.086
b5, a5 0.037 0.044
b6, a6 0.020 0.020
b10 0.003

4. Correction Scheme Issues

The present Workshop is an outstanding opportunity to review a number of issues related to
he low-8 triplet layout and correction scheme, in particular the definition of the mmlitipolar

aal WEAATL ARy ULL Gaals LRALITAGAILL SOV, Al pPAILALRRIGS LASe ALl [ e
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corrector location, strength and technology. Below is a list, necessarily incomplete, of questions we
should discuss during the Workshon:

SV LISCUSS LRlElp wav VY ULV

Inner triplet layout

e The present orientation of the quadrupole lead ends was determined on the basis of

camnancatinn of laad and h arrare With hattar bnawlados of tha fiald areare con wao
\.«uluyvuoauuu U 18aG O OU CIIULS. vyiul OCuel RGUWICGES U1 uiC 116l &IT0rs, Cdii wi

consider that the orientation of the quadrupoles is still optimal?

e The positions of corrector packages were determined in the early stages of the triplet
design. Is there reason to consider alternative layouts, in particular could we envisage
that the first MCBX dipole is moved to the Q3 end of Q2?

e In order to minimise the number of corrector leads, could we envisage only a vertical
dipole corrector at Q3 (MCBX.Q3)?

o Should the corrector packages in IR2 and IRS triplets be identical to, or could they be a
subset of those installed in high luminosity insertions IR1 and IR5?

Corrector strength and technology

e Is the strength of linear correctors MCBX and MCQS adequate?

e What is the minimal set of multipole correctors and what are the positions that minimise
their strength? In particular is there a need for more than two correctors in any package?

e  What are the criteria for setting the multipole corrector strengths? In particular:

a) What version of the quadrupole error table should be used (presently available,
or updated with the latest results of R&D models)?

b) What accuracy of field measurements should be assumed?

¢) Should the strength be determined as the maximum value over the set of N
random machines, or rather as Avg + n SD? What are the choices of N and n
which give statistically relevant results?

N Q
aj o

e What is the interplay between corrector alignment and their strength and position? Is the

corrector alignment of 0.5 mm rms appropriate?

g

e The nominal corrector current should match one of the standard LHC bi-polar power
supplies (60, £120, or £600 A). Is there a clear preference for one of these ranges?

I hope the lively discussions we all expect and look forward to during the Workshop will
result in clear statements as to these and other issues related to the layout and compensation
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THE FIELD QUALITY OF THE 1-METER MODEL

KEK-LHCLO

X7 Aliemmn M ANTalbnewmmd~ T
Y. Ajima, 1. Nakamoto, i.

K. Tsuchiya, and A.

Abstract

Two 1-m model magnets of the KEK-LHC low-83
quadrupole magnet were constructed and tested. The two
magnets reached a field gradient of more than 240T/m.
Magnetic field measurements were performed with two
kinds of harmonic coils. In this paper, the field qualities
of the straight section and the end regions are reported and
compared with the calculations.

1 INTRODUCTION
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The multipole components of the magnet are summarized
in Tab, 1
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Table 1: Calculated multipole components of No.l-a,
No.1-b and No. 2 in the straight section (units).

Multipole No.l-a No.l-b&?2

be +1.25 -0.20

bio -0.89 -0.84

The second magnet (No.2) was fabricated as designed.
There were no additional shims. Therefore, the calcu-
lated multipole components are different from those of the
No.1-a magnet. Especially the bg shows a large difference
of 1.45units. The straight section and the ramp area of the
magnet were covered with iron yokes.

The first magnet was re-assembled to remove the addi-
tional shims (No.1-b). Therefore, the calculated field char-
acteristics in the straight section are the same as the No.2
magnet. The whole magnet is covered with iron yokes.

The calculation of the magnet return end for the No.1-b
has been completed using ROXIE, and the results are sum-
marized in Tab. 2. The definition of each section for the
KEK magnet is shown in Fig. 1.

2 FIELD MEASUREMENT SYSTEM

The field measurements were performed by two harmomc

coils. One is 200mm long, and it is used for measuring
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Table 2: Calculated multipole components along the return
end (units-meter).

Multipole

ba +1658.6

be +1.329

bio -0.128
Lead End Straight Section Retun End
(77 D\
& D))
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ramping of the the conductor
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Figure 1: Definition of the lead end, straight section and
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the field profile along the magnet length [3]. The other is
25mm long. It was designed to see the fine structure of
the field profile in the end regions. The radii of the both
harmonic coils are 22mm. The harmonic coils consist of
seven windings: a tangential winding, three dipole wind-
ings and three quadrupole windings. The inductive volt-

' ages of the wmamgs are measured Dy mwg'rdtorb U.VIGLI'UldD

PDI 5025). The harmonic coils are supported in the warm
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It is used for measuring the field gradient. It is one turn
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respectively.
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azimuthal position is measured by an angular encoder.
3 FIELD MEASUREMENT RESULTS

3.1 Multipole components as a function of po-
sition

The harmonic coils were moved longitudinally be a con-

stant amount d,, and at each position, the measurements

of ten rotations were performed with a constant current (Z-

scan measurement) The summary of the measurements is

shown in Tab. 3. The No.1-a magnet was Omy measured by

the ZOOmm long harmonic coil. The No. 2 and No 1-b mag-
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Table 3: Summary of Z-scan measurement.

Magnet No.1-a No.2 No.1-b
Harmonic coil 200 200 200
Current (A) 7000  7000/6400 7200
d, (mm) 100 100 200
Harmonic coil NA 25 25
Current (A) NA 20 20
Harmonic coil NA NA 410
d, (mm) NA NA 200

profiles along the No.1-b magnet, which were obtained by
the 25mm long harmonic coil, are shown in Figs. 2 - 5.

In Fig. 3, the b4 mainly comes from the lead end, it is
negligible in the return end. In the both ends, the bg shows
a large peaks of over 30units. The peaks are induced by
the geometry of the ends and this is explained by the 3-D
calculation. In Fig. 5, the b1 comes almost entirely from
the straight section.

The multipole components along the straight section are
summarized in Tab. 4. The data of the No.l1-a magnet
were obtained by the measurements of the 200mm long
harmonic coil, and the No.2 and the No.1-b magnets were
obtained by the 25mm long harmonic coil. The multipole
coefficients were re-calculated at the radius of 17mm. The
data in the table are plotted in Figs.6 and 7. In Fig. 7, the
allowed multipoles, which are the design, are shown by ar-
rows with he measurements. The bg and b1 of the magnets
have offsets to the calculations, which are -0.6 to -1.5units
for the be and -0.1 to -0.15units for the b1¢.

The multipole components along the magnet ends are
summarized in tables 5 and 6. The coefficients are normal-
ized by the quadrupole components at the straight section.

The lead end was measured for the No.1-a and the No.1-
b magnets, and the return end was measured for the No.2
and the No.1-b magnets. In the lead end, large multipole
components are by, b5 and be. The values will be compared
to the calculations. In the return end, the multipole compo-
nents are calculated as shown in Tab. 2. Both the No.2 and
No.1-b magnets show a good agreement to the calculation
for bs and b10. The No.2 magnet has a b5 of -1.05 units-m
while it is -0.03 for the No.1-b magnet.

Table 4: Multipole components along the straight section.

Magnet No.l-a No.2 No.1-b
Multipole ap/by, anlbn an/bn
(units) (units) (units)
3 -0.32/-1.60 1.55/-1.70 -0.55/-1.52
4 0.85/-1.12  -0.71/-1.34  0.49/-0.80
5 -0.27/-0.02 -0.56/-0.08 -0.37/-0.01
6 0.06/-0.04 -0.38/-1.67 0.53/-0.82
7 -0.02/0.02  0.13/0.05 -0.07/0.01
8 0.00/-0.05 -0.05/-0.30  0.02/-0.02
9 0.22/0.00  0.09/0.26  0.00/-0.01
10 -0.08/-1.01 0.01/-090 0.04/-0.93
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Figure 5: b profile along the No.1-b magnet.

The No.1-b magnet was measured at the injection stage
by the 200mm long harmonic coil. The field quality at the
magnet center is summarized in Tab. 7. The bg shows a
difference of -1.9units from that at 7200A. This is due to
the magnetization of the superconductor. The effect on b1
is small, and the difference is -0.05units.

12
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3.2 Current dependence of a multipole field

The current dependence of the multipole components was
measured at the magnet center with the 200mm long har-
monic coil while stopping the current ramp. Before the
measurements the magnet current was cycled from 50A to
7200A four times due to Z-scan measurements. The mea-
surement scheme is shown in Fig. 8. In the scheme, we
quenched the magnet at 7603A in order to measure the ef-
fect of the quench on the multipole components. After the
quench, the measurements were performed at magnet cur-
rents of 410A and 7200A during up- and down-ramping.

InFigs. 9 to 12, the measured values of b3 through bg are
shown. The open circle symbols correspond to the mea-
surements of the first cycle, and the cross symbols corre-
spond to the measurements after the quench. As seen in
Fig. 12, the b¢ has a hysteresis of 6units at the injection
stage. The bz shows a change with magnet current, and the
value of the change is -0.4units from 2000A to 7200A.

In the first cycle after the quench, large differences be-
tween pre- and post-quench multipole values were mea-
sured at 410A. The differences of by and bg are -1.1 and -
0.6units respectively. The differences became smaller with
cycling the magnet current, and the multipole coefficients
became close to the values before the quench. At 72004,
the quench effects on the multipoles were negligible,

Table 5: Multipole components along the lead end.

Magnet No.l-a No.1-b
Mutltipole anlb, enlby
(units-meter)  (units-meter)
2 0.00/2975 0.00/3077
3 0.14/0.31 -0.01/-0.07
4 0.15/-1.92 -0.02/-3.10
5 -0.39/-1.24 0.20/-0.06
6 0.05/2.10 0.04/2.47
7 -0.02/-0.04 -0.02/0.01
8 -0.04/0.02 0.02/0.04
9 0.08/0.21 0.02/0.00
10 -0.02/-0.27 0.01/-0.22

Table 6: Multipole components along the return end.

Magnet No.l-a No.1-b
Multipole an/by, anlby,
(units-meter)  (units-meter)
2 0.00/1690 0.00/1693
3 0.22/0.19 -0.14/0.07
4 -0.03/0.18 -0.18/-0.24
5 0.02/-1.05 0.01/-0.03
6 -0.07/1.00 -0.05/1.03
7 0.02/-0.04 -0.01/-0.01
8 0.01/-0.11 -0.01/-0.01
9 0.04/-0.18 0.00/-0.00
10 0.00/-0.13 0.01/-0.12

Table 7: Multipole components at the injection stage.
Magnet No.1-b
Multipole anlby,
(units)
-0.25/-0.24
-0.74/0.18
-0.27/0.15
-0.07/-2.74
-0.12/0.17
0.18/0.01
-0.04/-0.03
-0.07/-0.98

== \O 00~ WKW
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4 SUMMARY

The field quality of the two 1-m model magnets can be
summarized as follows:
Straight section

¢ The sextupole and octupole components are -1.6 to
1. 7units. '

e The bs has an offset of -0.6 to -1.5units to the design.

e The bio has an offset of -0.1 to -0.15 units. In the
No.3 magnet, b1 is designed to be 0.001units while

the previous magnets have the b;g of -0.84units. The
b10 is expected to be within 0.1units.
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quench at 7603 A
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stay one night

Figure 8: The measurement scheme of the current depen-
dence.

Return end
e The allowed multipoles are almost consistent with the
design.
o In the new design, the bg and byo are 0.003 and -
0.037units m, respectively.

Lead end
e Compared to the return end, the by and b are rela-
tively large. This is due to the wiring of the conductor
out of the coil. The wiring position of the conductor
will be re-designed.

Current dependence
o The be has a hysteresis of Gunits at the injection stage.

o In the first ramp after the quench, the sextupole to the
dodecupole components show differences of lunit to
the values before quench at the injection stage.
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Outline
¢ Field quality
¢ apparatus and analysis
¢ transfer function and field angle
o evolution of the body harmonics
e end field
¢ Studies of the ability to modify the design field with tuning shims
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ASPECTS OF THE PERTURBATION BY b,

J.-P. Koutchouk,
CERN, Geneva, Switzerland

Abstract

Following the proposal to mix the US and KEK magnets
to overcome the consequences a too large  in error table
v2.0, a crash study was initiated at CERN. Its results show
that the of table v2.0 is potentially dangerous and that
it must be reduced below 0.1 units.

1 INTRODUCTION

The effect of = 0.2 units was considered from differ-
ent point of views: feed-down on lower-order multipoles,
dynamic aperture at 10 turns and frequency map analysis.

2 FEED-DOWNS OF b9

As noted by J. Shi’in his study of global correction [1] and
by S. Fartoukh [2], most likely acts by feed-down to
lower orders. It is in fact easy to calculate by hand the
feed-down due to the off-axis orbit caused by the crossing
angle. In Table 1, we assume a beam displacement of 6 mm
in the quadrupole (while the real displacement ranges from
4.5 mm to 7 mm at the entrance and exit of the triplet). It is

n n n a n Qan Qn
0+.01 | 51 | 1.00 0-.01 51 1.00
0+.04 | .29 57 0 .29 .57
0+17 | .19 .38 0+.17 | .19 .38
0+.49 | 50 .19 0 .10 .19
0+92 | .05 .06 0-.92 .05 .06
0+1.12 | .02 .03 0 .02 .03
0+.79 | .01 .01 0+.79 | .01 .01
0 .25 .03 .01 0 .01 .01

=0 0 AN bW

Table 1: KEK Table v2.0 with the feed-downs of
added to the systematics, for an horizontal displacement of
+6 mm; the fields are expressed in units at 17 mm

clear that a systematic = .2 produces lower-order
perturbations often significantly larger than those due to the
design and uncertainties. Just from inspection and knowing
that is the second limit after [3], it is easy
to conclude that shall not exceed 0.1 or even less.

3 INFLUENCE OF b,, ON THE
DYNAMIC APERTURE

Mixed or unmixed layouts of the triplet quadrupoles were
tested for dynamic aperture. This work, carried out by F.
Schmidt [4] was done in the following way: the uncertainty
is added to the systematic imperfection in such a way as to
maximize it; all quadrupoles are then allocated the same

multipole errors calculated in the above mentioned way.
Tracking is carried out over 10 turns, 6D. The random part
of the errors is not included to disentangle the pure effect
of systematic . Furthermore it is known [3] that random

is the next limit after  and that the US and KEK tables
show very different values for random  while they would
be expected to be the same; they have indeed be equalized
in the latest version of the tables. It is very clear on figure 1

16-‘-
24 R
x

-
o

Dynamic Aperture [g]
(-]

~O- FNAL and KEK, one type per IP
~O— KEK everywhere
—~~ FNAL everywhere

=3~ Mixed in each IP

[ 15 30 as 60 75 %0
atan({Ay/Ax)

Figure 1: Dynamic aperture versus initial amplitude ratio
for various triplet scenarios

that = .2 causes a loss of dynamic aperture of 2 , i.e.
20%, whatever the scenario, mixed or not mixed.

4 SIGNATURE OF b;,;, ON FREQUENCY
MAPS

Another approach to the question is the qualitative inspec-
tion of the frequency maps calculated for the various sce-
narios. This work was carried out by 1. Papaphilippou [5].
A very large number of initial conditions, characterized by
the radius of the circle inthe , plane are tracked for 1000
turns, 4D. The tunes are calculated over the last 100 turns
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and displayed as a function of amplitude. The range of am-
plitudes extends to 15 , to take into account both the short
tracking time and the missing 3rd degree of freedom. Here
again, only the systematic and uncertain imperfections are
considered. In the scenario where KEK magnets are in-
stalled in all IR’s, the perturbation of the frequency space
is very pronounced. 10 particles are trapped by the (1,-
1) sub-resonance. From experience, these particles are ex-
pected to be unstable. If KEK magnets are installed in half
of the IR, the footprint is smaller though unstable 10 par-
ticles are still expected. In the mixed scenario, the footprint
shrinks drastically for medium amplitude particles. How-
ever large amplitude particles are still attracted by the (1,-1)

resonance much more than in the case where  systematic
vanishes (FNAL only).
FNAL triplets
0.330 : . -

0.325 |

0.320

Vertical Tune

0315 f

- e

\\/ -
-

”
’

0.310 t

0.305 0.310 0.315

Horizontal Tune

0.300

Figure 2: Frequency map for FNAL triplets only

Given two important missing ingredients in the tracking:
the modulation of the parameters and the beam-beam in-
teraction, it would be risky, at this stage, to accept such a
distortion of the dynamics. Furthermore, the effect are sys-
tematic and therefore the phase advance between the IR’s
matter. We do not know whether the present situation is a
best or a worst case. It will not be maintained anyway as
the tune split is changing to maximize the dynamic aperture
at injection.

5 CONCLUSION: TARGET b4

If we assume that the dynamic aperture is only related to
, itis possible to scale exactly ~ torecoverthe2 loss.
Because of the crossing angle, we further have to assume

that either  acts as such or that it acts through a feed-
down, say . The scaling is such that, if ,, is multiplied
by , the dynamic aperture is divided by /(®~2), To re-

cover the 20% loss, the scaling showsthat = .2 should

KEK triplets
0.330 e ‘

0.325

Vertical Tune

0.315 [

0.310

Figure 3: Frequency map for KEK triplets only

KEK triplets in IR8/IR1 + FNAL triplets in IR2/IR5

0.330

0.325

0.320

Vertical Tune

0.315

0.310

e
’

0.305 0.310 0.315

Horizontal Tune

0.300

Figure 4: Frequency map for FNAL and KEK triplets not
mixed

be decreased by a factor of 4, i.e. the target = .0 . This
value seems reasonable if compared to the measured har-
monics of all FNAL models which are all weaker [6]. This
estimate is of course rough and tracking would be required
if the target ~ would be difficult or expensive to reach. It
is however consistent with the requirement stemming from
the calculation of feed-downs.
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KEK + FNAL triplets mixed

0.330

0.325 |

0.320 t

Vertical Tune

0315 F

0.310 | . ]

&

0.300 0.305 0.310 0.315

Horizontal Tune

Figure 5: Frequency map for the mixed case
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UNCERTAINTIES IN PREDICTING AND MEASURING FIELD ERRORS*

A.Jain" and P. Wanderer
Brookhaven National Laboratory, Upton, NY 11973-5000, USA

Abstract

Sources of random and systematic field errors in
superconductmg magnets are described briefty. Predicting
such errors in a series production has to rely upon data in
prototypes, data in similar magnets, or calculations. The
case of D1 insertion dipoles for the LHC perhaps repre-
sents the most favorable situation, as these magnets will
be almost identical to the RHIC arc ulpoles Uncertainties
in pred1ct1ng field errors for this “best case” are illustrated
using data in RHIC dipoles. Once the magneis are built
and measured, field quality uncertainties could result from

ot d ch
measurement errors and changes in the magnets with

quenches and thermal cycles Such uncertam’ues are also

).-\

YPES OF FIELD E

‘-‘.L

The field errors in magnets are generally expressed in
terms of the normal (b,) and skew (a,) harmonics in a
series expansion of the field given by

-
x+iy1 )
Rref ) 7

B, +iB.=Byx107*4Y (b, +ia,n_)(
¥ X v T

n=1

where B is a normalizing field and R,y is a reference
radius, chosen to be 17 mm in the case of LHC. In this
paper, a value of 25 mm will be used frequently for data
from RHIC arc dipole magnets. Ideally, for a 2m-pole

+ 11 ££3 3 _ 3
magnet, all coefficients other than # = m should vanish. In

practice, several of these coefficients may be non-zero
due to desion or construction limitations

W0 10 CCsLEAE UL LORSTILRAIVA AAAAtal i,

For a given production series, the average value of each
harmonic will be referred to as the mean or systematic
value of that harmonic. Similarly, the standard deviation
of each harmonic over the entire production gives an
indication of the extent of variation from one magnet to
another and will be referred to as the random value of the

harmonic. After the magnet production is completed and .

all the magnets are measured, it is no longer necessary to
describe the ensemble of magnets with these statistical
parameters for tracking, -since the individual data are
availabie, although it may siill be a convenient and useful
description.

At the pre-productio
random values of the harm

+n avalnata the imnact of 'F;plr‘
10 Cva.uad i mnpact O 116G qu

achieved in the magnets, one has to make a reasonable
estimate of thege parameters. Pur_l_, based on a good

design, the systematic values of all the terms unallowed

3 nAd tha
1iC ana uc

/stema
nics are not known. In order
m hat i¢ likel to be

WAL 1D IinLy
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Fig. 1: Example of a non-zero systematic unallowed term.
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Dy Symmeuy, as w ell as most of the harmonics allowed
are expected to be zero. There can be some

v rants 1 1
exceptions to thls. For example, it may not be possible to

make some higher order allowed terms zero with the
available number of adjustable parameters in the coil
design. Similarly, in the RHIC arc dipoles, a systematic
non-zero value of unallowed skew quadrupole is expected
at high fields due to an asymmetric placement of the cold
mass in the cryostat [1]. Another example of an antici-
pated non-zero systematic value of an unallowed harmo-
nic is shown in Fig. 1 for the normal 16-pole term in the
13 cm aperture QRK quadrupoles in RHIC, before the
magnetic tuning shims [2] are inserted (R,.;= 40 mm).
Although one would like to see the systematic errors in
the actual production match the expectations based on
design, very ofien this is not the case due to various
reasons. In order to cover such a situation, another para-

+, NaAd Py P +tho A
meter, called uncertainty in the mean, was used at RHIC.

This is an estimate of how much the true systematic value
in a mvpn nroduction counld deviate from the PYppMPd

in a given production could deviate from the ected
value. This uncertainty is a complex function of toler-
ances in parts, quality control, production techniques
employed, etc.

SOURCES OF FIELD ERRORS

2.1 Sources of Random Errors

Random field errors result from random variations in
the dimensions of various parts and in other assembly
parameters. Other sources of random errors are variations
in superconductor parameters, such as magnetization.
Such errors can generally be kept to very small values by
good quality control at all stages of magnet production.

Some lowest {both

R PISE NI SIp Y o s RO | P |
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unallowed) may be quite sensitive to construction errors,
and may be hard to control. If deemed unacceptable, such
errors can be reduced by some type of post construction
correction, such as tuning shims [2]. For example, the
standard deviation of normal sextupole in as-built QRK
quadrupoles for RHIC was 2 units (R,.,= 40 mm), but was
reduced to 0.4 unit with tuning shims. Changes in the
magnet field quality due to thermal cycles and quenches
(see Sec. 5.1.4) can also contribute to random errors.

2.2 Sources of Systematic Errors

Systematic errors could be anticipated, or unanticipated.
Sources of such errors include:

2.2.1 Design limitations

These are the systematic errors that are anticipated from
the design. For example, some high order allowed harmo-
nics may not be made zero with the available number of
wedges. Similarly, some unallowed integral harmonics
may be non-zero due to inherent asymmetries in the ends.
Another example mentioned earlier is the skew quadru-
pole at high fields in the RHIC arc dipoles.

2.2.2 Calculation limitations

These are generally the low order allowed terms which
may result, for example, due to inaccurate modeling of
how various turns of the conductor stack up in the coil
winding process. Also, there may be some errors in
predicting harmonics at high fields due to iron saturation,
Lorentz forces, etc.

2.2.3 Tolerances in parts

There may be systematic differences between the
“design” and “as-built” parts, within the specified tole-
rances. These would result in systematic field errors.

2.2.4 Distortions during assembly process

The assembly process could introduce distortions that
produce both allowed and unallowed harmonics {3]. For
example, the RHIC arc quadrupole yokes were assembled
the same way as dipoles, which introduced a large syste-
matic normal octupole harmonic. This was corrected by
using asymmetric midplane shims [4].

The systematic errors can be reduced by a careful
design, design iterations based on prototypes, small fow-
cost mid-production corrections if necessary, and post-
production corrections such as tuning shims.

3 PREDICTING FIELD ERRORS

Before the magnets are actually built, predicting field
errors is of considerable importance from the point of
view of tracking studies. Magnet design, production
strategies, as well as the correction schemes that may be
necessary in the accelerator depend on the outcome of
such studies. Obviously, the goal is to arrive at a set of
field harmonics, each characterized by a mean, standard
deviation and an uncertainty in the mean, which is as
close to reality as possible. Too optimistic expectations
may not be met in the actual production and could lead to

unforeseen loss of performance. On the other hand,
expectations of larger harmonic errors may be easily met
in production, but could lead to inclusion of correctors
that may not really be required. A balancing act in this
process involves using as much design and construction
experience as possible in making a list of expected
harmonics. Also, it will be prudent to reevaluate any large
expected field errors if initial tracking studies suggest
undesirable effects on the beam. In such cases, every
effort should be made to improve the expectations. This
could be done by cutting into any unduly comfortable
safety margins, and/or by chalking out a contingency plan
(small adjustments to shims to fix systematic errors, use
of tuning shims to fix both systematic and random errors,
etc.) to deal with any large harmonics encountered during
production. Such a contingency plan essentially amounts
to reducing the “uncertainty in the mean” in the table of
expected harmonics. If individual magnets are shimmed,
then the random errors are also expected to be reduced.

3.1 Uncertainties in Predicting Field Errors

A key factor in making good predictions of field errors is
the availability of good data. Measurements in several
prototypes are the most valuable in this process. However,
it may not always be feasible to build many prototypes,
especially when a production run of only a few magnets is
involved. In such cases, estimates have to be based on
data in other similar magnets, numerical simulations with
random variations in dimensions of various parts, experi-
ence with effectiveness of mid course correction strate-
gies, etc. Obviously, the uncertainties in predicting field
errors depend on the type of data used, and must be evalu-
ated on a case by case basis.

4 D1 DIPOLES FOR LHC

The superconducting D1 dipoles of 8 cm aperture for the
LHC insertion regions perhaps represent the most favor-
able condition for predicting the field errors. These
dipoles are to be built by BNL using the RHIC arc dipole

Cryostat OD
610 mm

Fig. 2: RHIC arc dipole cold mass inside a cryostat
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design, shown schematically in Fig. 2, except that the cold
mass will not have a sagitta. Thus, the nearly 300 full
length (9.45m) dipoles in RHIC may be treated as
“prototypes” for a production run of only five DI
magnets. In this section, the process of estimating field
errors in D1 magnets will be discussed in detail.

4.1 Field Errors (Warm)

All the RHIC dipoles were measured warm, whereas
about 20% of the magnets were also measured cold. An
example of warm measurement data is shown in Fig. 3,
which is a trend plot of the average skew octupole
harmonic in the straight section of the 9.45 m long RHIC
DRG/DRR dipoles. As expected for an unallowed term,
the mean value is practically zero, and the standard
deviation is 0.5 unit. These numbers represent the
expected values of systematic and random skew octupole
in the D1 magnets (warm). Similar estimates can be
obtained for other harmonics.

It is also seen from Fig. 3 that there is a considerable
magnet to magnet variation (x1.5unit) in the skew
octupole harmonic. In a new production run with different
tooling and with only a few magnets, the mean may not
be as close to zero as it is for the RHIC dipoles. This
introduces an uncertainty in the mean value. Strictly
speaking, it is not possible to deduce this uncertainty from
Fig. 3. Nevertheless, the largest deviation from mean seen

296 Magnets: Mean =-0.003 STD Dev. = 0.496
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Fig. 3: Trend plot showing skew octupole in the straight
sections of 9.45 m long RHIC dipoles.

in any single magnet represents an upper bound for this
uncertainty.

4.2 Field Errors (Cold)

One is really interested in the field quality under actual
operating conditions, rather than the warm harmonics.
The harmonics at any magnet excitation can be obtained
from the warm values by adding contributions due to
warm-cold offsets (if any), contributions due to the
superconductor magnetization, and contributions from
changes at high fields due to saturation of iron yoke and
Lorentz forces. Each of these contributions can be esti-
mated for the D1 magnets from data in RHIC dipoles.

4.2.1 Warm-cold offsets

These are the changes resulting entirely from a change in
geometry due to cool down. While most harmonics should
not change, some low order allowed terms may be
affected. This effect can be estimated by comparing the
geometric values (obtained by averaging the values
measured during up and down ramps) at intermediate
field levels with the warm measurements. Such a
comparison is made in Fig. 4 for the normal and skew
sextupole terms measured warm and at 1800 A (1.28 T),
well above the injection currents of 570 A for RHIC and
~300 A for LHC, but well below onset of saturation. The
solid line represents the case of no change between the
two measurements. There is no change in the skew
sextpole component upon cool down, but the normal
sextupole undergoes a systematic change of —0.9 unit.
Similar plots can be used to obtain offsets for other
harmonics. Table 1 summarizes the systematic changes
observed in various harmonics upon cool down. In the
table, o(Ab,) and o(Aa,) are the standard deviations
representing magnet to magnet variations. These varia-
tions introduce an uncertainty in predicting the cold
harmonics from the warm harmonics.
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ured cold and warm at the same 1 m long section
in RHIC arc dipoles. R,;= 25 mm.
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Table 1
Changes in harmonics on cool down in RHIC arc dipoles
(in “units” at 25 mm reference radius)

n* | Ab, |o(Ab,)| Aa, | o(Aa,)
2 | -022] 024 | 053] 059
3 | 0941 020} 003] o.10
4 [ -001 | 008 | 002 0.11
5 004 | 008 | 0.01 ] 005
6 000 | 004 | 000 004
7 | -0.05 | 0.03 0.01 | 0.02
8 | 001} 002 | -001] 002
9 | 001 ] 002 | -001] 002
10] 004 004 | 003 ] 0.02
11 | 002] 001 | -0.01] 001

[* n = 2 denotes the quadrupole term]

4.2.2 Superconductor magnetization

The effect of superconductor magnetization is significant
for low order allowed harmonics, particularly at smaller
currents. These effects can be estimated from the meas-
ured harmonics during the upward and downward ramps
of the magnet current. Fig.5 shows the correlation
between sextupole harmonics measured on the up and the
down ramps at a current of 300 A (0.21 T field). The solid
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Fig. 5: Correlation between the sextupole terms

measured at 300 A (0.21 T) during the “up” and
the “down” ramps of a DC loop in RHIC arc
dipoles. R,,s= 25 mm.

line corresponds to no change in harmonics. While there
is no hysteresis effect on the unallowed skew sextupole,
the normal sextupole is higher in the down ramp by
26.9 units. The contribution from superconductor mag-
netization is half of this amount. Similar plots can be used
to obtain contributions for all the harmonics. The results
are summarized in Table 2 for several fields of interest for
D1 dipoles in LHC.

4.2.3 Current dependence of harmonics

As the dipole field is increased, the iron in the yoke
begins to saturate. Since the field strength is not uniform

Table 2  Differences between “Down Ramp” and “Up
Ramp” harmonics in RHIC arc dipoles.
Ryes= 25 mm, n = 2 is quadrupole.

b,(Dn) — b,(Up) a,(Dn) - a,(Up)

" 1 300A |5200A | 5800A | 300A |5200A [5800A
(0.21 T){(3.52 T)}(3.85 T)}(0.21 T)}{(3.52 H|(3.85T)

2 | -0.51|-0.01 | -0.01 | -0.51 } -0.08 | -0.01

. .04 .
® Jocaloma 13komora] 0% | 001 | 000
4]1-0.02] 000 | 0.00 | 0.15 | -0.05}-0.01
5] 061} 001 [ 0.04 | 0.00 | 6.00 | 0.00
6 |-005| 000 { 000 | -0.07( 0.00 | 0.00
7| 09 | 003 | 003 | 0.00 | 0.00 | 0.00
8| 002 | 000 | 0.00 | 0.02 | 0.00 | 0.00
9 1-0.19| 0.00 | 0.00 | 0.00 y 0.00 | 0.00
10] -0.02 | 0.00 | 0.00 | -0.03 | 0.00 | 0.00
11] 025 | 0.01 | 0.00 | 0.00 | 0.00 | 0.00

in the yoke, the permeability also no longer remains
uniform. Another effect at high fields is a possible
deformation of the magnet coil due to high Lorentz
forces. These effects introduce additional field errors at
high fields. The current dependence of various harmonics
is a function of the details of the yoke design and other
mechanical factors. The high field behavior of the normal
sextupole in RHIC arc dipoles is illustrated in Fig. 6
where values at 1800 A are compared to those at 5200 A
and 5800 A in all the magnets that were cold tested. The
solid line corresponds to the case of no change in
harmonics with current. There is some magnet to magnet
variation in the saturation behavior. The results for all

- harmonics at 5800 A (3.85 T) are summarized in Table 3.

The standard deviations, ¢(Ab,) and G(Aa,), indicate the
degree of uncertainty in predicting the saturation behavior
for the same magnet design. The uncertainty could be
more if a new yoke design, or changes in production para-
meters are involved. As an example, it is planned to-use

T ]
4 T 1o 5200a
2 T—{x 5800A

Normal Sextupole (high field)

-10 -8 -6 -4 -2 0 2 4 6
Normal Sextupole (1800A)

Fig. 6: Correlation between the geometric sextupole
terms measured at 1800 A (1.27T), 5200A
(3.52T) and 5800A (3.85T) in RHIC arc

dipoles. R,.,= 25 mm.
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Table 3 Changes in harmonics at high fields in RHIC arc
dipoles. Ab, and Aa, are the differences between
Up/Dn average values at 5800 A (3.85T) and
1800 A (1.27 T). Ryep=25 mm

n* Ab, | o(Ab,) | Aa, | o(Aa,)
2 0.32 0.11 | 297 { 1.28
3 ] 412 | 026 | -0.11 J 0.08
4 0.11 002 | 064 | 0.16
5 | -0.19] 007 | -0.02 | 0.01
6 | 0.04] 005 | -0.07 } 0.03
7 1.14 0.01 0.00 0.00
8 0.00 | 0.00 0.01 0.01
9 0.02 | 0.01 0.00 0.00
10 | 0.01 0.00 0.00 0.00
11 | -0.04 | 0.00 0.00 0.00

steel yoke keys in D1 magnets instead of stainless steel
keys used in the RHIC arc dipoles. This would change the
high field behavior of the sextupole and the decapole
harmonics, thus introducing uncertainties beyond the
standard deviations listed in Table 3.

5 UNCERTAINTIES IN MEASURING
FIELD ERRORS

Once all magnets in a production series are built and
measured, the predictions of field quality, and uncertain-
ties in those predictions, are of limited interest, although
for magnet series where less than 100% are cold tested,
the uncertainties in predicting cold harmonics from warm
harmonics are still of interest. If the measurements were
perfect, then the impact of field errors in the as-built
magnets can be studied. However, measurement errors
contribute to uncertainties in the field errors, which may
have to be accounted for in such studies. Thus, an under-
standing of the uncertainties in the measured harmonics
becomes more important at this stage. The measurement
errors can be classified as systematic and random.

The systematic and random measurement errors obvi-
ously depend on the type of measurement system used,
data analysis details, etc. A system of rotating coils, with
precision voltmeters or integrators, is the most widely
used method to measure field harmonics. In this section,
possible sources of systematic errors with such systems
will be described briefly.

5.1 Systematic Errors in Measurements

Systematic measurement error in any given harmonic is
defined as a deviation of the measured value from the true
value. It is difficult to experimentally determine system-
atic errors, unless a reference magnet with well known
harmonics is available. In a recent study, a 18 cm aperture
DX magnet for RHIC was used as a reference magnet to
“measure” systematic measurement errors in the 10cm
aperture DO dipoles [5]. In most cases, such a reference
magnet is not available and the systematic errors must be

estimated based on possible contributions from various
sources [6].

5.1.1 Coil construction and calibration errors

A measuring coil of finite length will have random varia-
tions of various mechanical parameters, such as radius,
angular position, etc. along the length due to construction
errors. Such variations will cause a systematic error in
harmonic measurements. For two dimensional fields,
relatively simple estimates of such measurement errors
can be obtained for a variety of coil construction errors. A
detailed discussion of this subject can be found in
reference [6].

Once a measuring coil is constructed, the accuracy of
measurements depends also on the calibration of various
geometric parameters. With good calibration techniques,
the effect of calibration errors on harmonics can be
reduced to negligible levels. Particular care has to be
exercised in using long integral coils to measure short
magnets. Since the coil parameters can vary along the
length due to construction errors, it is important to obtain
a calibration for the section of the coil that is actually
used.

An analysis of systematic measurement errors for the
RHIC arc dipoles can be found in reference [7]. Table 4
summarizes the total systematic error (for typical
measuring coil construction errors), as a percentage of the
harmonic being measured. The maximum systematic
errors in magnets with field quality similar to RHIC arc
dipoles can be obtained by applying these percentages to
the maximum value of each harmonic observed in these
dipoles. These maximum errors, in units at a reference
radius of 25 mm, are also listed in Table 4. As can be seen

Table 4 Maximum systematic measurement errors esti-
mated due to coil calibration and construction
errors. Ry.,= 25 mm. Based on reference [7].

Maximum value | Max. systematic
Systematic| of harmonicin | error due to coil
n error |RHIC arc dipoles| calib./constr.
possible (units) (units)
Normal [ Skew | Normal| Skew
2 0.78% 1.380 | 5.881 0.011 0.046
3 1.08% 7.866 | 1.729 | 0.085 | 0.019
4 1.38% 0.293 1.399 | 0.004 | 0.019
5 1.68% 1.334 | 0335 | 0.022 | 0.006
6 1.98% 0.107 | 0.516 | 0.002 | 0.010
7 2.28% 0.527 | 0.191 0.012 | 0.004
8 2.59% 0.042 | 0.143 } 0.001 0.004
9 2.89% 0316 | 0.045 | 0.009 | 0.001
10| 3.19% 0.019 | 0.032 | 0.001 0.001
11 3.49% 0.580 | 0.015 | 0.020 | 0.001
12 | 3.78% 0.008 | 0.020 | 0.000 | 0.001
13| 425% 0.214 | 0.028 | 0.009 | 0.001
14| 474% 0.062 | 0.046 ]| 0.003 | 0.002
151 527% 0.777 | 0.080 | 0.041 0.004
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from this table, the estimated errors due to coil
construction and calibration errors are below 0.1 unit for
all harmonics.

5.1.2 Rotational imperfections of measuring coil

The signal from a rotating coil is a function of the coil
position and velocity. This can be affected by imperfec-
tions such as vibration and wobble of the rotation axis, or
angular jitter in data taking. These imperfections give rise
to spurious harmonics, or systematic errors. It can be
shown [6] that such spurious harmonics can be suppressed
by the use of “bucking”. Modern measurement systems
invariably incorporate bucking coils for dipole and quad-
rupole fields, thus eliminating systematic errors due to
rotational imperfections in these magnets. However, when
such systems are used to measure magnets of a higher
multipolarity, the advantages of bucking may not be
available. As an example, a systematic decapole harmonic
of several units was introduced in the measurements of
octupole correctors for RHIC due to lack of octupole
bucking.

5.1.3 Offset, tilt, sag, etc. of the measuring coil

Even if the rotational axis of the measuring coil has no
vibration or wobble, it may not be aligned with the
magnetic axis of the magnet. The rotation axis may be
displaced uniformly from the magnet.axis, or it could be
at an angle (tilt), or its position could vary along the
length due to sag of the measuring coil. The measured
harmonics in such cases differ from the true harmonics
due to feed down effects. In most cases, these effects can
be minimized by proper ‘“centering” of data. For
quadrupoles and higher multipolarity magnets, the
magnetic center can be unambiguously defined by feed
down from the main harmonic. The centering is not so
uniquely defined for dipole magnets. A novel centering
technique employing a temporary quadrupole field was
used for all RHIC dipoles [8]. This technique provides an
unambiguous and precise determination of dipole center.
With good centering in a dipole magnet, potential
uncertainty in the determination of the quadrupole
harmonic due to feed down from large sextupole terms is
considerably reduced.

5.1.4 Changes in the magnet itself

During the testing of RHIC magnets, it was found that
several harmonics change after the magnet is subjected to
quenches and/or thermal cycles [9]. These changes were
observed, and studied extensively, in 10 cm aperture DO
dipoles and 13 cm aperture quadrupoles for RHIC. These
changes introduce uncertainties in the field errors, even
though good measurement data may be available.
Harmonic changes with thermal cycle are available for
one RHIC arc dipole, DRG101. Fig. 7 shows the normal
and skew sextupole harmonics measured at eight straight
section locations in DRG101 at SkA during two different
cool downs. A systematic change of ~0.2 unit is seen in
the normal sextupole component after a thermal cycle
(Fig. 7a). This change is observed at all axial positions.
On the other hand, there is no change in the skew

=== DRG101 S5kA ZScan; 1st Cool Down
—¢— DRG101 5kA ZScan; 2nd Cool Down

0.8

-1
T 1.2
2
o
Q -1.4 A
F]
>
» -1.6
S
£
o -1.8 1
o

'2 T i 0

2.2 ' — 1 ,

0 50 100 150 200 250 300 350
ZPos(in.)
(a)

0.4

0.2 -
5 o]
Q
H
3 -02
>
[\ }]
wn
2 04 -
v
n

-0.6 1

-0.8

0 50 100 150 200 250 300 350
ZPos(in.)
(b)

Fig. 7: Normal and skew sextupole terms measured at
5kA in DRG101 during the first and the second
cool downs.

sextupole term (Fig. 7b). This shows that there is an
additional measurement uncertainty for the normal
sextupole term. The changes in all the harmonics at all the
eight positions are shown graphically in Fig. 8. The
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Fig. 8: Changes in the normal and skew harmonics
measured at 5kA in DRG101 during the first and
the second cool downs. The open circles denote
changes at the eight straight section positions and
the filled circles denote changes in the integral
values.

11 12

changes are below 0.1 unit for all harmonics, except the
normal sextupole and the skew quadrupole terms.

No data on harmonic changes with quench are available
in RHIC arc dipoles. The effect was studied extensively in
the 10 cm aperture DO dipoles for RHIC. Fig. 9 shows the
changes in the normal and skew harmonics (at a reference
radius of 31 mm) with quenches during three different
cool downs. All harmonic changes are calculated with
respect to the measurements in the second cool down,
before any quenches. The three curves for each harmonic
are for the three cool downs. Different points on each
curve correspond to measurements after successive
quenches. The normal sextupole changes by 0.9 unit as a
result of quenches during the second cool down. On a

subsequent cool down, there is some recovery, but the -

new value before quench differs from the very first
measurement by 0.5 unit. This trend continues for the
fourth cool down, although dependence on quenches now
becomes weak. The changes in other harmonics are well
below 0.1 unit, except for the skew guadrupole term,
which shows variations of up to 0.6 unit. The changes in
the arc dipoles with quenches (for which no data exist) are
likely to be similar to the DO dipoles. Clearly, such
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Fig. 9: Changes in the normal and skew harmonics in
10cm aperture dipole DRZ106 with thermal
cycles and quenches. The different points on a
curve denote harmonics measured after quenches
during the same cool down. R,.r= 31 mm.

changes are much larger than the systematic errors of
measurement discussed earlier, and represent the largest
source of measurement uncertainty. Fortunately, only a
couple of terms seem to be affected in the case of dipoles.
Several lowest order harmonics could be affected in the
case of quadrupoles.

It is believed that the use of plastic spacers in the RHIC
magnets may be contributing to changes in conductor
positions after thermal cycle and quench. If the magnet
coil is well constrained using metal collars, it is likely that
the harmonics would not change as much. Limited data in
the 18 cm aperture DX dipoles for RHIC, where a stain-
less steel collar is used, show that the harmonic changes
are indeed smaller. Thus, it may be possible to reduce the
uncertainty associated with changes in the magnet itself
by choosing an appropriate mechanical design for the
magnet.

5.2 Random Errors in Measurements

Random errors in measurements result from inherent
system noise and occasional system malfunction. Some
harmonics may be affected by stray fields due to magnet
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leads in the vicinity of the measuring coil. The leads may
not always be configured the same way during measure-
ments on different days, thus giving different results.

While one has to generally guess the systematic
measurement errors, the random errors can be readily
measured by performing multiple measurements on the
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measurements were carried out using BNL supplied mole equipment at Northrop-Grumman. R,
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same magnet. Such multiple measurements can also help
in monitoring the system performance. As an example,
two Z-scans were done on all RHIC dipoles at the
vendor’s location as a means of monitoring reliability of
the measurements.

A comparison of the two Z-scans using the same
measuring equipment in nearly 300 dipoles gives a good
estimate of random errors. Fig. 10 shows the distribution
of differences between low order integral harmonics
measured in the two Z-scans. For almost all harmonics,
the distributions have a strong peak at zero, which means
there is practically no systematic difference between the
two Z-scans. The standard deviation is the largest
(~0.05 unit) for the quadrupole terms, and reduces rapidly
for higher order harmonics. The standard deviations for
all the harmonics are listed in Table 5. As can be seen
from the table, the random errors are practically negligible
for all harmonics.

Table 5 Std. Deviations of differences between two
integral measurements of harmonics in

RHIC arc dipoles.
Std. Dev. of
difference in

Harmonic harmonics

(units at 25 mm)

Normal | Skew
Quadrupole | 0.061 0.043
Sextupole 0.033 0.015
Octupole 0.012 | 0.010
Decapole 0.004 | 0.005
Dodecapole | 0.003 | 0.004
14-pole 0.002 | 0.002
16-pole 0.001 0.002
18-pole 0.001 0.001
20-pole 0.001 0.001
22-pole 0.001 0.001
24-pole 0.001 0.001
26-pole 0.001 0.001
28-pole 0.002 | 0.002
30-pole 0.002 | 0.002

6 SUMMARY

Various sources of systematic and random field errors in
superconducting magnets were discussed briefly.
Extensive data in RHIC arc dipoles can be used
effectively to estimate harmonics in the D1 magnets for
IHC, which have a similar design. Uncertainties in
predicted harmonics arise mainly from changes in tooling
and other magnet parts from one production to another.
Additional uncertainties arise due to small uncertainties in
the estimation of various contributions to harmonics at
any given operating point. Once all the magnets are built

and measured, uncertainties in field quality are governed
by measurement errors and changes in the magnet itself
after thermal cycles and quenches. The true measurement
errors, both systematic and random, have been shown to
be negligible in the case of RHIC. Thus, uncertainties in
our knowledge of the field quality of the magnets installed
in the accelerator arise primarily from the changes in the
magnets themselves.
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LHC INTERACTION REGION
QUADRUPOLE ERROR IMPACT STUDIES*

W. Fischer, V. Ptitsin and J. Wei, BNL, USA; R. Ostojic, CERN, Switzerland; J. Strait, FNAL, USA

Abstract

The performance of the Large Hadron Collider (LHC) at
collision energy is limited by the field quality of the inter-
action region (IR) quadrupoles and dipoles. In this paper
we study the impact of the expected field errors of these
magnets on the dynamic aperture. We investigate differ-
ent magnet arrangements and error strength. Based on the
results we will propose and evaluate a corrector layout to
meet the required dynamic aperture performance in a com-
panion paper.

1 INTRODUCTION

The LHC interaction region consists of a low-3 quadrupole
triplet (Q1-Q3) and a separation dipole (D1) on either side
of the interaction point (IP), as shown in Fig. 1. The su-
perconducting triplet quadrupoles are built by FNAL and
KEK, and assembled in cryostats at FNAL. The separa-
tion dipoles in the high luminosity interactions points IP1
(ATLAS) and IP5 (CMS) are room-temperature magnets
supplied by IPN-Novosibirsk. In IP2 (ALICE) and IP8
(LHC-B), where the beams are injected into the two rings,
the D1 magnets are superconducting, built by BNL.

towards the IP
Ql QA Q2B Q3

Vi #:' ' 1

D1

BPM Lead ends MCBX blial MCQS a2 MCBX al/bl MC10 b10
MCO bnd MCDSS a3 MCS b3
MCD bS MCOS a4 MCDD b6
MCDDS a6 MCDS a5

Figure 1: Schematic layout of the LHC inner triplet region.

The target dynamic aperture for the magnet field quality
is set at 12 times the transverse rms beam size (120,) af-
ter 100,000 turns, for both injection and collision. During
injection and ramping, the impact of IR magnets is small
compared with that of the arc magnets. On the other hand,
during p-p collisions the reduction of beam size at IP1 and
IP5 results in a large beam size (6, = 1.5mm) at the cor-
responding triplets (Tab. 1). Furthermore, beam-beam in-
teractions require a crossing angle of +150ur correspond-
ing to a closed orbit of up to £7.3mm. The target 120,y

* Work performed under the auspices of the US Department of Energy.

Table 1: LHC parameters for protons at collision (7 TeV).
tunes H/V/L 63.31/59.32/0.00212
B8 1P1,5,2,8 H/V [m] 0.5/0.5, 0.5/0.5, 15/10, 13/15
®/21P1,5,2,8 H/V [urad] 0/150, 150/0, 0/-150, 0/-150
max rms beam size [mm] 1.5
max orbit offset H/V [mm] +7.3/£7.3

thus corresponds to about 71% of the magnet coil radius.
Similarly, during ion collision [1] when the beam size is
squeezed at JP2, the impact from the cold D1 is also notice-
able. Compensation of field errors of the cold IR magnets
is of primary importance in improving the performance of
the LHC at collision [2].

The impact of IR magnetic field errors has been analysed
previously [3, 4]. Since the first field quality analysis of the
US-LHC magnets [3], there have been several iterations of
design and test of the magnets that lead to improvements of
the field quality. For the FNAL-built quadrupoles, the sys-
tematic bg in the lead end and the systematic b1 in the body
have both been reduced; the random b3 and b4 in the body
are small compared with the first prediction even without
employing magnetic tuning shims; the higher order (n > 6)
multipole errors have also been small. For the KEK-built
quadrupoles, the main focus has been on a re-design of the
cross section to reduce the systematic b1 in the body. This
paper summarizes the studies that used the latest expected
field errors before this workshop.

2 EXPECTED FIELD ERRORS

The leading sources of dynamic aperture reductions are the
field errors of the FNAL and KEK triplet quadrupoles. The
expected errors of the FNAL quadrupoles (version 2.0) are
given in Tab. 2. With the experience of model construc-
tion and measurements, and design iterations that occurred
through close interaction between the magnet and accel-
erator physics groups, knowledge and confidence in the
expected body and end-field errors has substantially im-
proved. The KEK quadrupole errors used in the simula-
tions reported in this article are shown in Tab. 3. However,
the coil cross-section of the KEK quadrupole has been re-
cently redesigned in order to substantially reduce the geo-
metric b1g error. The new KEK error table (version 3.0) is
shown in Tab. 4. These errors have not been used for simu-
lations reported here and only serve for reference purposes.

The errors for the IPN-Novosibirsk built warm D1 are
shown in Tab. 5. These errors are expected to be satis-
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Table 2: Expected field errors of FNAL low-3 quadrupole
at collision (version 2.0, Rrey = 17 mm). {.), d(.) and o'(.)
denote the mean, mean uncertainty and rms of the harmon-
ics, respectively.

n Normal Skew

(bn) d(bn) o(bn) (an) d{an) o(an)
body [unit]
3 - 0.3 0.8 - 0.3 0.8
4 - 0.2 0.8 - 0.2 0.8
5 - 02 0.3 - 0.2 03
6 - 0.6 0.6 - 005 01
7 - 005 0.06 - 004 006
8 - 003 0.05 - 003 004
9 - 002 003 - 002 002
10 - 002 003 - 002 003
LE  [unit-m] (length=0.41 m)
2 - - - 164 - -
6 082 0.82 0.31 - 021 006
10 -0.08 0.08 0.04 - 0.04 004
RE  [unit-m] (length=0.33 m)
6 - 041 0.31 - -
10 -0.08 008 0.04 - -

Table 3: Expected field errors of KEK low-3 quadrupole at
collision (version 2.0, Ry = 17 mm).

n Normal Skew

(bn) d(bn) o(bn) (@n) d(an) o(an)
body {[unit]
3 - 051 1.0 - 0.51 1.0
4 - 029 0.57 - 029 057
5 - 019 0.38 - 019 0.38
6 - 0.5 0.19 - 0.10 0.19
7 - 005 0.06 - 0.05 0.06
8 - 002 0.03 - 0.02 003
9 - 001 0.01 - 001 0.01
10 025 0.03 0.01 - 0.01 001
LE  [unit-m] (length=0.45 m)
2 - - - 134 - -
6 2.28 - - 007 - -
10 -0.17 - - -0.02 - -

factory. The BNL built cold D1 magnets have the same
coil design as the RHIC arc dipoles and their field qual-
ity is well established. These errors are shown in Tab. 6.
In the next section we evaluate the dynamic aperture un-
der nominal collision conditions and explore the optimum
quadrupole arrangement to minimize the error impact.

3 DYNAMIC APERTURE TRACKING
ANALYSIS

The leading errors of the IR quadrupoles are the systematic
b and b1, which are allowed by the quadrupole symmetry.
We assess the effect of magnetic errors by the tune spread
of particles with amplitudes of up to 6 times the transverse

Table 4: Expected field errors of KEK low-/3 quadrupole at
collision (version 3.0, Ryey = 17 mm).

n Normal Skew

(b) d(ba) 0(bn) (an) d(an) of{an)
body [unit]
3 - 050 1.00 - 050 1.00
4 - 070 0.80 - 030 0.80
5 - 020 0.40 - 020 040
6 0.1 0.50 0.60 - 0.10 020
7 - 005 0.06 - 0.04 0.06
8 - 003 0.05 - 002 0.04
9 - 002 0.03 - 002 0.02
10 - 010 0.05 - 002 0.03
LE [unit-m)] (length=0.45 m)
2 - - - 134 - -
6 2.28 - - 0.07 - -
10 -0.17 - - -0.02 - -

Table 5: Expected field errors of Novosibirsk-built warm
dipoles (D1) at collision (version 1.0, R,.; = 17 mm).

n Normal Skew

(bn) d(bn) o(bn) (an) d(an) o(an)
body [unit]
3 0.3 0.1 0.06 - - -
5 0.1 0.05 0.03 - - -
7 -0.02 0.005 0.003 - - -
9 -0.02 0.005 0.003 - - -
11 -0.04 0.005 0.003 - - -
13 0.04 0.005 0.003 - = -

rms beam size (60,,), and by the dynamic aperture deter-
mined by 6D TEAPOT [5] tracking after either 102 or 10°
turns, averaged over 10 random sets of magnetic errors at
5 emittance ratios €; /€,. Tracked particles have 2.5 times
the rms momentum deviation (2.56,) [3, 4]. Uncertainties
in the mean are set at their full amount with either plus or
minus sign. Due to computing power limitations, we track
particles in most cases for only 1,000 turns. In Sec. 3.2 we
show the difference in the dynamic aperture when particles
are tracked up to 100,000 turns.

3.1 Trabking results

The tune spread due to multipole errors scales as
(2e + /Bageag)™2 /2%, where z. is the closed orbit,
Bzy the lattice S-function and €y the emittance. The b10
error of the KEK magnets alone produces a tune spread of
0.61x 1072 at 60, thereby reducing the dynamic aperture
by 20y (Tab. 7).

A possibility for reducing the impact of the KEK ge-
ometric bio could be to adopt a “mixed” triplet scheme
where Q1 and Q3 are KEK quadrupoles and Q2 FNAL
quadrupoles. This arrangement would lead to a 30% reduc-
tion of the tune spread, and an 18% increase of the dynamic
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Table 6: Expected field errors of BNL-built cold dipoles
(D1) at collision (version 1.0, Ry = 25 mm).

n Normal Skew

(bn) d(bn) o(bn) (an) d(an) o(an)
body [unit]
2 0.10 0.80 0.28 0.63 347 155
3 -3.30 3.43 1.82 -0.26 058 021
4 0.01 0.25 0.09 0.04 1.08 042
5 0.53 0.81 041 -0.07 0.19 0.06
6 -0.14  0.12 0.04 -0.05 0.56 0.17
7 1.14 0.20 0.11 -0.01 0.07 0.03
8 -0.01 0.04 0.01 -0.01 0.15 0.5
9 0.01 0.12 0.05 -0.01 003 001
10 0.05 0.06 0.02 0.04 0.04 0.02
11 -0.57  0.04 0.02 -0.01 0.02 001
LE  [unitm]
2 -047  2.26 099 -142 427 177
3 2235 293 1.10 -9.85 101 039
4 004 073 0.23 0.09 075 029
5 -0.43 0.69 022 223 030 0.13
6 002 029" 0.12 0.01 0.29 0.10
7 092 0.11 0.05 -0.86 0.13  0.06
8 - 006 0.03 -0.02 0.08 003
9 -0.04 0.08 0.03 025 0.05 0.02
10 -0.01 0.08 0.03 -0.01 004 002
11 -0.06 003 0.01 -004 0.02 001
RE  [unit-m]
2 0.22 1.81 0.66 091 450 191
3 6.08 2.67 1.16 029 1.03 034
4 - 036 0.16 024 0.73 031
5 0.03 0.66 0.23 - 031 0.11
6 0.03 0.17 0.06 -0.01 024 0.10
7 -0.04 0.13 0.06 -0.03 0.12 0.05
8 -0.03 0.07 0.03 -0.02 0.11  0.04
9 -0.17 - 0.08 0.03 - 0.05 0.02
10 -0.07 0.08 004 -002 010 005
11 -0.12 0.04 0.01 001 002 0.01

aperture, as shown in Tab. 7.

The mixed arrangement increases the possibility for
magnet sorting {6, 7] and helps randomizing the uncer-
tainty. It may also reduce the number of needed spare mag-
nets and simplifies the engineering process. However, com-
bining quadrupoles of different transfer functions implies a
more complicated powering scheme. While a common bus
is still possible, issues that need to be investigated are the
natural compensation of ripple in a triplet and the dynamic
behavior at injection related to snap back and eddy-current
effects [8].

In order to estimate the bg impact, we assume that FNAL
magnets are placed at IP1 and 5 and gradually decrease the
total bg to 30% of its original value assuming a positive
d(bs). Tab. 7 shows a steady increase of the dynamic aper-
ture from 9.30;y to 12.10y,.

The orientation of the quadrupoles was chosen to min-

Table 7: Comparison of dynamic aperture (DA) for various
triplet arrangements (10*-turn DA in units of o, with Lo,
step size).

Case DAmean DArms DA min
FNAL IP5, 8; KEK IP1, 2:

8.5 1.4 7
without b1¢ 10.3 1.5 7
FNAL as Q2; KEK as Q1, Q3 (mixed):

10.0 1.5 8
reversed Q3 LE 9.6 2.0 6
FNAL IP1, 5; KEK IP2, 8:

9.3 2.1 6
80% be 9.9 2.0 6
50% be 11.0 1.8 8
30% bs 12.1 1.7 9

imize the lead end bg impact [3, 4]. With the mixed

quadrupole scheme, the minimization is less effective how-
ever. In order to reduce the number of electric buses
through Q3, it was further suggested to reverse the ori-
entation of Q3. This leads to a reduction of the average
dynamic aperture of 0.4 ¢, and to an increase of the b¢ cor-
rector strength. As the random bg is large, this effect could
be alleviated by sorting [6, 7].

3.2 Short versus long term tracking

We re-confirmed [3] the difference between the dynamic
aperture determined after 10® and 10° turns for two se-
lected cases, an uncorrected machine with a small dynamic
aperture and a machine that has a large dynamic aperture
due to a costly correction scheme, named “scheme 4” in
Ref. [9]. The difference (Tab. 8) is 0.70,, or 7% for the
uncorrected case, and 0.9, or 5% for the corrected case.

Table 8: Comparison of 1,000-turn and 100,000-turn dy-
namic aperture (DA).

Case DAmean DA rms DA min
no correction (10°) 10.0 1.5 8
no correction (10°%) 93 1.4 7
scheme 4 (10°) 17.6 1.6 14
scheme 4 (10%) 16.7 1.5 13
target (10°) 12 - 10

4 SUMMARY

With the error tables used in this study we find that the sys-
tematic by error is the leading source of a dynamic aper-
ture reduction followed by the random bg error. Mixing
magnets of different origin can help reach the target dy-
namic aperture as it gives an improvement of about 1.50,,.
This would be equivalent to a reduction of the systematic
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b1 and uncertainty of b errors by about 50%. Further ben-
efits of mixing could be expected through the randomiza-
tion of the uncertainties and a broader selection of magnets.
We expect that the new KEK error table (version 3.0) with
an eliminated systematic b9 gives a substantially better dy-
namic aperture.
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Sorting of High-Gradient Quadrupoles in LHC Interaction Regions
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Abstract

Sorting of superconducting high-gradient quadrupoles in
the LHC interaction regions with the vector sorting scheme
is found to be quite effective in enlargement of the dynamic
aperture and improvement of the linearity of the phase-
space region occupied by beams. Since the sorting is based
on the local compensation of multipole field errors, the ef-
fectiveness of the sorting is robust.

1 INTRODUCTION

The beam dynamic of the LHC during collisions is domi-
nated by the magnetic field errors in superconducting high-
gradient quadrupoles (MQX) in the triplets of the LHC in-
teraction regions (IRs). Sorting of magnets, in which the
magnets are installed according to measured field errors so
that the errors on different magnets are partially compen-
sated with each other, has been the easiest way in many
cases to reducc the detrimental effects of the random er-
rors without introducing complications. The difficulty to
achieve such an effective self compensation of the random
errors is to find an optimized magnet configuration which
can significantly increase the stability domain of beams,
since even for a small number of magnets, the total num-
ber of possible magnet arrangements is exceedingly large.
During the last decade, several sorting strategies have been
proposed and studied extensively [1-8]. Most of them
are, however, effective when only one multipole compo-
nent in the error field is dominant. Recently, a vector sort-
ing scheme has been developed for a systematical control
of many multipole components [7,8]. Applications of the
vector sorting scheme to arc dipoles as well as insertion
quadrupoles of large storage rings have been found to be
quite effective in increasing the dynamic aperture and im-
proving the linearity of the phase-space region occupied by
beams even when more than one multipole components are
responsible for the aperture limitation [7,8]. In the low-83
insertion triplets of the LHC IRs, excursion of many beam
particles from the magnetic axis is very large because of
large B-functions and beam separations during collisions.
This makes many high-order multipoles of the field errors
in MQX important. On the other hand, large 3-functions in
the triplets result in a very small phase advance within each
triplet and the self compensation of the field errors among
the quadrupoles can be relatively easy even though a lim-
ited number of interchangeable quadrupoles are available
for the sorting. In this report, the effectiveness of the sort-
ing of MQX has been studied with the latest FNL and KEK

*“This work is supported by the National Science Foundation under
Grant No. PHY-9722513 and the University of Kansas General Research
Fund.

reference harmonics (version 2.0) [9].

2 SORTING STRATEGY

The LHC has four interaction points (IPs): IP1 and IP5 are
high luminosity points (3* = 0.5 m) and IP2 and IP8 low
luminosity points. The layout of the inner triplets of the
four IPs is almost identical. Each inner triplet comprises
four MQX of which two outer quadrupoles, Q1 and Q3,
are 6.3 m long (long MQX) and the inner two, Q2A and
Q2B, are 5.5 m long (short MQX). Due to the large Bynaz
(~ 4700 m) in the inner triplets of IP1 and IP3, the field
quality of MQX of IP1 and IPS5 is far more irnportant than
that of IP2 and IP8. Therefore, the sorting primarily fo-
cuses on the selection of MQX for IP1 and IP5. Since the
phase advances are close to zero within each inner triplet of
IP1 and IPS, the vector sorting with 27-cancellation [7,8]
can be used for the four MQX in each triplet. The sort-
ing of MQX must, however, observe several constraints.
First, of a total of 16 long and 16 short MQX in four IRs,
8 long and 8 short MQX will be built in Fermilab and the
others will be built in KEK. Due to hardware constraints
such as differences in cryostats, the FNL-made and KEK-
made MQX may not be interchangeable. Moreover, after
cold measurements, Q2A and Q2B will be welded together
so that they are not be separable afterward. Due to a large
systematic byo in KEK-made MQX, two different configu-
ration, mixed and unmixed configuration, for installation of
MQX are currently under consideration. Sorting of MQX
are therefore studied with both of these configurations. In
the unmixed configuration, the FNL-make MQX are as-
sumed to be installed in the triplets of IP1 and IP2, and
the KEK-made MQX in the triplets of IP5 and IP8. In the
mixed configuration, four MQX in each triplet are mixed
with two quadrupoles from Fermilab and another two from
KEXK. In this case, the FNL-made MQX are installed at
Q2A and Q2B and KEK-made MQX at Q1 and Q3. For
the unmixed configuration, the sorting has to be done with
8 long MQX and 4 pairs of short MQX for each pair of high
and low luminosity IPs. For the mixed configuration, on the
other hand, there are 16 FNL-made long MQX and 8 pairs
of KEK-make short MQX for sorting. It should be noted
that even with this small number of magnets, the number
of possible magnet configurations is still very large.

To have a better understanding of the sorting scheme for
MQX,’let’s examine the section map of each inner triplet.
Let (§o,70) and (£s,7s) be the normalized phase-space
variables just before Q1 and immediately after Q3, respec-
tively. Since the phase advances in each triplet are almost
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zero, the transfer map from (£, 7o) to (€3, 7z) is
(éhﬁ‘l) = (5)) ﬁO + Aﬁ)

where A7 is the nonlinear perturbation due to the multi-
pole field errors in the four MQX. In the thin-lens approx-
imation, the field errors are simply expressed as nonlinear
kicks. Due to large variations of S-functions across the
MQX, each MQX has to be sliced into a number of pieces
in order to use the thin-lens approximation. For the jth
piece of the ith MQX, the kick can then be written as

@

N
ATy =Y [BOFD () + PGP (7)) @
n=2

where N is the maximal order of multipoles considered.
b(’) and a(’) are coefficients of the nth-order normal and
skew multipoles of the ith MQX, respectively. FD (73)

and Gsf’ ) (r,,) are vectorial polynomials of 7;; in degree n,
which can be obtained from the multipole expansion of the
eIrors, and

1 1
Tij = (B2 oz + 0215, By Eoy + 0Yij) 3)

where (B;, By) are the B-functions at the jth piece of the
ith MQX and (625, 8y;;) is the closed-orbit offset in hor-
izontal and vertical direction due to a crossing angle. The
first-order perturbation of A4 in the transfer map (5) is then

4
=22 Afi

(Afh “)
=l J
S S (69) +40 X (69)
n=2 i=1 7 i

where the summation over j is to sum up all the kicks
of a MQX. If (A7); can be minimized by sorting the
quadrupoles, the multipole field errors in four MQX of
each triplet will be partially compensated. In order to
examine the magnitude of nonlinear perturbations, a 4V-

dimensional vector S = (5’ O S(‘)
resent the nonlinear error field on each quadrupole, which
is defined by

) is used to rep-

SI&) = P FE (i),
3j

S = 83 FE (),
7

SO &) = a3 6 (7)),
3

SEn(f) = GS)ZG%) (i) 5
J

for n = 1, ..., N. The magnitude of the first-order pertur-
bation due to the field errors of the ith MQX at phase space

locations of £ = & is defined by the normal of @,

Az = [§0&)| = ©)

and the magnitude of the first-order perturbation in the sec-

tional map of a triplet is then
4 —br o
(AR = ZS(“I ©)
i=1

>

ud 2 (3) 5(3) * £ %) F(%) ’
oD +< a,:c:,:> .

n=2

The sorting of MQX is thus based on the minimization of
|(A7)1], where &z = €oy = &o is a parameter to optimize
the sorting. & can be chosen initially in such a way that
it corresponds to the dynamic aperture of the lattice with-
out sorting. The sorting can then be optimized by tuning
&o. It should be noted that the minimization of the normal
of the vector sum of all error fields in each triplet in Eq.
(6) effectively excludes unintended cancellation of the er-
ror fields between different orders of multipoles. Any sort-
ing scheme relying on such cancellation (e.g., cancelling
sextupole field with decapole field) is harmful as the effect
of sorting will then strongly depend on phase-space loca-
tions. Since the feed-down effect of high-order multipoles
due to an angle crossing of beams at IPs are different for
two counter-rotating beams, the sorting has to be done si-
multaneously with two counter-rotating beams.

3 EFFECT OF THE SORTING ON THE
BEAM DYNAMICS

The LHC collision lattice V5.0 is used in this study. Only
the field errors of MQX are included. The random multi-
pole components of MQX are chosen with Gaussian dis-
tributions centered at zero and truncated at +3g;, ., or
+30,,,, Where o, and 0, ., are the rms value of the
nth-order normal and skew multipole coefficient, respec-
tively. Fermilab and KEK reference harmonics of version
2.0 is used in this study. The uncertainty of a systematic
error is simply added to the systematic error in such a way
that it maximizes the systematic error. The crossing an-
gle of two counter-rotating beams is taken to be 300 urad
and the fractional parts of horizontal and vertical tunes are
vy = 0.31 and v, = 0.32, respectively. Tracking of parti-
cle motion has been done without synchrotron oscillations
and momentum deviations. The dynamic aperture (DA)
has been calculated with 10°-turn tracking. To improve the
statistical significance of the simulations, we used 100 dif-
ferent samples of random muiltiple components generated
with different seed numbers in a random number generator
routine. All the multipoles up to 9th order in the field errors
of MQX are included.
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Table 1: Dynamic aperture of 5 worst cases in 100 random samples of LHC collision lattice with the mixed configuration.
vz = 0.31, vy = 0.32, and the crossing angle is 300urad. The unit of dynamic aperture is &.
Case 9 | Case 39 | Case 50 | Case 26 | Case 46 | (DA)., | (DA)min
Original DA 6.5 6.7 6.7 6.8 7.0 8.0 6.5
2nd-order Global Correction 8.1 7.7 8.8 9.1 8.6 9.0 7.7
3rd-order Global Correction 10.1 100 99 10.7 9.8 10.2 9.2
4th-order Global Correction 10.7 10.7 10.6 10.8 10.6 11.7 9.6
5th-order Global Correction 11.3 11.0 10.6 11.0 109 11.3 10.1
6th-order Global Correction 11.4 119 10.6 11.0 10.9 11.6 10.3
Sorting (beam1) 12.0 10.0 12.8 10.8 10.0 11.0 9.0
Sorting (beam2) 10.0 11.0 92 9.6 10.5 10.3 9.0
Table 2: The same as Table 1 but with the unmixed configuration
ase 44 | Case 47 | Case 12 | Case 5 | Case 20 | (DA)y, | (DA)min
Original DA 5.5 5.6 6.1 6.9 6.8 8.0 5.5
2nd-order Global Correction 8.1 8.8 10.0 8.8 8.6 9.0 7.7
3rd-order Global Correction 9.6 94 10.0 10.3 99 10.2 9.1
4ih-order Global Correction 10.5 10.2 i0.3 10.5 10.6 11.0 10.0
Sth-order Global Correction 12.2 11.0 11.3 11.6 11.1 11.5 10.3
6th-order Global Correction 12.3 11.2 11.7 12.1 119 i2.0 10.4
Sorting (beam1) 12.4 10.6 13.3 104 9.5
Sorting (beam2) 11.3 10.0 13.2 iié 5.0
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Figure 1: Dynamic aperture of two counter-rotating beams
of fifty samples of the mixed configuration without the sort-
ing and nonlinear correctors for MQX. The number in each
block identifies each sample.

Figs 1 and 2 plot the DA of two counter-rotating beams

camimdac =3 PGP MY Tt o
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the mixed conﬁguratlon No any nonlinear corrector were

Ubt’ru ll'l UlﬁbC cases. lllcbc llll)’ bdlllplcb WwCicC lllC lllly WOrst
cases of the hundred random samples without the sorting

Dynamic Aperture (o)

Figure 2: The same as Fig. 1 but with the sorting of MQX.

in regarding of the DA of beam 1. Without the sorting, the
smallest and the average DA of the fifty samples is 6.50 and
8.00 for beam 1, and 6.00 and 8.9¢ for beam 2, where o is
the transverse beam size. After the sorting, the smallest and
the average DA for both beamns are increased to more than
9.00 and 10.00, respectively. In Figs. 3 and 4, the percent-
age increase of the DA afier ihe sorting is plotted vs. the
DA without sorting for the fifty samples of the mixed and
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Figure 3: The increase of the DA after the sorting vs. the

DA without the sorting for two counter-rotating bea

the fifty samples of the mixed configuration.
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Figure 4: The increase of the DA after the sorting vs. the
DA without the sorting for beam 1 of the fifty samples of
the unmixed configuration.

unmixed configuration, respectively. It shows that, in gen-
eral, the smaller the unsorted DA, the larger the increase of
the DA after the sorting. For example, before the sorting,
two worst cases of the mixed configuration, case 9 for beam
1 and case 37 for beam 2, have a DA of about 6¢. After the
sorting, the DA becomes larger than 9.5¢ for both cases,
which is more than 60% gain in the DA. As the DA without
the sorting increases, the gain of the DA after the sorting di-
minishes. It is understandable that if the original system is
already quite linear, the sorting will not resuit in a substan-
tial improvement. In Table 1 and 2, we list the DA with or
without sorting for five samples of the mixed and unmixed
configuration. These are the five worst cases in the 100 ran-

dom samples of the LHC collision lattice with the mixed or
unmixed configuration. The DA after the global correction
is also listed for a comparison [10]. It shows that the DA
of the LHC collision lattice can be increased to 9o with the
sorting of MQX.

4 SUMMARY

The sorting scheme for the insertion quadrupoles of the
LHC IRs based on the self compensation of random field
errors in each triplet has been shown to be a very effec-
tive means to increase the dynamic aperture of the LHC
during collisions even though only a limited number of
quadrupoles are available for the sorting. Since the sort-
ing scheme is based entirely on the local compensation of
muitipoie fieid errors in each tripiet, it is very robust, i.e.
the sorted lattice should be superior to unsorted one even
when other factors are included. The effectiveness of the
sorting has also been demonstrated with different working
poinis of the LHC [8]. It should be noted that the sorting of
magnets reqmres a reliable cold measurement of multipole
componeits of all the magneis. It is assumed thai the cold
measurements will be conducted for all MQX. In this study,
we assumed that all 32 MQX of the LHC are available for
the sorting, i.e. the cold measurement of all MQX can be
completed before installing any of them. Practically, how-
ever, there will be constraints from the construction and
installation schedules which could prevent the pool of the
quadrupoles available for sorting from being large. If that
wag tha ~rnge camfing voa 14 ha lacq affantiva a marit

T
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sorting, however, lies in the fact that it can coexist with any
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side effects. It therefore provides an additional measure for
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REAL-WORLD SORTING OF RHIC SUPERCONDUCTING MAGNETS*

J. Wei', R. Gupta, M. Harrison, A. Jain, S. Peggs, P. Thompson, D. Trbojevic, P. Wanderer
Brookhaven National Laboratory, Upton, NY 11973, USA

Abstract

During the seven-year construction of the Relativistic
Heavy Ion Collider (RHIC), more than 1700 superconduci-
ing dipoles, quadrupoles, sextupoles, and multi-layer cor-
rectors have been constructed and installed. These magneis
have been sorted at several production stages to optimize
their performance and reliability. For arc magnets, prior-
ities have been put first on quench performance and op-
erational risk minimization, second on field transfer func-
tion and other first-order quantities, and finally on nonlin-
. P conen matmatal-imale Amtizmivad at Aa

ear field errors which were pa.‘xummuuéty' vpuuuwd at Ge-

31gn For Interaction-Region (IR) magnets, sorting is ap-
aonatc

ad e Ala thn lha
puw 10 seiect tne oest yuam‘u‘lu combination of magnets ior

the low-8* interaction points (IP). This paper summarizes

tha hicen ~F g 1
the history of this real-world sorting process.

The RHIC magnet system consists primarily of supercon-
ducting dipole, quadrupole, sextupole and corrector mag-
nets for guiding, focusing, and correcting the counter-
cxrcutaung ion beams into the 0651gn orbits in the reguw
arcs of the machine lattice. A large complement of spe-
cial superconuueung magnets is also reQmwu for steeﬁng
the beams into collisions at the six interaction regions (IR)
where the ion beams interact. u‘L‘u‘il‘lg the seven-yeéar comn-
struction cycle, more than 1700 superconducting magnets
have been constructed, measured, installed and tested. In
order to optlrmze the performance of these magnets, sort-

PP, | A avrae oot hla
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For a majority of the arc magnets, priorities have been
put first on quench performance and operational risk min-
imization and second on field transfer function and other
first-order quantities. Since nonlinear field errors were
painstakingly optimized at design, and their sorting prior-
ity was low. For IR magnets, sorting was applied to select
the best possible combination of magnets for 2 out of 6 IRs
where 3* will be lowered to 1 meter for high luminosity ex-
periments. In order to minimize the relative misalignment
between magnets in a common cryostat, sorting was aiso
applied both before and after cryostat assembly. In contrast
to an idealized magnet sorting, sorting in a real world is
often constrained by the assembly and installation sched-
ule, available storage space, €fc.
the history of this real-world sorting process. In Section 2,
we review the overall proceuure of magnet anatySh, accep-
tance, and sorting. In Sectlon 3 and 4, we summarize the

£rnr oen _. ™m P
ce for arc and IR magnets.

This paper suminarizes

Tt pwT A

actual SOrting exper rie

* Work performed under the auspices of the US Department of Energy.

1 Email: weil @bnl.gov

2 MEASUREMENT DATA ANALYSIS

Besides reaching fields with substantial margins above the
required range, all of the RHIC magnets must meet strin-
gent requirements for field quality, reproducibility, and
long-term reliability. In order to fulfill this goal, a com-
mittee of magnet division and RHIC accelerator physics
personnel jointly reviewed the field quality, quench test
performance, survey and other engineering aspects of the
magnets. After individual magnet elements (coldmasses)
are measured and tested, the magnetic field quality data,
including transfer function, field angle, multipole harmon-
ics, magnetic center offsets, etc. at all the test currents,
[1] are recorded along with the warm mechanical survey
measurements of the fiducial positions, sagitta, mechani-
cal length and field angle. The data are transferred from
the magnet division into the RHIC SYBASE database, and
then analyzed by studying trends, comparing with the ex-
pected values, and evaluating the deviation from the mean
using the computer program MAGSTAT [2]. As shown
in Fig. 1, after their review and acceptance, magnets con-
tained in their own cryostats (e.g. arc dipoles) are sorted for
their candidate installation iocaiions. Magneis belonging to
a common cryostat assembly go through a second stage of

dipoles
magnet quads
Lffl’%'ﬁj\cirrectors (singie or 4-layer)
’ LTF. ~_ _ field angle Impact
quench p multipole - center dev, m,z,o.c
coldmass
acceptance
; < e-oo e SORTING
cryostat
assembly

N

__ o fieldangle _
— center pos:

Y v
optical __ " survey
fiducials . = | targets B

, ™| orientation
\ Y

/!
‘ assembly /
a(‘r\pnranmﬂ
/
’ installatioJ e

e J

assembl)"

center

SORTING

Figure 1: Magnet acceptance and sorting procedure.
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review, acceptance and sorting. At this stage, the assembly
is surveyed with either colloidal-cell optical or stationary-
coil pick-up (antenna) techniques to locate the magnetic
centers of the components relative to the cold mass fidu-
cials and the externally accessible cryostat fiducials. This
survey data is transferred into the database and analyzed
using the computer program SURVSTAT [3]. Based on a
second-round review and balance of both coldmass and as-
sembly data, the assemblies are sorted for final installation.

3 ARCREGION MAGNET SORTING

RHIC arc dipoles, quadrupoles and sextupoles are industry-
built magnets. Despite close communication and detailed
quality assurance procedures, unexpected changes in the
manufacturing process still occurred. Magnet acceptance
review and the subsequent sorting played an essential role
in optimizing the final performance.

3.1 Arc Dipoles

----- 3 A e +. ~
During the acceptance, a drop in the integral transfer func-

tion (ITF) of about 0.1% was noticed and traced to the nar-

rawer width of th ici 1
rower width of the phenolic insulator used between the coil

and the iron. Although the problem was corrected, about 20

nff:
um.suum were affected.

with all subsequent dipole magnets. The sorting procedure

was based on the strength minimization of dipole correc-

tors required to compensate for the variation in the integral
transfer function. With sorting, the maximum current re-

WAiloivi duiiveaUL ad SOILINE, W20 AAQARIAR A RAsdis 2

quired for such compensation was decreased from 12 A to
about 3 A,

The dominant multipoles of the dipole magnets are
b, (normal sextupole) and b, (normal decapole) resulting
from the dipole symmetry of the magnets, and a; (skew
quadrupole) resulting from the asymmetric vertical place-
ment of the magnet cold mass in the cryostat. Due to the
relatively high injection energy and the small diameter of
the coil filaments, the persistent current effects are small.
Magnet design has minimized b, and b4 for both injection
and storage currents by optimizing the cross-sections of the
coil and the yoke taking into account the persistent current
and saturation effects. The minimization of a; is achieved
by sorting the yoke weight during the assembly process so
that the lower half yoke is heavier than the upper half.

Among the eight dipoles allocated as spare magnets, five
of them have off-normal skew quadrupole component (a;
up to —5.9 units [4]), some caused by a known coil size
mismatch; one has an excessive twist (2.5 mr standard de-
viation in body field angle) along the magnet body, and one
has low transfer function at high fields.

These magﬂets were sorted a]nng

3.2 Arc Quadrupoles
At the early stage of industrial manufacture, midplane
shims were incorrectly changed on 5 quadrupoles, result-
ing in a b3 of about —6 units. These magnets were sorted
and distributed among the two rings to minimize their ef-
fects.

The dominant multipoles of the quadrupoles are b5 and
as resulting from the quadrupole symmetry of the coil and

the end configuration, and b3 resulting from the asymmetry
between the horizontal and vertical planes. b3 was com-
pensated in the design by making the coil to midplane gap
appropriately asymmetric, while bs was reduced by com-
pensating the body with the ends of the magnet.

Among the eight quadrupoles allocated as spare mag-
nets, four of them are of concern with off-normal coil size
or low collaring pressure, some resulting in large aq; two
have excessive b2 (—5 units); one has an engineering repair.

3.3 Arc Sextupoles

In general, the performance of the sextupole magnets ex-
ceeded the design goal. However, the epoxy contained in
about 42 magnet coils is significantly weaker than normal.
Consequently, the average quench currents (about 170 A)
of these magnets, although exceeding the design operating
current (100 A), are lower than the average of the regular
magnets (above 200 A). To minimize possible long-term
effects, these magnets have been sorted and allocated to
the focusing locations around the two rings where the re-
quired strength of the sextupoles for chromaticity correc-

Jupy

tion is about 50% of that at the defocusing locations.

3.4 Arc Trim Quadrupoles

Trim quadrupoles all have minimum quench currents above
200 A, well exceeding the design operating current of
100 A. One trim quadrupole coldmass was designated as

st on P R Py e an
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3.5 Arc Correctors
All of the correctors, either single-layer or four-layer, were
built in-house and cold tested. After initial training, all

the magnets quench above the design operating current of
50 A. Since the dinole corrector lavers are all nnwprpd indi-

X 22000 L0 LIPRAIC LRIV 2a)/Bis v &l fcl Ao 9 1 10 3

vidually, the variation in the integral transfer function (typ-
ically 1% rms) is of little concern. Correctors with layers
of excessive field angle deviation (up to ~20 mr) or erratic
nch tmmmu were selected as spare magnets.

3.6 Arc COS Assembly

Arc corrector, quadrupole, and sextupole magnets were
welded into a single “CQS” assembly. The CQS assembly
also includes a beam position monitor and (for some) a re-
cooler. The CQS components need to be aligned with each
other so that their magnetic centers are on a straight line. It
was found in the early stage of installation that “Springs”
(made of G-10 plastic) needed to be installed or refitted
in the support posts, confining the coldmass transversely
while allowing free longitudinal motion. Special welding
stripes were applied to the CQS shell to align the magnetic
centers of the individual coldmasses for assemblies that ex-
ceeded a tolerance of 0.25 mm. Subsequently, the welding
sequence is carefully choreographed to balance “curling”
distortions against each other.

Correctors with large misalignments can generate seri-
ous feed-down harmonics. Two early CQSs with corrector
offsets larger than 2 mm have been removed from the tun-
nel, and were later corrected.

2
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4 IR MAGNET SORTING

The IR triplet cryostat contains two dipoles, six
quadrupoles, and six four-layer corrector packages of the
two rings. Field imperfection of the IR magnets limits the
machine performance at collision when §* is squeezed.
Among the 6 interaction points, 2 of them are planned to
run at a low §* of 1 m. Most sorting efforts have been to
select the best IR magnets for these 2 “golden” IPs.

4.1 IR Dipoles

In general, two IR dipoles, one on each side of the IP, are
powered by the same shunt power supply. Sorting has been
performed to pair dipoles of similar transfer function to
the same IP. Two dipoles with off-normal transfer function
are assigned to special locations where individual shunt
supplies exist. Early magnets with imperfect field quality
(large b2) were assigned to non-golden region. Since the
outstanding random error is a;, magnets of similar a; are
sorted to the opposite side of the same IP to minimize their
action kicks [5]. One dipole is designated as a spare due to
erratic quench performance.

4.2 IR Quadrupoles

The manufacturing sequence of IR quadrupoles follows the
level of required performance, starting with the less-critical
Q1. Several iterations were made on the magnet cross sec-
tion to optimize the field quality. Application of tuning
shims is also practiced at this stage.

In one Q2 quadrupole, an excessive amount of axial vari-
ation in multipole errors was found (change of 15 units
of a3) and suspected to be due to cracked insulators. The
quench performance, though adequate, was lower than av-
erage. Efforts were made at the last stage of installation to
replace this “golden candidate” with a “spare candidate”.

Due to lack of time for cryogenic testing, 11 out of 72
IR quadrupoles were measured only at room temperature.
Because of imperfect correlation between the warm and
cold measurements, the field quality of these magnets is
less well known than the field quality of magnets which
have been cold tested. Since this information is the critical
base for IR correction, these magnets were sorted to “non-
golden” IRs. Spare magnets were mostly selected based on
off-normal multipole errors. One quadrupole with a par-
tially inserted shim was first allocated as a spare but later
installed to meet schedule requirements for the first sextant
test.

4.3 IR Correctors

Sorting on IR correctors was performed along with the
quadrupoles before their attachment to minimize the rel-
ative magnetic center offset and field angle. After sorting,
for CQ combinations with excessive relative offset and roll,
shimming adjustment were made before welding of the as-
sembly.

4.4 IR CQ Assembly
IR correctors were welded to IR quadrupoles to form CQ
assemblies. At a later stage of IR CQ assembly, electric

Table 1: Summary of RHIC magnet sorting (n = 1 is

quadrupole).

Magnet Number Sorted quantity
(used+spare)

Arc dipole  288+8 ITF, yoke weight (a;)
twist, by

Arcquad. 37248 coil size, midplane shim size
collaring pressure
coil saddle crack repair, b,

Arc sext. 288+12 epoxy level (quench)

Arc corr. 420+10 quench, field angle

D51 12+1 vacuum vessel straightness

DsO 12+1 vacuum vessel straightness

D96 48+1

Trimquad. 72+6 rust on yoke

CQS 282+8 corrector offset

CQT 72+6

CQ 60+2

Interaction region magnets:

IR dipole  24+2 quench, ITF, b2, a1

IR quad. 72+6 data availability (schedule)
axial variation of a,
partial shim, multipoles

IR corr. 72+6 center offset, roll

DX dipole 12+1

IR CQ 1246 potential corrector shorts

Total 1692+65

shorts were found at the octupole leads of IR correctors
precipitated by a routing misdesign. Rework was done on
all the correctors which were still in coldmass state. For
correctors designated as “golden” and yet with their end
plates already welded on, their end plates were removed to
allow a complete rework. About 8% of the CQ assemblies
fully installed in the machine were not reworked, and their
chance of octupole layer malfunction is less than 10%.

4.5 Separating Dipoles DX
After a design iteration based on the prototype magnet, the
field errors (b2, b4) of these large-bore (18 cm coil diam-
eter) dipoles were greatly reduced and are well within the
capability of IR correction [6].

We thank members of the Magnet Acceptance Commit-
tee for their contribution.
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INTERACTION REGION CORRECTION EXPERIENCE AT LEP
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Abstract profile of each solenoid is obtained using several slices of
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interaction region of LEP with a view to what might be
relevant to the LHC.
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As something of a phoenix rising from the
decommissioning of LEP, the LHC necessarily shares
some characteristics of its illustrious leptonic progenitor.
Yet the two machines differ to the extent that most of the
matters discussed so far in this workshop have been
e mnrmend ten dlia Aot Y et A E TP FYocrie
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been asked to review the experience in correcting the LEP
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interaction region correction at LEP, not discussed so far
in this workshon. that micht have some bearing on the
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LHC?

More specifically, the two machines have the same
circumference and a similar number of magnetic elements
(per ring in the case of the LHC); each is subject to
similar movements of the very same tunnel floor and each
has superconducting interaction region (IR) quadrupoles.
On the other hand, their beams, their energies, their
magnetic field strengths and most of their hardware
components are radically different.

I cannot do more than mention the main points in this
brief, informal summary. I hope it will be taken as a set
of pointers to the fuller information that you can find
through the references.

2. LINEAR OPTICS
The standard set-up of LEP’s physics optics includes a
correction of the vertical Twiss function at each IP to its
nominal value B, =0.05m. This is done very simply by

measuring the change in tune for small changes of the IR
quadrupole strengths. The same quadrupoles are then

trimmed to rematch B .
On many occasions, adjustments of By and errors of

the IR quadrupoles have been related to B-beating and
phase advance errors measured around the ring.
Corrections of the interaction region cannot be considered
in isolation. For a recent example, see [1].

Compensation of the betatron coupling due to the
experimental solenoids is also a routine matter, modulo
minor historical glitches. The compensation by means of
nearby tilted quadrupoles is computed by the standard
technique of zeroing the off-diagonal blocks of an
appropriate transfer matrix. The basis of the calculation
is a model in which the measured longitudinal field
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procedure works well.

3. NONLINEAR DYNAMICS

Thanks, mainly, to the synchrotron radiation, the physical
effects determining the dynamic aperture in LEP are
utterly different from those in hadron rings like RHIC or
the LHC. At high energy, the dominant non-linear fields
causing large amplitude particles to be unstable are those
of the chromaticity correction sextupoles, the accelerating
fields of the RF cavities and the designed quadrupole
gradient of the interaction region quadrupoles [2]. (In
LEP, quadrupoles must be considered as nonlinear
elements because the radiation loss in them is
o p’K2(x*+y*)where p, x and y are a particle’s
momentum and transverse coordinates and K; the
quadrupole gradient.)

Although we know the multipole components of the
superconducting interaction region quadrupoles from the
magnetic measurements [3,4], they are not strong enough
to make any significant difference to the dynamic
aperture [S]. This was the case, both for the original set
of quadrupoles (MQC type) installed for LEP1 operation
(up to 65 GeV per beam) and the stronger ones (MQCC
type) that replaced them for LEP2 (up to 100 GeV).

A MAD aescnpuon of the muitipoie gradients of the
MQCCs is available in the standard rep031tory of files
describing the LEP Gptics

At the highest energies, the gradient of the interaction

racinn n“oﬂrnnr\]nn 1(- limited hvu flf\n foA:ohnn hotna —
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synchrotron coupling mstablllty The only ways to

overcome this effect are to increase the RF voltage, which

is no longer possible, or to reduce the strength of the
interaction region quadrupoles. Thus, this instability

translates into a lower limit on b* Since this instability
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corresponding effect in the LHC.
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4. ALIGNMENT OF BEAM POSITION

oA TRt T

MONITORS

Beam-based alignment techniques have been used
extensively at LEP to measure the offsets between beam
position monitors and quadrupole magnets [6,7,8]. The
favored technique is the so-called “K-modulation” in
which a quadrupole gradient is modulated at a frequency
well below the betatron frequency. Moving the closed
orbit in the quadrupole to minimize the response locates
the magnetic center and determines the offset of an
adjacent beam position monitor.
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This method revealed [7] that there were indeed

buUbl.dIllldl l[llbdllglllllcll\-b UCI.WCGII um magucue centers
of the quadrupoles and the beam position monitors. The

13 af
offsets for the first generation of

quadrupole magnets for LEP (MQC type) show large

offsets of up to =2 mm . Their renlacements for LEP II
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(MQCC type) have offsets only up to —1 mm .

It goes without saying that, once these offsets were
taken account of in the orbit measurements, there were
clear benefits for machine operation and performance.

tha cunarcandncting
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5. MOVEMENTS OF IR
QUADRUPOLES

At three of LEP’s four IPs, the innermost quadrupole
(QS0) is imbedded deep inside the detector and supported
from the main tunnel floor by a cantiiever structure (see
Figure 1). At the fourth (IP2 for the L3 detector) the
three innermost quaurupmes \Qou \{o 1A and Qo 1B) arc
supported together with the inner parts of the detector in a

lbe can be mnvnr‘ with
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32 m long support tube. This tu

motorized jacks.

Because of movements of th suppo tures,
vertical orbit correction is the most frequent Lask carried
out by the operators during physics fills. In 1994 for
example [7], over 13000 vertical corrections were done
during physics data-taking, or while setting up for it. The
orbit corrector magnets near QS12 and QS8 in the
experimental straight sections were by far the most
popular correctors, not surprisingly since they are at a
vertical phase difference of nm from the low-B
quadrupoles. (At the time, the orbit correction algorithms
were programmed to avoid using other correctors nearer
the IP).

As by far the strongest quadrupoles in LEP, the
interaction region quads are the dominant source of orbit
and optical errors. Because there is a vertical phase
advance Ap, =7 between them, these occur according to

uctures

well-known patterns depending on the symmetry of the
movements around the IP.

Serious attention has to be given to the correction of
these linear effects. A few years into LEP operation,
hydrostatic leveling systems were added to monitor their
movements [7]. Other systems, based on differential
pressure in water columns and potentiometers that
measure relative movements of luminosity monitors and
main detectors, provide further information. Careful
........ enciiltc talimo tha affante ~F arnliad
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orbit corrections, showed strong correlations between
nQn anadrunoles and

meacured movements of the gquadrupoles ang
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computed orbit correction kicks [8].
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Figure 1: Interaction region around an experimental

detector (not to scale), reproduced from [8].

6. BEAM SEPARATIONS

Another important class of corrections associated with the
interaction regions in LEP is related to the separations of
the beams at the collision point. Generally, these could
be corrected by adjusting the electrostatic separation at
the IPs. In LEP, there are three different physical origins
of separation between beams:

1. Applied electrostatic fields designed to separate the
beams in some part of the machine (e.g., at different
times, the horizontal pretzel scheme used to separate
in the arcs or the local vertical bumps near the IPs
used in a “bunch-train” scheme).

[ AN P ST L
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the beams to have dlfferent momentums at the same
place in the ring, and therefore different orbits (for
further discussion, see [9]).

3. Beam-beam effects. Different bunches in the same
beam can experience different sequences of beam-
beam forces resulting in different orbits; these are
similar to the so-called “PACMAN” effects in hadron
colliders. These were particularly pernicious in the
“bunch-train” scheme because there was no means to
correct them, except in an average sense, to
maximize the luminosity over all bunch encounters
{10].

7. OPTICAL DIFFERENCES
BETWEEN BEAMS

In the LHC, the two beams circulate in different v m
chambers. Despite being closely related thanks to the
twin-bore magnet design, the magnetic fields acting upon
them can be somewhat different. Thus, in principle, their
optics can be different. In LEP, despite being in the same
vacuum chamber, subject to essentially the same
magnetic (and some electric) fields, the two beams have
different optics because of the energy-sawtoothing (the
same physical origins as the orbit separations discussed
above). In practice, corrections are difficult to make for
this kind of effect. The operators try to keep the
distribution of RF voitage as symmetric as possibie. At
top energy, however, there is little reserve voltage left to

provide much laiiiude for this. Foriunaiely, however,
there is usually enough symmetry in the distribution of

accelerating voltage that differences in b; between the

vacuum

beams are generally small, of the order of 5 %.

Some detailed measurements and calculations, with
illustration of the effects of synchrotron radiation on the
optical functions around the ring, can be found in [11].

8. CONCLUSIONS

Although there is no need to correct higher-order

muitipoles in the superconducting low-3 quadrupoles,
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several other, more basic, corrections of LEP’s interaction
region are important. The quadrupoles move with their
support structures, generating closed-orbit displacements.
To equalize luminosity and minimize the dominant source
of errors in the linear optics, the optical functions at the
interaction points have to be corrected by adjusting the
gradients.  Beam-based alignment has been very
important in determining the misalignment of the
magnetic centers of the beam-position monitors relative
to those of the quadrupoles themselves. One can hardly
overstate the need to pay close attention to alignment of
machine components in the interaction region of the LHC
and to provide effective means to cope with any
misalignments that arise after all.
Another class of corrections are those associated
differences of orbits and optics between the beams.
f @RSy, | N A reveantad Ae livad « Tha warat
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class of effects are differences between different bunches

of the same beam. We should not foreet that these can
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also arise in the LHC and may be very difficult to deal
with.
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Correction schemes for the LHC lattice at collision

T. Sen, N. Gelfand and W. Wan, FNAL, Batavia, IL 60510

Abstract

Normal form analysis and tracking results show that both
normal and skew resonances are driven strongly by the non-
linear fields of the IR quadrupoles. We report here on the
possibility of improving the dynamic aperture by compen-
sating these resonances with the use of correctors placed in
the IRs. The effectiveness of local correction schemes in
the presence of beam-beam interactions is also studied.

1 INTRODUCTION

The target dynamic aperture for the LHC at collisionis 12¢
at 10%turns. The dynamic aperture with only random errors
from version 2.0 of the Fermilab and KEK error harmonics
is about 11¢ at 105turns [1]. Systematic uncertainties and
errors in the ends reduce the dynamic aperture to about 9o
at 10%turns [2]. Local correction schemes based on mini-
mizing the action kick from each multipole [2] have been
investigated as a means of increasing the dynamic aperture
to the target value. Here we investigate a global compen-
sation method based on minimizing low order resonances
as a complementary method to improve the dynamic aper-
ture. We also examine the efficacy of idealized versions of
local correction schemes when beam-beam interactions are
included.

2 RESONANCE STRENGTHS FROM
TRACKING

The basic lattice was derived from MAD 5.1. In the high
luminosity insertions, Fermilab error harmonics V2.0 were
used for the quadrupoles in IRS and KEK error harmon-
ics V2.0 were used for the quadrupoles in IR1. This is the
so-called “unmixed case”. Using this lattice, the program
COSY INFINITY (3] was used to generate a Taylor map.
The arcs are represented by Sth order maps and the IRs are
represented by 9th order maps. These are concatenated to
generate a single map for the lattice. The Taylor map is
tracked to calculate either the dynamic aperture or ampli-
tude growth.

Tune scans were done to identify the resonances that
drive amplitude growth. Particles were placed at initial am-
plitudes of 3, 5 and 7 o and their amplitude growth was
recorded over 1000 turns at each tune. The tune scan was
done in two ways: 1) the vertical tune @, was held fixed
and the horizontal tune (), was varied, 2)(), was held fixed
and @, was varied. This was done for 30 seeds.

Figure 1 shows the amplitude growth in both planes,
with seed 1 for multipole errors, for a particle initially at
5o as a result of tune scans in the horizontal and vertical

planes. In this case, the Q; + 2@, and 2Q. + Qy reso-
nances are of sufficiently large widths to produce a broad
resonance. The other resonance causing a large amplitude
growth is the fourth order resonance 2Q. + 2@),. Figure 2
shows the results of similar scans with seed 9. Again, the
third order sum resonances and the 2Q. + 2Q,, resonance
cause large amplitude growth.
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Figure 1: Amplitude growth with horizontal (top) and ver-
tical (bottom) tune scans for seed1. For the horizontal tune
scan, the vertical tune is kept constant at 0.32 while for the
vertical scan the horizontal tune is kept constant at 0.31.
We have identified some of the resonances that are asso-
ciated with large amplitude growth. Note that the normal
Q= +2Qy and skew 2Q; + Q, resonances have overlapped
producing a broad resonance. This seed had the smallest
dynamic aperture of all the seeds tracked. '

In the majority of cases, the skew resonance 2Q, + Q
and the fourth order normal resonance 2Q. + 2Q, were
found to cause large amplitude growth. Figure 3 shows
normalized histograms over 30 seeds of the relative ampli-
tude growth due to these resonances. For example, in about
70% of the cases the skew 2@} + @, resonance caused a
relative amplitude growth of more than 10*. These tracking
results show that even with the random nature of the multi-
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Figure 2: Amplitude growth with horizontal (left) and ver-
tical (right) tune scans for seed9. In this case, the sum third
order resonances Q) +2@Qy and 2Q + Q) are distinct. The
dynamic aperture for this seed was near the average over all
the seeds.

pole errors, the same, relatively few, low order resonances
are responsible for amplitude growth. This encourages the
hope that compensating these resonances may increase the
dynamic aperture. At the nominal tunes (@, = 63.31,

y = 59.32), the 4th order resonance 2}, + 2@y, = 245
should not be excited. In this paper we choose to minimize
only third order resonances.

3 RESONANCE STRENGTHS FROM

NORMAL FORMS
The normal form A of a map M is obtained via
N=A"*"MA (1)
where
A= el [0))

The notation :: signifies a Poisson bracket operation. The
generating function F' of the similarity transformation is

F = Z fjklmJz(-j+k)/2J3$l+m)/2e—i’l/'j,k,l,m (3)

j’k )l!m

where 9j k,1,m = (j —k) (2 +z,0) + ([ —m)(dby +y,0)-
and J;, Jy are the linear actions. The resonances of order
n=|j—kl+|{l-m|are n;Q:+tn,Qy = (j—k)Qz (I —
m)Qy = p. These resonances also appear in higher orders
n - 2,n -+ 4, ... in the generating function. The strength of
an nth order resonance is taken to be the absolute value of
the complex generating function.

Flng,ng) =1 Y. Fium T2 e i tm)

A Frksl,m
J~k=ngz,l-m=ny

“

COSY INFINITY is used to generate the normal form of
the map and also evaluate the resonance strengths.

Third order resonance strengths, both normal and skew,

were calculated at an amplitude of 8o, close to the dynamic
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Figure 3: Normalized histograms of the relative amplitude
growth (shown on a log scale) due to the resonances 2@, -+
Qy = 186 (left) and 2Q); + 2Q, = 245 (right). The his-
tograms represent data from tracking with 30 seeds. For ex-
ample, in more than 70% of the cases, the 2@ +Qy = 186
resonance leads to a 10*fold or larger amplitude growth.

aperture. These resonance strengths included the contri-
butions from higher order multipoles (the “sub-resonance”
contributions). For example, the resonance @ + 2¢), has
primary contributions from b3 and subsidiary contributions
from bs, b7, by. Similarly the skew resonance 2Q;+ @, has

. primary contributions from a3 and subsidiary contributions

from as, a7, ag.

4 CORRECTION WITH SEXTUPOLES

Correcting all four third order sum resonances 3Q;, @, +
2Qy, 2Q: + Qy, 3Q, requires two sextupoles for each res-
onance or eight in all. In order to minimize the sextupole
strengths, the phase advance between the sextupoles cor-
recting a resonance have to be chosen appropriately. For
example, the optimal phase advances between the sex-
tupoles correcting the Q; + 2@, resonance satisfy Ay, +
2A%, = w/2. In this case the corrector strengths are min-
imal and both the real and imaginary parts of the driving
term can be corrected. However in the study reported here,
we restricted ourselves to placing sextupole correctors in
the MCBX and MCQS packages in the IRs. The phase ad-
vances between them are odd multiples of 7 and therefore
far from optimal. The @ functions in these correctors how-
ever are larger than they would be for sextupole correctors
placed in the arcs.

In IR1 and IRS, normal sextupoles, labelled NS1,...NS4
in Figure 4, are placed in MCBX packages between Q2a,
Q2b and after Q3 on both sides of the IP for a total of
eight normal sextupoles. Within a single IR, the normal
sextupoles in a family e.g. NS1, -NS1, are placed at lo-
cations of nearly equal beta functions in both planes and
have the same strength but with opposite signs. Their con-
tribution to the linear chromaticity is therefore zero while
the phase advance between them is nearly 7. A total of
four sextupole strengths are available to correct the real
and imaginary parts of the two normal resonances. Skew
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Figure 4: Placing of the 4 families of sextupoles for reduc-
ing the third order resonance strengths.

sextupoles, labelied SS1,... SS4 in Figure 4, are placed in
MCQS packages after Q2b, also on both sides of the IP in
IR1 and IRS. for a total of four skew sextupoles to correct
the two skew resonances. Equal weighting was given to
these four resonances and COSY INFINITY was used to
minimize these resonances using up to the maximum sex-

tupole field of 0.067T at the reference radius of 17mm.

Table 1 shows the resonance strengths after correction as
a fraction of their original values before correction for ten
seeds. The resonance strength here is the absolute value of
the complex dnving term. In most of these cases, one or
more of the resonance strengths are lowered. Reducing all
the sum third order resonances does not seem possibie in
general with the available sextupole strengths.

The dynamic aperture was calculated after the correc-
tion of these sum resonances. Figure 5 shows the dynamic
aperture in amplitude space. At each horizontal amplitude,
the dynamic aperture is averaged over ten random seeds for

Table 1: Fractional change in third order resonance
strengths using sextupoles, seed bv seed. f(n_, ny \ is the

............... Y L6 1> QG

relative strength of the Negz + Nygy = N resonance after
and before correction. The last column shows the change

in dynamic aperture A{DA) due to these sextupoles.

Seed || 1(3,0) | £(0,3) | f2,1) | £(1,2) || A(DA)
1 099 | 061 | 045 | 0.19 || 065
2 107 | 075 | 057 | 142 || 0.19
3 006 | 164 | 005 | 023 | 258
4 097 | 081 | 101 | 098 || 031
5 036 | 1.03 | 078 | 3004 || 052
6 035 | 191 | 094 | 017 || 059
7 0.15 | 037 | 1.85 | 0.60 || -0.29
8 081 | 027 | 053 | 127 || -0.88
9 041 | 050 | 061 | 134 || 020
10 1.04 | 005 | 143 | 292 || 084
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Figure 5: Dynamic aperture at different regions in ampli-
tude space with the use of sextupoles. At each value of the
initial horizontal amplitude, the dynamic aperture is aver-
aged over 10 random seeds. There is little change in the
dynamic aperture along either the z or y axis. The largest
gain in dynamic aperture, about 20, occurs close to the di-
agonal.
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5 CORRECTION WITH OCTUPOLES

Another way to avoid excitation of dangerous resonances is
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Three pairs of octupoles are used with members in a pair set
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Figure 6: Placing of the 3 families of octupoles for reduc-
ing the tune shift with amplitude.

to the same strength and placed at nearly the same values
of the beta functions. Members of the 3 families labelled
01, 02, 03 are shown in Figure 6.

The main purpose of the octupoles is to reduce the tune
shift with amplitude. Figure 7 shows that the tune footprint
for seed 1 is significantly smaller when the octupoles are
used. However the orbit is not centered in the octupoles
due to the crossing angle. Consequently they also affect
the third order resonance strengths due to the feed-down
into sextupole components. Table 2 shows the fractional
resonance strengths after using the octupoles. The changes
that occur with the octupoles are not controlled. For ex-
ample, with seed 1 all the sum resonances were reduced
while with seed 9, three of the four sum resonances in-
creased in strength. In order to check that the feed-down

Tune Footprint (V2.0+4KEK2: All Errors)
0,335 T T T

0325 AT

0.32 -

0315 | 1

. 1 !

0.312 0314

031 L L
0.304 0.306 0.308 0.31

Horizonatal

0316

Figure 7: Tune footprint with and without octupoles for
seedl.

Table 2: Fractional third order resonance strengths after

reducing the tune spread with octupoles.

Seed || £(3,0) | £(0,3) | £(2,1) | £(1,2) || A(DA)
1 083 | 027 | 0.08 | 0.18 1.89
2 042 | 226 | 085 | 1.24 -1.46
3 034 | 1.87 | 049 | 0.22 0.55
4 329 | 052 | 490 | 0.84 0.57
5 0.86 | 0.83 | 1.30 | 25.70 0.04
6 032 | 142 | 062 | 022 0.17
7 009 | 055 | 193 | 0.62 2.61
8 246 | 077 | 0.14 | 1.89 1.57
9 057 | 1.19 | 152 | 1.23 1.65
10 1.05 | 053 [ 031 | 1.07 -1.47

from the octupoles is responsible for the changes in reso-
nance strengths, the octupoles were displaced transversely
so that they were centered on the closed orbit. In this case,
there was no change in the third order resonance strengths.

Figure 8 shows the average dynamic aperture over 10
seeds with and without the use of octupoles. The average
increase in dynamic aperture with the use of the octupoles
is somewhat greater than that obtained with the sextupoles.
In particular, the dynamic aperture also increases along the
y axis. Reducing the tune shift at large amplitudes therefore
appears more beneficial in avoiding the effects of the 3Q)y
resonance.

6 SEXTUPOLES AND OCTUPOLES
TOGETHER.

‘When both sextupoles and octupoles are used, a two step
procedure is necessary. Due to the fact that octupoles

Dynamic Aperture of Seed #1-10
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Figure 8: Dynamic aperture at different regions in ampli-
tude space with the use of octupoles. At each value of the
initial horizontal amplitude, the dynamic aperture is aver-
aged over 10 random seeds. The octupoles help to increase
the dynamic aperture along the y axis as well as close to
the diagonal.
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Table 3: Fractional third order resonance strengths after
correction with octupoles and sextupoles.

Seed {| £(3,0) | £(0,3) | f(2,1) | f(1,2) || A(DA)
1 049 | 0.18 | 007 | 0.10 2.69
2 047 | 1.74 | 072 | 140 -1.03
3 024 | 335 | 040 | 0.16 0.22
4 267 | 059 | 2.02 | 1.09 0.75
5 033 | 093 | 094 | 49.87 0.41
6 033 | 132 | 055 | 0.22 -0.10
7 012 | 0.14 | 029 | 048 2.49
8 131 | 098 | 1.48 | 1.58 1.69
9 048 | 097 | 129 | 098 222
10 074 | 007 | 1.07 | 142 0.49

change the third order resonance strengths via feed-down,
it is difficult to do a simultaneous compensation of reso-
nance strengths and tune shifts with amplitude. In the two
step procedure, first octupoles are used to reduce the tune
footprint and a new map of the lattice is obtained with these
octupole correctors. The third order resonances of this new
map are then compensated with sextupoles.

Table 3 shows the fractional resonance strengths after
correction with the octupoles and sextupoles. Compared
to the fractional strengths shown in Table 2, most of the
resonance strengths have decreased. For example, with
seed 1 the 3Q); resonance is reduced to nearly half its value
with octupoles alone and the increase in dynamic aperture
changes from 1.89¢ t0 2.69¢.

Dynamc Aperture of Seed #1-10

T v2.04KEK2 (without comactors) -~
Wi V2.0+KEK2 (with sextupolas and octupoles) v--x-~+

S VY

Verlical aperiure {sigma)

Figure 9: Dynamic aperture at different regions in ampli-
tude space with the use of sextupoles and octupoles. At
each value of the initial horizontal amplitude, the dynamic
aperture is averaged over 10 random seeds. As with oc-
tupoles alone, sextupole and octupole correctors help to im-
prove the dynamic aperture at almost all angles in physical
space.

Figure 9 shows the average dynamic aperture over 10
seeds with and without the use of sextupoles and octupoles.
Again, as was the case with only octupoles, there is some

improvement in the dynamic aperture along the y-axis.
Overall, the gain in dynamic aperture is larger than with
either sextupoles or octupoles alone.
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Figure 10: The change in dynamic aperture as a function
of the initial dynamic aperture for each of the correction
schemes.

Figure 10 shows the change in dynamic aperture as a
function of the initial aperture for the different schemes. It
is clear that the variation in dynamic aperture from seed
to seed due to the action of the sextupoles is quite differ-
ent from the variation due to the octupoles. For example,
the maximum increase with sextupoles occured with seed
1 while the maximum with octupoles occured with seed 7.
Octupoles were most effective in increasing the smallest
dynamic aperture (seed 1). In almost all cases, the addi-
tion of sextupoles to octupoles helped improve the quality
of the correction.

Table 4: The dynamic aperture (DA) with the use of low-
order correctors. (DA) is calculated after 10° turns and
averaged over 10 random seeds for the multipole errors.
The last column shows the maximum increase in DA over

these seeds with the use of the correctors.

Correction (DA) £ o(pay |Max A(DA)
No correction 105+ 14

Sextupoles 110+ 14 2.58
Octupoles 112+ 1.4 2.61
Sextupoles & octupoles 11.5+12 2.69

Table 4 summarizes the change in the dynamic aper-
ture, averaged over emittance space and 10 seeds, obtained
with use of the low order correctors. On average, the sex-
tupoles increase the dynamic aperture by 0.5¢, octupoles
by 0.7¢ and the two together by 1¢. These schemes can
be improved. One possibility is to identify the impor-
tant resonances, seed by seed, and compensate only those
resonances. For the preliminary study reported here, we
compensated all the third order sum resonances for every
seed. Lower order resonances such as the second order
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Table 5: Idealized versions of the local correction schemes
2 and 4 where the systematic and random values of the
specified multipoles are set to zero. Tracking calculations
in this paper did not include the systematic uncertainties

(db,, day).
Scheme Zeroed random multipoles
2 (b3, bs, bs, be) & (a3, as, as, as)
4 (03;04,05,06,010) & {a3)a47a57a6)
()_. — fL resonance also anppear to be associated with am-

ACOIAULE 40 dPPeal 10

phtude growth (seen in Figures 1 and 2). This is one of
several resonances that can be compensated by octupoles.

7 LOCAL CORRECTION SCHEMES

N LABA NSNS N AN AR RV AR iy

WITH BEAM-BEAM

Beam-beam interactions have a significant impact on the
dynamic aperture [1]. We have examined the impact of
idealized versions of local correction schemes when beam-
beam interactions are included. In the idealized versions
we set to zero the systematic and random value of the speci-
fied multipoles. Table 5 shows the local correction schemes
2 and 4 as proposed in [2]. In practice, the local correction
schemes will not be quite as effective as the idealized ver-
sions used here.

The tracking results reported in this section, both with
and without beam-beam interactions, were done with the
program TEVLAT [4]. The lattice was also derived from
MADS.1 but the IR quadrupoles were mixed, i.e. Fermi-
lab error harmonics V2.0 were used in Q2a, Q2b and KEK
V2.0 were used in QI and Q3.

In order to be consistent in evaluating the correction
schemes, we will compare the dynamic aperture with and
without the beam-beam interactions at the same number of

Tomwren Lz T nd au anemn ben e famdmen

turns. We have found ihat when the beam-beam interac-
tions are included, particles must be tracked for a mini-

mum of 10°
L1RWAAIY VA LV

fuirne in order to ot meaninafl recnlte 111 Tt
tUInS 10 OIGOT 10 oL INCaningit: TC5ULS 4 4. 1L

is important to note that the dynamic aperture with beam-

beam interactions drops faster with the number of turns
eam Interac ops

than without.
Fi gure 11 shows the dvnnmm aperture for five seeds with

and w1thout the beam—beam interactions when no correc-
tion is annhed

Figure 12 shows the dynamic aperture in both cases with
the idealized scheme 2. The dynamic aperture with the
beam-beam improves by about 1o compared to the case
when no corrections are applied. As expected, the improve-
ment is smaller compared to the case when the beam-beam
interactions are not included.

Figure 13 shows the dynamic aperture in both cases with
the idealized scheme 4. In this case, the dynamic aper-
ture without beam-beam improves dramatically by about
4.7¢ compared to the case without correction. When the
beam-beam interactions are included, the dynamic aper-
ture increases by 3.2¢ to 12.4¢. This scheme is clearly

Dynamic Aperture without correction (100,000 turns)
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Figure 11: Dynamic aperture with and without the beam-
beam interactions without any correction. Particles are
tracked for 10° turns over 10 angles in emittance space.
The average reduction in dynamic aperture due to' the
beam-beam is 1.3¢.

Dynamic Aperture with correction: BNL 2 (100,000 turns)
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Figure 12: Dynamic aperture with and without the
beam-beam interactions with the idealized local correction

scheme 2. Particles are tracked for 10°
in emittance space.
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quite effective in improving the dynamic aperture, albeit by
a smaller amount, even when the beam-beam interactions
are included. Most of the increase is due to eliminating the
large (b10) = —0.25 contribution to the dynamic aperture.

Table 6 summarizes the average change in dynamic aper-
ture with and without the beam-beam interactions for the
different correction schemes.

8 SUMMARY
Using only sextupoles and octupoles in IR1 and IR5 we
attempted to increase the dynamic aperture. These multi-
poles were used to compensate sum third order resonances
and reduce the tune shift with amplitude. Ten random
seeds were used for the multipole errors. Averaged over the
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Dynamic Aperture with correction: BNL 4 (100,000 turns)
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Figure 13: Dynamic aperture with and without the

beam-beam interactions with the idealized local correction
scheme 4. Particles are tracked for 10° turns over 10 angles
in emittance space.

seeds, these multipoles increased the dynamic aperture by
about 1¢. The maximum increase in dynamic aperture over
these seeds is 2.7¢. This increase is encouraging because it
demonstrates that resonance compensation works in prin-
ciple. Our use of the sextupoles was constrained by plac-
ing them in the IRs. The relevant phase advances between
these sextupoles correcting a resonance is an odd multiple
of 7 while at optimal locations these phase advances would
be odd multiples of w/2. This can be achieved by placing
the sextupole correctors in the arcs. Resonance compensa-
tion may be further improved by first doing a more detailed
search for the important resonances at the working point,
using the method of frequency analysis for example. Low

order coupling resonances such as @, — (> may require-

a dedicated compensation. Important resonances of higher
order than third will require higher order multipoles. We
believe that resonance compensation can be a useful com-
plement to the local correction scheme.

We have also investigated the efficacy of idealized ver-
sions of the local correction schemes when beam-beam in-
teractions are included. As expected, the increase in dy-
namic aperture is not as large compared to the case when
beam-beam interactions are not included. However the in-

Table 6: Average dynamic aperture without and with beam-
beam and different idealized local correction schemes. The
dynamic aperture is calculated after 10° turns and averaged
over 5 random seeds. No systematic uncertainties db,, da,
are included.

Correction No Beam-Beam | With Beam-beam
Scheme (DA) £ o(pay (DA) £ 0(pay
No correction 10.524 1.04 921 +0.88
Scheme 2 12.31+ 1.33 1035+ 1.19
Scheme 4 15.17+ 1.40 1241 £ 1.29

crease with scheme 4 (where b1y = 0 ) is still significant,
about 30. This demonstrates that the local correction can
still be very useful, even in the presence of the beam-beam
interactions. We believe that in order to improve upon the
local correction, compensation of the beam-beam driven
resonances should be investigated.
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Global Correction of Magnetic Field Errors in LHC Interaction Regions
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Abstract

Global compensation of the field errors based on the min-
imization of nonlinearities in a one-turn map was found
to be very effective in reducing the detrimental effects of
magnetic field errors in the LHC during collision. With a
few groups of low-order correctors, nonlinear terms in the
one-turn map can be minimized order-by-order and, conse-
quently, the dynamic aperture is substantially increased and
the phase-space region occupied by beams becomes much
more linear. One advantage of the global correction is the
possibility of further optimization of the correction based
on a direct measurement of a one-turn map with beam-
dynamics experiments.

1 INTRODUCTION

During collisions, the dynamic aperture of the LHC is lim-
ited by the multipole field errors of superconducting high-
gradient quadrupoles (MQX) of the inner triplets of the in-
teraction regions (IRs). Control of these field ertors is one
of the primary tasks in the design of the LHC IRs. With the
current reference harmonics of Fermilab and KEK MQXs
[1], correctors are necessary for the IRs in order to meet
the dynamic aperture requirement of the LHC. Because of
the beam separation in the triplets due to an angle cross-
ing of colliding beams, high-order multipoles of the field
errors feed down to low-order nonlinearities of the system
and they are important to the aperture limitation. It is, how-
ever, difficult to correct those high-order multipoles errors
by using the traditional methods of local correction since it
is difficult and costly to build high-order multipole correc-
tors. The global correction of magnetic field errors based
on the minimization of the nonlinearities in a Poincaré map
of a circular accelerator is an alternative way to reduce the
detrimental effects of both the systematic and random field
errors [2]. In a circular accelerator, the nonlinear beam
dynamics can be described by a Poincaré map known as
one-turn map. The one-turn map contains all global in-
formation of nonlinearities in the system. By minimizing
the nonlinear terms of a one-turn map order-by-order with
a few groups of multipole correctors, one can reduce the
nonlinearity of the system globally {2]. In this paper, the
effectiveness and feasibility of the global correction of the
magnetic field errors in the triplets of IRs is investigated for
the LHC collision lattice. It was found that the global cor-
rection strategy is effective and efficient in increase of the
dynamic aperture and improvement of the linearity of the
phase-space region occupied by beams for the LHC dur-

*This work is supported by the National Science Foundation under
Grant No. PHY-9722513 and the University of Kansas General Research
Fund.

ing collisions. One advantage of the global correction of
noplinear fields is that the correction may be further opti-
mized during the commission of an accelerator based on
measurements of a one-turn map in beam-dynamics exper-
iments. Methods for a direct measurement of a one-turn
map with beam-dynamics experiment has recently been
proposed and technique problems associated with such a
measurement has been studied in detail [3, 4, 5, 6].

This paper is organized as follows. In Section 2, we dis-
cuss the principle of global correction of nonlinear fields.
In Section 3, the test lattice for the LHC during collisions is
presented. In Sections 4, the effectiveness of the global cor-
rection on the improvement of the dynamic aperture and the
improvement of the linearity of the phase space are studied.
In Section 5, we discuss the robustness of the global cor-
rection. Section 6 contains a conclusion.

2 GLOBAL COMPENSATION OF THE
NONLINEAR FIELDS

Neglecting the coupling between the transverse and lon-
gitude motion, at any “check-point” of an accelerator, the
transverse motion of beam particles can be described math-
ematically by a 4-dimensional one-turn map in the form of
Taylor expansion

Gy S0l &y O

Z'=MZ=Y

n=1

bD

i-jFhH=n

where Z = (£, 7z, Ey>7y) is the normalized phase-space
vector and 7). ,, are the conjugate momenta of £z 4. Z=0
is the closed orbit and @;;x; are constant coefficients con-
taining all global information of nonlinearities of the sys-
tem. If the close orbit is at the center of magnets, the nth-
order terms of a one-turn map are the contributions from
the multipole components of the error fields with order up
to . On the other hand, if the close orbit is not at the center
of magnets due to magnet misalignments or beam cross-
ing at interaction points, high-order multipole errors feed
down to low-order terms of the one-turn map and, con-
sequently, @;;x; of order n are functions of all multipole
components. For an accelerator, since the phase-space re-
gion near the origin is of most interest, low-order terms of
a one-turn map are usually more important than high-order
terms of the map. The low-order multipole components of
error fields are therefore important to the beam dynamics.
Because of the feed-down effect, however, the high-order
multipole errors contribute also to low-order terms of the
map and become important to the beam dynamics as well.
The global correction of the nonlinearities is based on an
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assumption that with a few groups of multipole correctors,
Ui With i + § + k + [ > 2 can be minimized order-by-
order and, consequently, the nonlinearities of the system
can be substantially reduced. In order to minimize unde-
sirable @;;x; with a few parameters of the correctors, we
postulate that the nth-order undesirable nonlinearity in a
one-turn map can be characterized by the magnitude of its
nth-order undesirable coefficients which are defined by

1/2
- 2
de={ D |digu — @l @)
it j+k+1=2
and
1/2
- 2
A= D Jaml forn>2, (3)
i+j+k+i=n

where 11‘?1- w of 1+ 7+ k41 = 2 denote the quadratic terms
contributed by sextupole chromaticity correctors. To min-
imize the undesirable nonlinearities, the quadratic nonlin-
earity for the chromaticity correction needs to be subtracted
from the 4. For convenience, we define the nth-order
global correction when all A; with ¢ = 2,...,n are mini-
mized order-by-order using the multipole correctors up to
the nth order. For example, for the 2nd-order global correc-
tion Az of quadratic terms of a one-turn map will be min-
imized by using sextupole correctors and for the 3rd-order
global correction both A, and A3 will be minimized by us-
ing sextupole and octopole correctors. To implement the
global correction of the nonlinear fields during design and
construction of an accelerator, the one-turn map is obtained
by using the method of Lie algebra [7] or automatic differ-
entiation (differential algebra) [8] with measured magnetic
field errors. During the comimission of an accelerator, the
global correction of the nonlinear fields may be further op-
timized if a one-turn map can be extracted with desired ac-
curacy directly from beam dynamics measurements. Such
a beam-based global correction needs only a measurement
of low-order map since the study showed [2] that the low-
order global correction is usually sufficient even in the case
that the high-order multipole errors are important.

To illustrate this minimization procedure, let us consider
four global correctors of the nth-order multipole for min-
imizing the nth-order nonlinear terms of the map. Con-
sider the situation that these correctors are installed at
locations where the closed orbit is at the center of the
correctors. Suppose that a one-turn map is measured at
a “check-point” between the 1st and 4th corrector. Let

exp {: C(i4)»1 (Z ) :} be the Lie transformation for the ith

n
corrector, where 7 = 1,...,4 and C,(f_,)_l is a homogeneous

polynomial of Z in degree n + 1; M; be the transfer map
between two adjacent correctors when ¢ = 1,2, 3 and be-
tween the “check-point” and the adjacent correctors when
1 =0,4; and

4
My = H M,
k=i

4

where Mg is the one-turn map of the ring without the nth-
order correctors. The one-turn map of the ring with the
nth-order correctors can be written as

4
M =M04Hexp {: C,(:ll (M;lZ:)}. 5)
=1 ’
Let R4 be the linear transfer matrix associated with M 4.
Then

MPZ =R Z +0:(2), (6)

where 041 (Z) represents a remainder series consisting of
terms higher than the kth-order, and

01 (MRZ) = 0, (R Z) + onsa(D). )

It should be noted that Eq. (7) is valid only when the closed
orbit is at the center of the correctors, otherwise, terms
lower than the (n + 1)th-order are also involved. Since
the lowest-order terms in the remainder series 0,42 (Z ) are
the (n + 2)th-order, for the minimization of the nth-order

—

terms, 0p4+2(Z) can be neglected and
4 .
M~ Mo, Hexp {: 07(3-1 (R;lz) :} ®)
=1

where Moy, the one-turn map without the nth-order cor-
rectors, and R4, the linear transfer matrices, can be ei-
ther calculated based on the design lattice and the measured
field errors or directly measured from beam-dynamics ex-
periments. By using Eq. (8), the nth-order nonlinearity
of M can then be minimized by adjusting the nth-order
correctors Cf;)_l. It should be noted that for the beam-
based global correction, only one measurement of Moy is
required for the minimization of A,.

3 THE TEST LATTICE

The test lattice used in this study is the LHC version 5.0.
The LHC has four interaction regions (IRs): IR1 and IRS
are high luminosity interaction points (3* = 0.5 m) and
IR2 and IR8 low luminosity points. The layout of the inner
triplets of four IRs is almost identical. Each inner triplet
comprises four superconducting high gradient quadrupoles
MQX), Q1, Q2A, Q2B, and Q3. Due to the beam sepa-
ration and the large (3,,,z, the beam dynamics during col-
lisions is dominated by the field errors of MQX. In this
study we therefore consider only the field errors of MQX.
The random multipole components of MQX are chosen
with Gaussian distributions centered at zero and truncated
at £30y,,,, or *30,,,, where 0p,,, and o,,_, are the
rms value of the nth-order normal and skew multipole co-
efficient, respectively. Reference harmonics of version 2.0
is used in this study for both Fermilab and KEK MQX [1].
The uncertainty of a systematic error is simply added to
the systematic error in such a way that it maximizes the
systematic error. Due to the consideration of a larger sys-
tematic by in KEK quadrupoles, two different arrangement
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of MQX, mixed and unmixed configuration, are studied.
In the unmixed configuration, the Fermilab MQX are in-
stalled in the triplets of IP1 and IP2, and the KEK MQX
in the triplets of IP5 and IPR. In the mixed configuration,
four MQX in each triplet are mixed with two quadrupoles
from Fermilab and another two from KEK. In this case, the
Fermilab MQX are installed at Q2A and Q2B and KEK
MQX at Q1 and Q3. Since the B0z (~ 4700 m) in the
triplets of IP1 and IP5 is more than 10 time larger that that
of IP2 and IP8, the field quality in the triplets of IP1 and
IP5 is far more important than that of IP2 and IP8. To com-
pensate the error fields in the triplets of IP1 and IP5, each
triplet contains three corrector packages. In this study, we
use four groups of correctors, one in each triplet of IP1 and
IP5, to minimize A, order-by-order. To test the global na-
ture of the correction, we also include four corrector pack-
ages outside the triplets to corrector the nonlinear fields in
the triplets. Each package of the corrector contains normal
and skew components of a desired multipole corrector. It
was found that in the sense of improvement of the dynamic
aperture, the correctors outside the triplets is as effective
as the correctors in the triplets for the global correction of
the field errors in the triplets [2]. In this study, the cross-
ing angle of two counter-rotating beams is taken to be 300
prad. The fractional parts of horizontal and vertical tunes
are v; = 0.31 and vy = 0.32, respectively.

4 EFFECT OF THE GLOBAL
CORRECTION OF NONLINEAR
FIELDS

To study the effect of the global correction of nonlinear
fields, dynamic aperture (DA) of the system are calculated
before and after the correction. In order to reduce the
sensitivity of the DA to the choice of initial launch point
for tracking in phase space, we define an aperture as the
shortest distance from the origin in the four-dimensional
normalized phase space during the tracking. To find the
DA, the launch point is moved away from the origin un-
til the particle is lost. No physical aperture limit is im-
posed in the ring and a patticle is defined o be lost if
z? + y? > (10 cm)? where z and y are its horizontal and
vertical coordinates, respectively. The DA defined in this
manner is found to be relatively insensitive to the choice
of launch point in phase space. Tracking of particle mo-
tions has been done without synchrotron oscillations and
momentum deviations. The DA has been calculated with
10°-turn tracking. To improve the statistical significance
of the simulations, we have used 50 different samples of
random multiple components generated with different seed
numbers in a random number generator routine.

Figures 1 and 2 are the DA of 50 random samples with
or without the global correction of the nonlinear fields for
the unmixed and mixed configuration, respectively. With-
out any correction (Figs. la and 2a), the smallest and the
average DA of 50 samples is found to be 5.50 and 7.9¢ for
the unmixed configuration and 6.50 and 8.0¢ for the mixed
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Figure 1: Dynamic aperture of fifty samples of the LHC
collision lattice with the unmixed configuration. (a) with-
out any correction for the nonlinear fields; (b) with the 3rd-
order global correction for the nonlinear fields using four
sextupole and octopole correctors. The number in each
block identifies each sample.

10

g L L] L) k] l T L] L] L l T LIRS L] I ¥ L] ¥ 13 l L] 1] T L)
2 <DA>= 8.0 5
5 8 DA,= 85 T
w gl 7
s 9] |8
& 4 15
s b 1261
g LRET
g ol a o 1, f9 10RS)1ap2| 51 8| zk1| 6
5 8 7 8
E 12 1:[DA|> L] llola L) L) T L) L) ' L] L] L) L] L] l L] ¥ L) (lb)l
g 101 DAp,= s2 -
2|
S 8F D —
8
s 6 5 T ]
41
g 4 195620 .
'g 2l 165381 |10]1 _
5 13 17] 85215
2 o iejisj6lizi2| 114l 7|61 , [3] , .
8 9 10 11 12

Dynamic Aperture (o)

Figure 2: The same as in Fig. 1 but with the mixed config-
uration.

configuration, respectively, where o is the transverse beam
size. At the high luminosity IPs, 0 = 15.9um. A smaller
DA for the unmixed configuration is due to a larger big
in KEK quadrupoles. After the 3rd-order global compen-
sation with sextupole and octopole correctors outside the
triplets (Figs. 1b and 2b), the smallest and the average DA
increases to 9¢ and 10¢ for both configurations. It should
be noted that with the conventional (local) correction of
the field errors, high-order correctors have to be used in
order to achieve a significant improvement in the DA [9].
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Figure 3: The DA after the global correction vs. the order
of the correction. n = 1 indicates the cases without the
correction. (a) The unmixed configuration. Case 12, 47,
and 44 are three worst cases without the correction. (b) The
mixed configuration. Case 9, 39, and 50 are three worst
cases without the correction.

Because of the beam separation in the triplets, high-order
multipoles of the field errors feed down to low-order terms
of the one-turn map so that they are important to the DA.
In the conventional correction, the field errors are com-
pensated locally based on the errors of each magnets and,
therefore, the high-order correctors have to be used in or-
der to reduce the effects of high-order multipoles. For the
global correction of the field errors, on the other hand, a few
sextupole correctors can minimize the dominant nonlinear
terms, quadratic and cubic terms, of the map and achieve a
significant reduction of the nonlinearity of the system.

Fig. 3 plots the DA after the global correction as a
function of the order of the correction. It shows that as
the order increases the further improvement of the DA be-
comes less pronounced, which indicates that the lower-
order (quadratic and cubic) nonlinear terms of the one-turn
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Figure 4: The increase of the DA after the global correction
vs. the DA without the correction for the fifty samples of
the unmixed configuration.

map dominates the nonlinear dynamics of the system. In
Fig. 4, the percentage increase of the DA after the global
correction is plotted vs. the original DA without any cor-
rection. In general, the smaller the original DA, the larger
the increase of the DA after the correction. For example,
without any correction, two worst cases of the unmixed
configuration, case 44 and 47, have a DA smaller than 6o
(see Fig. 1a). After the 2nd-order correction, the DA gains
about 50% for both cases. After the 3rd-order correction,
the DA becomes larger than 9o for both cases, which is a
more than 60% gain in DA. As the original DA increases,
the gain of the DA after the global correction diminishes. It
is understandable that if the original system is already quite
linear, the correction of the nonlinear fields will not result
in a substantial improvement.

A strong nonlinearity in the lattice can lead to a substan-
tial degree of amplitude dependence of betatron tunes even
in a phase-space region near the origin, and this may re-
sult in crossings of dangerous resonances and a reduction
in the dynamic aperture. Minimizing the amplitude depen-
dence of tunes is thus desirable for a stable operation of an
accelerator. Previous studies {10, 11, 12] showed that both
the local correction for the systematic field errors and the
sorting of magnets for the random field errors are effective
in reducing the amplitude dependence of tunes. The effect
of the global correction of the nonlinear fields on the am-
plitude dependence of tunes are also studied by using the
method of normal form. In Figs. 5 and 6, the detuning
functions, dv; and dvy, for case 44 of the unmixed config-
uration are plotted as functions of the action variables I,
and 1, respectively, where év, and dvy are calculated at
IP1. Without any correction, both horizontal and vertical
tune strongly depend on I, and I, as shown in Figs. 5a
and 6a. Figs. 5b and 6b show the nonlinear tune shifts af-
ter the 3rd-order global correction. A comparison between
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Figure 5: Amplitude dependence of tunes of case 44 of the
unmixed configuration without any correction. v and dv,,
are calculated at IP1. The unit of I, and I, is 1078 m. At
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The improvement of linearity of the phase-space region
near the origin can also be directly examined with phase-
space plots. Figs. 7 and 8 are the phase-space plots of case
44 of the unmixed configuration before and after the global
correction, which shows that the phase-space region occu-
pied by the beams becomes much linear after the global
compensation of the field errors even in the case that only
four sextupole correctors are used. It should be noted that
the dynamic aperture calculated from the tracking of 105
turns does not really tell the performance when the stor-
age time of at least several houss is in question. However,
by examining the linearity of phase space together with the
amplitude dependence of tunes, one may get a better idea

e v bmmenn o maem oo o

of the Jong-term storage performance.

It should be noted that even though the results reported in
this section are all for the working point of v; = 0.31 and
vz = 0.32, the effectiveness of the global compensation
has also been demonstrated on the LHC lattice with other
working points.
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5 ROBUSTNESS OF THE GLOBAL
CORRECTION OF NONLINEAR
FIELDS

The use of the global correction requires the knowledge of
a one-turn map. A one-turn map, either calculated based
on the design lattice and the measured field errors or mea-
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contains errors or uncertainty. The sensitivity of the global
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in linear transfer matrices and the uncertainty in nonlinear
terms of the map. The former is mainly due to the lack of
knowledge on the linear lattice and the latter due to both the
uncertainty of linear lattice and the errors in the multipole
measurement or the measurement errors in beam-dynamics
experiments. Previously, the global correction was found
to be not very sensitive to the uncertainty in the nonlinear
terms of the map [2]. Since the global correctors may not
be close to the sources of nonlinear fields, the uncertainty in
the linear transfer matrices, on the other hand, could make
the global correction ineffective. To investigate the effect

of the uncertainty in the linear transfer matrices R4, we
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Figure 7. Normalized phase-space plot on the horizontal
plane at IP1 for case 44 of the unmixed configuration. (a)
without any correction; (b) with the 2nd-order global cor-
rection; and (c) with the 3rd-order global correction.
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Figure 9: The DA after the 4th-order global correction vs.
the uncertainty in linear transfer matrices €; for case 44 of
the unmixed configuration.

assume that the error of matrix element ry;, of R4 is
®

where €; is the maximal percentage of errors in matrix el-
ements of R4 and f is a random number in [-1, 1]. Fig.
9 plots the DA after the 4th-order global correction as a
function of ¢ for case 44 of the unmixed configuration,
which shows that uncertainty of 3% or less in linear trans-
fer matrices have little impact on the global correction, but
uncertainty of 5% or more can make the global correc-
tion ineffective. It should be noted that a measurement
of the linear transfer matrices with better then 3% uncer-
tainty is achievable when the measurement system is well
debugged. Moreover, since the global correctors can be
adjusted during operation of an accelerator, the global cor-
rection can be fine tuned when the knowledge of the linear
lattice is improved.

orie = evfru

6 CONCLUSIONS

The global correction of magnetic field errors based on the
minimization of nonlinearities in a one-turn map is an ef-
fective means to suppress the detrimental effects of system-
atic as well as random field errors in the LHC during col-
lisions. With a few groups of multipoles correctors, non-
linear terms in a one-turn map can be minimized order-
by-order and, consequently, the nonlinearity of the system
is significantly reduced which results in an increase of the
dynamic aperture and improvement of the linearity of the
phase-space region occupied by beams. Compared with
the local corrections of the field errors, the global correc-
tion has several advantages. (a) The random field errors of
large number of magnets can be compensated with a few
groups of independent powered correctors. (b) Since the
low-order nonlinear (quadratic and cubic) terms of the map

usually dominate the beam dynamics, only low-order (sex-
tupole and octopole) correctors are needed for the global
correction even though high-order multipoles are important
to the beam dynamics due to the feed-down effect. (c) The
global correction of the nonlinear fields may be further op-
timized with a direct measurements of a one-turn map in
beam-dynamics experiments. This beam-based correction
is especially important when there is a significant uncer-
tainty in the field measurement of magnets or a significant
change of the field errors during the operation of a super-
conducting ring. While the global correction of the field
errors partially suppresses the low-order nonlinear effects
of the random and systematic errors, the local corrections
of the field errors, on the other hand, can effectively com-
pensate low-order systematic errors to a large extent. It is,
therefore, important to stress that the global correction of
the field errors should never be considered as “cure-all” in
dealing with the nonlinearity in superconducting magnets
and it should be regarded as a complement to the local cor-
rection of the field errors.
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Corrector Engineering Challenges and Issues
A. Ijspeert, M. Karppinen
CERN, Division LHC, Geneva, Switzerland

1. Introduction

The inner triplets of the LHC will each house two combined horizontal and vertical
correction dipoles, MCBX, and a skew quadrupole corrector, MQSX. Both magnet types will have
enlarged apertures of 90 mm to create place for additional nested corrector windings. From the
construction and performance point of view the MCBX will not have more than two corrector

layers, whereas the lower background field of about 1.5 T in the MQSX allows the mounting of up

to three mnlhpn]n lavprc in it. This paper d describes the MCRYX arbit correctors and the nvppnpnr-p

wiaviaive

obtained with the two prototypes some aspects of the correction windings and their limitations,
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2. Low-f} Dipoie Corrector MCB

2.1. Design
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dipole nested inside a vertical one. The coils of the 0 6 m long single-bore magnet are wound with
7 or 9 rectangular superconducting wires pre-assembled as flat cables. To create the required
ampere-turns the individual wires are then connected in series on the end plate.

-1
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Table I: Main parameter of low-b dipole MCBX

Horizontal Vertical
dipole dipoie

MAGNETICS
Nominal strength 33 33 T
Integrated field 1.2 1.1 Tm
Magnetic length 0.37 0.34 m
Peak field in coil 8 T
GEOMETRY
Overall length 0.55 m
Coil length 0.5 05 m
Coil inner diameter 90 123.7 mm
Coil outer diameter 119.7 146.8 mm
Yoke inner diameter 200/180" mm
Yoke outer diameter 470/330!
Overall outer diameter 500/350" mm
ELECTRICS
Nominal Current 0-511 0-599 A
Number of turns/coil 414 406
Stored energy/magnet 179 252 kJ
Self inductance/magnet 0.137 0.140 H Figure 1: Mechanical model of the first
CONDUCTOR MCBX prototype magnet
Cross section 1.6 1.6 mm’
Cross section(metal) 13 13 mm’
Copper/NbTi ratio 1.6 1.6
Filament diameter 10 10 um
Twist pitch 18 18 mm
Current density (NbT1) 1022 1198 A/mm®
Margin to quench 51.7 46.2 o

! First/second prototype magnet
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Figure 2: Second MCBX prototype magnet

Figure 1 illustrates the cross-section of the first prototype magnet with an outer diameter of
500 mm. After that a second prototype, whose cross-section is shown in Figure 2, was made using
identical coils but with a yoke that was slimmed down by suppressing the holes for the heat
exchangers and the busbars. The vacuum impregnated coils containing CNC-machined end spacers
are pre-compressed with an aluminium shrinking cylinder. The yoke consists of scissors-
laminations to back up the coil rigidity and to centre the coil assembly. Each lamination is designed
to support the coils radially in one azimuthal direction only. This is made by off-centring the hole
in the lamination by 1 mm with respect to the outer boundary. By sequentially stacking four
laminations at angular orientations of 0, 90, 180, 270 degrees respectively the coils can be
effectively supported and centred. The laminations move inwards during the cooldown and the
blocking keys stop the movement at a pre-defined temperature building-up a circumferential stress
in the stainless steel outer shell.

2.2. Magnetics

The nested dipole coils are individually powered and can produce both .a horizontal and a
vertical field. The nominal field integral is 1 Tm in any direction as shown in Figure 3, which gives
a maximum kick angle of 42.8 urad at 7 TeV. The working point on the load-line for the LHC
corrector magnets with vacuum impregnated coils is typically below 60 %. The tolerances for the
maximum allowed field errors are very tight in the low-B triplet, where B-functions rise to over
4000 m to achieve the maximum luminosity at full energy.
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Figure 3: MCBX, different field combinations
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Training of MCBX at 4.3K & 1.8K
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Figure 4: Training of the first MCBX prototype magnet

Test Results

The first MCBX prototype has undergone the first test campaign including training
quenches, static magnetic measurements at warm and at cold, and ramped measurements to study
the persistent current effects in the nested coils. After 5 and 6 quenches the vertical and horizontal
dipoles were respectively trained to their estimated short-sample current in liquid helium (4.3 K).

2.3.

Figure 4 presents the training history for different field combinations during the first
thermal cycle. The horizontal and vertical axes give the current in the inner and outer coils,
respectively. The innermost ellipse shows the working area of the magnet i.e. the 1 Tm field in any
direction. The magnet showed always some training with different field combinations as the
position of the peak field changes and also the electro-magnetic forces act in different directions. It
should be noted that to limit the stress in the coils the maximum current was kept below 800 A. We
hope in a next test to go beyond this level and explore the ultimate limits of this magnet. There was
also only a minor improvement in the performance when the magnet was cooled to1.9 K.
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Figure 5: Measured and calculated multipole content of the inner and outer coils in comparison with the
maximum allowed field errors
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Both static and ramped magnetic measurements were carried out. Figure 5 compares the
measured relative multipoles from the inner and outer coils at warm and at cold to the calculated
values. There was also a good agreement between the measured and calculated field errors arising
from the persistent currents.
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e

The MQSX skew quadrupole has not yet been made as a prototype. The mechanical design
will be similar to the MCBX comprising vacuum impregnated coils, scissors-laminations, and a
shrinking cylinder. The preliminary parameter list for two different design alternatives is given in
Table II. The coils of the 500 A design are counter-wound in the same way as the LHC spoolpiece
correctors and the low-current version is wound with a flat cable of 10 wires. The disadvantage of
the latter case is that in total 39 electrical connections have to be made on the end plate.

Table II: Preliminary design parameters of low-b Skew Quadrupole MCOSX

Low-current  High-current

version version
MAGNETICS
Nominal strength 22 22 T/m
Magnetic length 0.4 0.4 m
Peak field in coil 1.5 1.5 T
GEOMETRY
Overalil length 0.6 0.6 m
Coil length 0.5 0.5 m
Coil inner diameter 90 90 mm
Coil outer diameter 104.6 95 mm
Yoke inner diameter 128.6 119 mm
Yoke outer diameter 330 330
Overall outer diameter 350 350 mm
ELECTRICS
Nominal Current 0-55 0-500 A
Number of turns/coil 536 53
Stored energy/magnet 0.9 0.6 kJ
Self inductance/magnet 596 5 mH
CONDUCTOR 7
Cross section 0.28 0.913 mm*
Cross section(metal) 0.21 0.689 mm’
Copper/NbTi ratio 3.58 17
Filament diameter 7 7 pm
Twist pitch 14 14 mm
Current density (NbTi) 1175 1926 Afmni®
Margin to quench 76 2.5 Yo

4. Correction windings

4.1. Magnetics

Each inner triplet contains three corrector packages. The MCBX-magnets will
accommodate two nested windings combining layers for either bg-bs or bs-bs corrections and the
ones for the as-as-ag corrections will be located in the MQSX. The windings in the MCBX are
subjected to a background field of 3 T, which sets a high demand for alignment tolerances due to
the associated unbalanced forces. The background field in-the MQSX is 1.5 T, however for coil
construction and cooling reasons it is considered that it should not have more than three nested

layers. The length of the layers will be adapted to the magnet in which they are housed.

Figure 6 illustrates how the magnetic forces on the correction windings will be pointing in
different directions. To withstand these forces two options are possible. One is to incorporate the
windings in the dipole or quadrupole coil assembly and then vacuum impregnate them all together.
The other option is to assemble each set of correction windings as an independent insert rigid
enough to withstand the magnetic forces. The second modular option has been taken as it allows
more flexibility when it comes to the choice of correction windings.
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Figure 6: Magnetic forces in the coil blocks of MCBX and b;-bs correction windings

4.2. Design

The cross-section of an insert combining b; and b coils is shown in Figure 7. The coils are
counter-wound around fiberglass central posts with a 600 A superconducting wire. To reduce the
number of connections on the end plate each coil has two radial winding layers. The six
dodecapole coils are mounted and aligned with dowel pins on a 1.5 mm thick fiberglass tube.
Fiberglass filler pieces are located between the coils prior to wrapping the coil assembly with a pre-
preg bandage. Once cured the outer diameter is turned to a precise dimension and the three
sextupole coils are assembled in the same way followed by another layer of pre-preg bandage.
Finally, an aluminium cylinder is shrunk around the magnet assembly and owing to its higher
thermal contraction factor than that of the coils, the radial pressure and therefore the azimuthal pre-
compression in the coils increases during the cool down.
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Figure 7: Cross-section of the b3-bg insert

82



Workshop on LHC Interaction Region Correction Systems, BNL, Upton, New York, 1999

[%2)
o
n

' 520 10

Figure 8: MCBX-bs-bs assembly

The inter-coil connections are done on an end plate, which also includes the dowel pin
holes to align the corrector insert with respect to the magnet in which it is housed (see Figure 8).
The centering in the non-connection end of the insert is done by means of a precisely machined
disk dowelled to the connection end of the MCBX.

4.3. Limitations

Besides the space limitations the choice of the operating current sets certain limits for the
design. It is in principle desirable to make the correction windings using a wire that is as thin as
possible in order to run at low currents. However, it is important that the inductance does not
increase to point where the voltage developed during a quench becomes unacceptably high. It
appeared that 50 A is a very minimum. For the first bs-bs prototype the counter-winding technique
used for spool-piece correctors of the LHC was adapted. If these coils are wound with a flat cable
for easy fabrication, in the same way as several of the LHC correction magnets, the serial
connections have to be made on the end flange. Therefore, there is an optimum to be found for the
operation at the lowest possible current while keeping the number of connections to be made at the
end to a practical level. This might turn out to be something like 100 A.

Another limitation is the field that can be generated by a correction winding. The
overlapping dipole field limits the current density in the correction windings. Furthermore, when
the correction winding is made of several layers, the additional layers are less effective in creating
field as they are further away from the center of the magnet. The result of a number of calculations
has been summarized in Figure 9. The field that can be generated on the inner rim of the correction
coil is given as a function of the strength of the overlapping dipole field and as a function of the
correction coil thickness. It is valid for multipoles from order 3 to 10 and allows estimation of the
correction strength that can be obtained.
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Figure 9: Correction field as function of thickness of correction winding (in overlapping fields of 0 to 4.5 T
respectively). Any multipole order from 3 to 10

S. Proposed Correction Packages

In view of the recommendations of this Workshop [6] to consider three correction layers in
the Cl and C2 packages (MCBXA and MQSXA in the CERN naming convention) and two
correctors in the C3 package (MCBXB), a preliminary design was made to estimate the possible
wire sizes and current ratings. He results of this study, Table III and IV, indicate that the required
corrector strengths can be reached in all cases with nominal currents close to
120 A, which is one of the LHC corrector powering standards. The only exception are the b6 and
a4 correctors which are limited by the criteria of margin-to-quench of at least 40%, and have
strengths lower than given in [6]. Further studies are required to define the optimal design for these

two correctors which would satisfy all criteria.

Table l11: Preliminary parameters of the correction windings in the MCBX

MAGNETICS

Field at 17 mm radius
Magnetic length
Background field

GEOMETRY

Overall length

Coil length

Coil inner diameter
Coil outer diameter

ELECTRICS
Nominal Current
Number of tums/coil

CONDUCTOR

Cross section

Cross section(metal)
Copper/NbTi ratio
Margin to quench

MCBXB
MCTX MCSX
bs-corrector  bs-corrector
0.017 0.029
0.5 0.5
33 33
0.6 0.6
0.55 0.55
73 81
366 82.46
140 100
63 34
0.28 0.28
0.21 0.21
3.58 3.58
41 62

MCDX
bs-corrector

0.012
0.5
33

0.6
0.55
73
75.92

85
37

0.28

0.21

3.58
66

MCBXA
MCDSX
as-corrector

0.012
0.5
33

0.6
0.55
78
80.92

110
39

0.28

0.21

3.58
56

MCOX
bs-corrector

0.027
05
33

0.6
0.55
83
85.92

125
52

0.28

0.21

3.58
50

=g -
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Table IV: Preliminary parameters of the correction windings in the MQSX

MQSX
MCTX MCOSX MCSSX
ag-COITector  a4-COITector  az-COrrector
MAGNETICS
Field at 17 mm radius 0.010 0.046 0.068 T
Magnetic length 0.5 0.5 0.5 m
Background field 15 1.5 1.5 T
GEOMETRY
Overall length 0.6 0.6 0.6 m
Coil length 0.55 0.55 0.55 m
Coil inner diameter 73 79 84 mm
Coil outer diameter 75.92 81.92 87.92 - mm
ELECTRICS
Nominal Current 155 180 120 A
Number of turns/coil 31 50 71
CONDUCTOR
Cross section 0.28 0.28 0.28 mm?
Cross section(metal) 0.21 0.21 0.1 mm?
Copper/NbTi ratio 3.58 3.58 3.58
Margin to quench 70 40 60 %

6. Planning

The planning of the design and fabrication of the LHC corrector magnets gives
priority to the magnets that must be installed in the arcs. Their installation comes earliest
and determines the date of comrmissioning of the machine. The corrector magnets for the
insertion regions and inner triplets therefore come slightly later. As Table V shows the
deliveries are planned as from September 2001.

Table V: LHC Corrector program
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PRINCIPLE OF INTERACTION REGION LOCAL CORRECTION*

Jie Wei,! Brookhaven National Laboratory, USA

Abstract

For hadron storage rings like the Relativistic Heavy Ion
Collider (RHIC) and the Large Hadron Collider (LHC), the
machine performance at collision is usually limited by the
field quality of the interaction region (IR) magnets. A ro-
bust local correction for the IR region is valuable in im-
proving the dynamic aperture with practically achievable
magnet field quality. We present in this paper the action-
angle kick minimization principle on which the local IR
correction for both RHIC and the LHC are based.

1 INTRODUCTION

For hadron storage rings like the Relativistic Heavy Ion
Collider (RHIC) [1] and the Large Hadron Collider (LHC)
[2], the beam size is the largest near the interaction region
(IR) triplets during low-5* operation. Furthermore, beam-
beam effects often require a finite crossing angle, resulting
in significant closed orbit deviation from the magnet cen-
ters. Machine performance at collision energy, measured in
terms of the dynamic aperture, thus depends on achieving
the highest possible magnetic field quality and alignment
accuracy in the IR magnets.

Magnetic multipole correctors located in the IR region
provide active means to compensate the impact of the IR
magnetic errors. For hadron machines like RHIC and the
LHC, the betatron phase advance across each IR triplet
is negligible, and the betatron phase advance between the
two IR triplet around each Interaction Point (IP) is near
180°. With these well-defined phase relations, IR-by-IR
local correction can be effective and robust.

In this paper, we discuss the principle of action-angle
kick minimization for IR local correction. Based on this
principle, we have designed and implemented multi-layer
multipole corrector packages in the RHIC IR region [3]
correcting multipole errors up to the 12th-pole order. Simi-
lar correction schemes have been proposed for the LHC IR
regions [4, 5, 6]. In Section 2, we review the Harniltonian
describing the particle motion under the magnetic multi-
pole environment. In Section 3, we discuss the figures of
merit for global and local error compensation. Discussions
and sumrmnaries are given in Section 4.

*Work performed under the auspices of the US Department of Energy.
t Email: weil @bnl.gov

2 HAMILTONIAN

Under the assumption that the effect of the longitudinal
magnetic field is insignificant [7], and that the transverse
amplitude of particle motion is small compared with the
average bending radius, the magnetic field in a magnet can
be expressed in terms of a 2-dimensional multipole expan-
sion
(2]
By +iBy =By Y _(bn + ian)(z + iy)*

n=1

€]

where @ and y indicate the horizontal and vertical direc-
tions, respectively, By is the nominal bending field, and
n = 1 is dipole term, n = 2 is quadrupole term, etc. The
Hamiltonian of the charged particle with s as the indepen-
dent variable is approximately [8]

eds « 1

Q) — 2 2
H("L"px:y’pyas)—‘— cp _;+§( a:+py) (2)
where p is the local radius of curvature, A is given by
B=VxA, 3
with
A, = (A-8) 1+f)
T g kol
= —|14+~)Bp Z (cmn + emn)wmyn
p m,n=0;m+n>0
“
where the coefficients ¢,,,,, are given by
1 ™+ n (=) ?bmin, n even
Cmn = mtn n
(=)t 2q,,.,  nodd
)

In Eq. 5, the coefficients ¢, are deduced from the recur-
sive equation {8]

(m+2)(m + 1)p*empan + (n+ 2)(n + 1)p%em,n42
+(m +1)(2m + 1)pemt1,n +2(n + 2)(n + 1)pem—1,n+2
+(m +1)(m — L)emn + (n +2)(n + 1)em—2,n42

= —(m+1)pemt1n — (M~ 1)emn
(6)
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with initial conditions

€1n = €on = 0.

Q)

We introduce a canonical transformation using the generat-

ing function

Fz(zypl‘ﬁay;pyp) = (x_DIJ_—xC)+(y-Dy6—yC)7 (8)

where § = Ap/po, poc = Bopo is the rigidity of the
beam, and pg is the nominal bending radius. The disper-
sion functions D, and Dy, and the closed-orbit displace-
ments z. and y. are determined by eliminating the terms
in the Hamiltonian that are linear in zg and yg. The new
Hamiltonian is expressed in terms of the betatron displace-
ments Xg and yg as

H(zg,Pzs,Yp>Pys; S)

1 1 - b N
:§(p?:p+P§p)+— [(bz-!- 1>I%—b2yg]

2p0 »

1
o (Baoz? + Biizsys + Bo2yj+

+Bsoz3 + Bazjyp + Bi2zpyj + Bosyg + ) -

&)

Retaining terms that are linear in the closed orbit displace-
ments A, = Dy6+z. and A, = Dyd+y., the coefficients
B;; are given by [9]

Byy =
Bi =
By =

B30

By
B
Bos

Byo

B3
B,
B3
By

Ba
B3
Bos
Bis

1
—5 (Abg - bg&) — baA, + a3Ay
—Qg — 2(a3A, -+ bsAy)
1
—Boy + é; (Ab1 — blé)

b
= _39 +baAy — asy

= —3a3 - 3asl, — 3bsA\,
= —3Bao
= —B2x/3

by

= Z +bsAy — asAy

= —aq—4(asA; +bs54y)
= —6Bgo
= —Bs
= Bago
bs

= 2 bol:—ashy

= —as— basA; — 5beAy
= ~—10Bsg

= —2Bg

= —5Bso

= Bu/b

(10)

an

(12)

13)
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B = 511_(;) + 0118 —andy

Byy = —aig— 10a114; — 106114,
Bgy = —45Biop

Bz = =12Bg

Bsy = 210Bio,0

Bss = 126Bg1/5 (18)
By = —210Bjp,0

Bz; = —12Bq;

Byg = 45Bio,0

Bjg By

Boio = —DBioe

where Ab; and Aby are the deviation from the design
dipole b; and quadrupole b, fields. Regarding the mul-
tipole errors as a perturbation, the Hamiltonian given by
Eq. 9 can be further rewritten in terms of the action-angle
variables (¢z, Jz, ¢y, Jy) as

H(¢z, e, by, Jy) = UzOJZ'*‘ Z Ap €192 im0y

) Ry
i=z,y I,m=—c0
(19)
using the relations
2J, .
2J.8.cosx, p:=-— 7 (siny; + oz cos xz)
Z
(20)
where z = z, y, and
V208 * ds' s ds’
X:=¢- ] B | @2
The action J; can be written as
1
J: = 28 [22 + (azz + ,szz)z] . (22)

Here, v;o and vy are the unperturbed tunes, 2w Rp is the
ring circumference, oy and f; , are the Courant-Snyder
lattice functions, and Ay, represents the error terms which
can be deduced from Eq. 9.

3 FIGURES OF MERIT

Conventionally, spread of betatron tunes has been used to
guide the design of storage rings. Minimization of the tune
spread is often used for global error compensation. Since
skew multipoles and odd, normal multipoles do not con-
tribute to the linear tune shift, an extension of such global
method is the minimization of nonlinear components of the
one-turn map.

The global compensation approaches are valuable for
resonance correction as well as dynamic aperture improve-
ment. However, in the case that dominant errors are lo-
calized in specific places like the interaction region, global
multipole compensation is less robust and often practically

difficult to implement during machine operation. Local IR-
by-IR compensation employing multi-layer multipole cor-
rectors located in the corresponding IR quadrupole triplet
region can provide effective correction.

3.1 Tune spread

The tune spread is usually defined as the spread of the tune
shift of particles with various betatron amplitudes and mo-
mentum deviation. To the first order of the multipole er-
rors, the tune shifts can be obtained by [9] averaging the
time derivatives of ¢, and ¢, while keeping only the Ago
term from the expansion,

_ ds 6H _ ds 3Aoo
=P g =t farar O

where z = z, y, the sign ( ) denotes average over the phase
variable, and the integral is performed over the circumfer-
ence of the closed orbit. Retaining multipole terms up to
11th order (n = 11) and closed orbit terms (Az, Ay) to the
first order, the linear horizontal tune shift is

[ B.d Aby b6
’Bx 3{___1+_1__00

2mpo 2p 2

&
I

+3C18:Jz — 6C15yJy
15 45
+3@ﬁﬁ—%@m@@@+3@%ﬁ

35
+5 Cal3 T3 — 210C36 By I3 Jy

+315C3B, 82 Jo JZ — T0Cs3J3
315Chﬂ4J4 1575ChﬁgﬂgJ3J;
4725

S Caf2BRI2 T2 — 1575CuBa B Jo T3

@04:33; } .
(24)
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The linear vertical tune shift is

d
§ £2%° (Co +3C16,, - 6C16: -
4
—}2—5-02,35‘]5 + 4502,BxﬂyJa:Jy - 35‘02@3‘]12-

35
+5-Caffy Iy = 210C30;: 1

+315C38, 82 Jy J2 — T0C3B2J2
1
4725

S CaBBEIL I + 15T5CBy B2y I3

e o
= 4
5 Caf; Jx}
(25)
where the coefficients are
Aby — bsd
Co = —32——2—+63A, — a3y
by
C1 = z‘ + bSAz - asAy
be
C2 = —6* -+ b7A1- (17Ay (26)
bg
Cg = -é_ +bgAz agAy
Cy = b—19+b11A —andy.
10 v

3.2 Action-angle kick

The figures of merit for local minimization are the action-
angle kicks produced by the IR magnets at each specified
multipole order. The action kicks can be expressed as

Al = / dsa d> - Y ilAd
i '”‘;'°° @
AJ, = / dsz—=— Y imAJim
a¢y I,m=—o0
where

Ay &~ /ds A exXp (il/o (Z) exp ( /0 %) .
(28)

The correction scheme is simplified by the fact that the ac-
tion is approximately a constant of motion at the time scale
of the revolution period, and that the relative betatron phase
is well defined within the high-3 IR region. Minimization
is performed on every significant multipole error b,, (or ap).
Since the available physical space is usually limited in the

high-£ region, corrector packages containing multi-layer
corrector elements of various multipole content are used.
For each multipole order ¢,, (either a,, or by, ), (a minimum

af) two r‘nv-rnﬁt on alem
of) two correction elements are implemented for every IR,

each located at symmetric locations around the IP. Due to
the anti-symmetry of the IR optics, one of the two elements
is near the maximum {3, location, and the other is near the
maximum S, location, resulting in an effective compensa-
tion. The strengths of these correction elements are deter-
mined by minimizing the two quantities

z=1z,y

/dsCz en + (=) [ ds C; ¢y, (29)
Jr

L

taking advantage of the negligible betatron phase advance
within each triplet, and approximate 180° phase advance
between the triplets. The integral is over the entire left-
hand-side (L) or right-hand-side (R) triplet. In general, the
weights C, in Eq. 29 are chosen according to the multi-
poles as:

m /2 for b,
C:= (30)
ﬂ,(,"—l)/zﬂ;/z for a,
and
;’/ 2 for even b, or odd a,,
Cy= 31

2/ g(/n_l)/z for odd b,, or even a,

4 DISCUSSIONS AND SUMMARY

Compared with the tune shift, the action (and angle) kick
has similar dependence on the lattice optics 3, for each
multipole. Consequently, minimization of action-angle
kicks results in a reduction of tune spread and an improve-
ment of the dynamic aperture. The compensation scheme
is usually not sensitive to the change of 3%, as long as 3*
is low at the IP (usually the only relevant case) so that 5 at
a distance s from the IP satisfies the relation 83* = s°.
In the case of two beams sharing the same IR magnets,
the compensation is equally effective for both intersecting
beams, since the optics of the interaction region is anti-
symmetric. Although closed-orbit deviation (e.g. due to
finite crossing angle) is not taken into account, the correc-
tion is usually effective since the effect of the magnet feed-
down is partially compensated by the feed-down from the
correctors.

The most straightforward approach for local correction
on multipoles of » = 3 and higher order is the dead-
reckoning method, setting the corrector strength according
to Eq. 29 using bench-measured magnetic multipole errors.
Up to 10% of measurement errors and quench/thermal cy-
cle dependent multipole variations can usually be tolerated
[3, 5, 6]. The method is also immune to moderate closed-
orbit errors and corrector misalignments [6].

Multipole errors of order n = 1,2 produce closed orbit
deviation, tune perturbation, and coupling. The effects are
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usually compensated using beam-based tuning. In the case
that skew quadrupole components and quadrupole mis-
alignment of the IR triplets is significant, local decoupling
utilizing the as corrector in the IR can be effective [10].
The corrector strength obtained from the local decoupling
scheme is similar to those given by Eq. 29. Beam-based
corrections for higher order multipoles have also been pur-
sued by several authors recently [11, 12].
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LHC INTERACTION REGION
CORRECTION SCHEME STUDIES*

W. Fischer, V. Ptitsin and J. Wei, BNL, USA; R. Ostojic, CERN, Switzerland; J. Strait, FNAL, USA

Abstract

In a companion paper we showed that the performance
of the Large Hadron Collider (LHC) at collision energy
is limited by the field quality of the interaction region
quadrupoles and dipoles. In this situation, the dynamic
aperture can be increased through iocai muitipoie correc-
tors. Since the betatron phase advance is well defined for
magnets that are located in regions of large beta functions,
local corrections can be very effective and robust. We com-
pare possibie compensation schemes and propose a correc-
tor layout to meet the required dynamic aperture perfor-
mance,

1 INTRODUCTION
In the LHC the field errors of the FNAL and KEK triplet
quadrupoles are a leading source of the dynamic aperture

reduction at collision [1]. Local interaction r

~o
tors are thus proposed to reach the LHC target d
aperture of 12 times the transverse rms beam size (120:).

During the past two years of magnet proto-type manu-
facturing, testing, and field quality analysis of the US-LHC
magnets, there has been several iterations of the magnet
design that leads to improvement of the field quality. Ac-
cordingly, there has been several iterations of the proposed
compensation schemes for the IR region {2, 3]. First, body-
end compensation of the systematic b¢ is not planned due
to the reduced bs in the lead end and the uncertainty in bg
measurement. Then, magnetic tuning shims are no longer
planned due to the reduction of the random bz and b4 er-
rors and mechanical complications associated with shim-
ming. Finally, the corrector layout and strength require-
ments are modified after CERN’s decision have the Q1 and
Q3 quadrupoles built by KEK, and to have the Q2A and
Q2B quadrupoles built by FNAL.

Fig. 1 shows the tentative location of the proposed cor-
rectors assumed for this study. We choose the corrector
strenght such that the action angle kick accross the interac-
tion region is minimized [4]. For this, two correctors per
order and interaction region are needed. An accurate mea-
surement of the multipole errors in the quadrupoles is nec-
essary. A local correction scheme like this does not prevent
the implementation of global correction schemes proposed
in references [5, 6] in the future. During the workshop, it
became clear that as the systematic b, in the body of KEK-
built quadrupoles is further reduced, it is neither necessary

'D
Q
—
Q
3

* Work performed under the auspices of the US Department of Energy.
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Figure 1: Tentative layout of the LHC inner triplet region
assumed for the study of this paper.

nor desirable to plan for any b1 correctors. On the other
hand, due to strength requirements for the bg correction,
fewer layers of correction elements should be designed in
the corrector package that contains the bg element. Fig. 2
shows the final proposed layout from the workshop [7].

In Sec. 2 the correction algorithm is presented in short.
In the following section the effectiveness of four cor-
recion schemes is evaluated with element-by-element par-

ticle tracking over 1,000 turns. Only IP1 and IP5 are cor-
rected in these studies.
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Figure 2: Final proposed layout of the LHC inner triplet
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minimize the sum
fdlCzBocn+(—)“/ diC,Boc,, z==z,y (1)
L R

taking advantage of the negligible betatron phase advance
within each triplet and D1, and approximate the phase ad-
vance between the triplets by 180°. The integral is over
the entire left-hand-side (L) or right-hand-side (R) MQX
triplet and D1. In dipoles By is simply the main field, in
quadrupoles it is the field at the reference radius R,c5. In
general, the weights C, in Eq. 1 are chosen according to
the multipoles as: '

even b, odd b, even a, odd a,
Ce ﬁglz 1 ﬁgle 2 ﬂa(gnz_mzﬂl‘;/z 63(;2_1)/22@72—
C, #"” &V mlar g

The compensation is equally effective for both intersecting
beams, since the optics of the interaction region is anti-
symmetric. However, it does not take into account the
closed-orbit deviation 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 orbit feeddown is
partially compensated by the feeddown from the correctors.

3 CORRECTION SCHEME
COMPARISON

There are three corrector packages (MCX1, MCX2,
MCX3) in each triplet (see Fig. 1 and Fig. 2). Each MCX1
and MCX3 contains two dipole layers, and each MCX2

contains a skew quadrupole layer. A straightforward ap-

proach (scheme 1, see Tab. 1) is to have 3 additional layers
of nonlinear skew multipoles (a3, a4, ag) for MCX2, and
two additional layers of nonlinear multipoles for MCX1
and MCX3. These layers could be a combination of any
of bs, bs, bs and bg layers. For each multipole, two correc-
tion elements, located symmetrically at both sides of the
IP, can be activated to minimize the kick in both the z and
y directions (compare Eq. 1). Due to the lattice symmetry
both beams are corrected.

Scheme 1 increases the dynamic aperture by 38% in the
unmixed and 28% in the mixed case. With an additional aj
corrector (scheme 2) the improvement is 42% and 32% re-
spectively. A further improvement can be achieved using a
b1 corrector, as shown in Tab. 2. However, a b1 corrector
is difficult to built is not needed with the KEK multipole
error table version 3.0 [1].

Fig. 3 depicts the effect of correction scheme 4 on the
tune space. The tune spread of particles with transverse
amplitudes up to 6 times the rms beam size is reduced from
more than 4 x 10~3 to about 7 x 10~%.

We also investigated the effect of misalignment of the
corrector layers. With an rms misalignment of 0.5mm in

Table 1: Interaction region correction schemes. Only the
non-linear correctors are shown.

MCX1 MCX2 MCX3  remark
scheme 1 2layers 3 layers 2 layers
bs, bs as, a4, as b3, be
scheme 2 3layers 3 layers 2 layers
b3, b5, bs  as, as,as by, as
scheme 3 2layers 3 layers 2 layers scheme 1
by, bs as, a4, a5 bs, bs +b10
scheme 4 3layers 3 layers 2 layers scheme 2
b3, bs, bg a3, as,a6 bs,as  +byp

Table 2: Comparison of local IR corrector effectiveness as-
suming that the interaction region quadrupole errors are
measured to a 5% rms accuracy. The dynamic aperture
(DA) is given in units of o,y. The physical aperture of
60 mm corresponds to about 140,,.

Case DAmean DArmms DA min
UNMIXED:

no correction 8.5 14 7
scheme 1 11.8 2.4 8
scheme 2 12.1 2.2 9
scheme 3 154 1.8 12
scheme 4 15.9 1.7 13
MIXED:

no correction 10.0 15 8
scheme 1 12.8 1.1 10
scheme 2 132 1.3 11
scheme 3 16.1 1.8 13
scheme 4 17.6 1.6 14

the horizontal and vertical planes we find no degradation
of the dynamic aperture(see Tab. 3).

Table 3: Effect of corrector displacement. The dynamic
aperture (DA) is given in units of oy .

Case DA mean DArms DA min
" MIXED scheme 4 17.6 1.6 14
MCX1-3 displaced 17.8 1.3 15

with 0.5 mm rms

The required strength of the mmitipole correctors can be
provided by 50cm long spool pieces wound using the LHC
sextupole corrector wire and operating at less than 50%
margin at 600A [8]. At IP2, the IR correctors are also de-
signed to reduce the effect of the D1 errors during low-£
heavy ion operations [9]. We computed the maximum cor-
rector strength order by order out of a distribution of 80 val-
ues (systematic multipole error with positive and negative
sign X 10 random error seeds X 2 interaction regions x 2
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Figure 3: Effect of IR multipole correction on the covered
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corrected machine with scheme 4.

correctors per interaction region). The resuit for correction
scheme 2 is shown in Fig. 4 for the KEK multipole error
tables version 2.0 and 3.0 (both together with the FNAL
multipole error table version 2.0). The available correction
strength is sufficient for all orders of muitipole errors.
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Local nonlinear interaction region correctors, up to multi-
pole order 6, are proposed for compensating the interaction
quadrupole errors. These correctors can improve the dy-
namic aperture by 2-30,. The required correction strength
is well within the available strength.

We thank J. Gareyte, J.-P. Koutchouk, O. Briining
and J. Miles for lattice assistance and discussions, and
many others, including M. Harrison, A. Ijspeert, J. Kerby,
M.J. Lamm, S. Peggs, T. Sen, R. Talman, T. Taylor and
A.V. Zlobin.
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LHC INTERACTION REGION CORRECTION
IN HEAVY ION OPERATION*

V. Ptitsin, W. Fischer, J. Wei, BNL, Upton, NY

Abstract

In heavy ion operation the LHC interaction region at IP2
will have a low-g optics for collisions. The dynamic aper-
ture is therefore sensitive to magnetic field errors in the in-
teraction region quadrupoles and dipoles. We investigate
the effect of the magnetic field errors on the dynamic aper-
ture and evaluate the effectiveness of local interaction re-
gion correctors. The dynamic aperture and the tune space
are computed for different crossing angles.

1 INTRODUCTION

The LHC heavy ion collision lattice uses a low-3 inser-
tion at IP2 in addition to low-£ insertions at IP1 and IP5
[1]. This produces large values of the £ functions in cor-
responding interaction region triplet quadrupoles and D1
dipoles. Furthermore, all interaction regions utilize or-
bit separation and crossing angle schemes. Such schemes
lead to large orbit excursion inside the interaction region
quadrupoles and dipoles, thus shifting the beam into the
field regions with larger nonlinear fields. The basic param-
eters for the LHC proton and ion operation are listed in
Table 1.

Table 1: Basic LHC parameters for proton operation at in-
jection and collision and heavy ion operation at collision.
E denotes the particle energy, v /v, the horizontal and ver-
tical tunes, §; /€, the horizontal and vertical chromaticities,
€x the normalized transverse emittance, and o, the rms
momentum spread.

Quantity p injection p collision ion collision
E [GeV] 450 7000 7000/charge
Vg /vy 63.28/59.31 63.31/59.32  63.31/59.32
& /8y 2/2 2/2 2/2

en [rad] 3.75x107¢ 3.75x 107 1.5x10°6
Tp 4.7x1074 1.1x10™* 1.14x10~%

We use tune footprints and the dynamic aperture (DA)
to evaluate the magnetic multipole error impact and the ef-
fectiveness of correction schemes. The dynamic aperture
target is set at a 120 average over a number of random mul-
tipole error selections with a minimum of 100, determined
after 100,000 turns. We aim at tune spreads of less than
10~2 for particles with amplitudes of up to 6o

2 TRACKING SETUP

The Fortran version of the TEAPOT code was used for
the tracking studies. We restricted our investigation to

* Work performed under the auspices of the US Department of Energy.

1,000 turns. Previous studies indicate that tracking up to
10° turns further reduces the dynamic aperture by 0.5 —
1.00 [2}.

For every case we use 10 sets of randomly generated
multipole errors, based on the error tables (version 2.0 for
the FNAL built quadrupoles, version 2.0 and 3.0 for the
KEK built quadrupoles, version 1.0 for the warm and cold
D1 magnets) [2]. We excluded orbit and coupling errors
from our simulations. Particles are started with 2.5¢ of the
momentum distribution and tracked in 6 dimensions.

3 RESULTS FOR LIMITING
CROSSING ANGLE

The interaction region configuration of the lattice for heavy
ion operation used at the tracking studies is shown in Ta-
ble 2. In this section we investigate the case with the max-
imum crossing angle in all interaction points.

Table 2: Interaction region configuration parameters.

IP1 1P2 IP5 P8
separ. [mm] 0 0 0 1.5 hor
angle[prad] £150v  +150v £150h Z£100v
Bz/B; Im} 05/05 05/05 05/05 33/33

We investigated two possible schemes of interaction re-
gion quadrupole arrangements. In the unmixed scheme
KEK-built magnets are installed at IP1, IP2 and FNAL-
built magnets at IP5, IP8. In the mixed scheme each inter-
action region contains both KEK-built (Q1,Q3) and FNAL-
built (Q2A,Q2B) quadrupoles. The majority of our cases is
for the mixed scheme. Table 3 presents a summary of the
tracking results.

The beam dynamics is mainly determined by the mag-
netic field errors in the interaction region quadrupoles.
However, the cold D1 magnets at IP2 reduce the dynamic
aperture further by up to 2¢.

An important observation is the dynamic aperture of
10.25 average and 6o minimum when when errors were
only installed in the IP2 quadrupoles and dipoles. This is
below the target dynamic aperture.

In the cases where errors were bnly installed at IP2 the
dynamic aperture rms values are quite large. In these cases
we found a vertical dynamic aperture which is about 4-5 &
smaller than the the horizontal one.
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Table 3: Comparison of dynamic aperture {(DA) for various
triplet arrangements (103-turn DA in units of Ozy Withloy,
step size).

Case DA mean DA rms DA min
UNMIXED

all errors 83 18 5
errors at IP2 only 9.7 2.4 6
quad error at IP2 only 11.8 3.7 6
MIXED

all errors 8.5 1.5 5
all errors, no X-angle 13.1 2.1 9
quad errors only 8.9 1.6 6
errors at IP2 only 10.2 23 6
quad error at IP2 only 11.7 3.5 6
systematic errors only 9.5 0.8 8
random errors only 124 22 8
without n = 3, 4 errors 9.1 1.8 6
without n = 5, 6 errors 114 14 7
without n = 7, 8 errors 8.1 2.5 5
without n = 9, 10 errors 9.0 1.7 6

D1 dipole errors only > physical aperture

A DDQI’T‘I”I‘Q “n'ru VADVING
< OULMRD VYW1AKL vnx\.lu.‘u

CROSSING ANGLE

In the last section we reported on tracking results for cross-
ing angies of £150urad at IP3. However, one can adopt a
smaller value for the crossing angle. In such a situation the
effect of the nonlinear field errors is reduced since the orbit
is closer to the central axis of the interaction region mag-
nets. 'we USC(I the mixed arrangemem IOI' the 1meracuon Te-
gion quadrupoles and installed errors only at IP2 and IP8.

No local interaction region correction has been applied.
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Figure 2: Tune footprints at +:50urad (top) and +100urad
1 la

(bottom) crossin

Fig. 1 shows the dynamic aperture as a function of the
crossing angle. The dynamic aperture increases almost lin-
early with an decreasing crossing angle. The target dy-
namic aperture of 12¢ is reached at an crossing angle of
about +30urad.

Fig. 2 and Tab. 4 show the transverse tune space needed
for a 6 beam for different crossing angles. The results in
Tab. 4 were obtained from 10 random error distributions.
At & = +50urad the average tune space reaches the target
value of 10~3.

Our results indicate that with a crossing angle larger 30~
50urad interaction region correctors are required at IP2 to
reach the target values for tune space and dynamic aperture.

5 INTERACTION REGION

We use the s

and IP5 (see

wéi
e
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Table 4: Transverse tune space needed for a 6o beam as
a function of the crossing angle ®. The average, rms and
maximum value of the tune space is computed from 10 ran-
dom distributions.

@ [urad] average [107°] mms[107°] max [1079]
4150 2.7 15 49
+100 1.2 0.7 2.1
+50 0.8 0.4 1.5

Table 5: Comparison of dynamic aperture (DA) for without
and with local correction at IP2.

Case DAmean DArms DA min
correctors IP1,IP5 only 10.5 3.0 6
correctors IP1, IP2, IPS 17.0 1.7 13

at IP2 improves the dynamic aperture by 7o at a crossing
anocle of +150urad (see Tab <\

Hav Vi L AOVRLAS (SO Aal.

The Fig. 3 shows the required and available corrector

strengths at IP2. All strength are well within the technical

limits.
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Figure 3: Available and needed corrector strength at IP2.
The needed corrector strength shows the maximum out of
a distribution of 10 machines.

6 SUMMARY

The magnetic field errors in the cold D1 magnets at IP2 re-
duce the dynamic aperture by 1.5-20. To reach the target
values for the maximum tune space and the dynamic aper-
ture the crossing angle must be smaller than £30urad if no
local nonlinear correction is applied. With local correctors
the crossing angle can be safely increased to +150urad.
The required corrector strength is well within the limits that
are technical achievable.
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LINEAR IR CORRECTIONS

J.-P. Koutchouk,
CERN, Geneva, Switzerland

Abstract

This is a brief report of the status of the CERN studies
on linear corrections (orbit and coupling) at the time the
US/LHC agreement was passed. I have updated certain of
the conclusions whenever possible.

Given the alignment tolerance which can be either esti-
mated or deduced from LEP measurements, the nominal
strength of the arc correctors is set at a level where the prob-
ability of exceeding the maximum is ‘small’, i.e. less than
8%][1]. This will happen at a few places around the ma-
chine and will be solved by closing the orbit perturbation
at 7 or further away. These exceptions are allowed as the
mechanical aperture at top energy is large in the arcs. This
approach allows a better filling factor of the collider. The
corresponding criterion for the integrated strength of the
dipole corrector per Tesla of integrated gradient strength of
the near-by quadrupole is:

0.0022 Tm per Tesla

1.2 Case of the low-(3 Triplet

iV faish'd

There are iwo MCBX orbit coirec Of

them providing 1 Tm (optionally 1.5 )
(/A

fo tlae L L1011, Lo 2N
rion is therefore fulfilled at the 20% (30¢

even optimistic as the closed orbit must be

Snceonsccler fae tha tuen hasomag 1 o

1 wxrsth ¢ et
luunmucuualy 10T tn€ (WO ofamis wilul twl COrTce

efficiency of each corrector is thereby reduced.

wae sdontifind nnd annnnta ¥ o
This was identified and avaytcd [2] with specia

sions:

N Tay,
0) IEV

N

1 o

o we reserve the MCBX’s for the correction of the mis-
alignment of the MQX’s, i.e. do not use it for beam
separation, spectrometer compensation. . ., except for

very small adjustments.

o the alignment tolerances of the MQX are much tighter
than elsewhere: 0.3 mm maximum displacement for
one guadrupole block, 1 mm maximum for a coherent
displacement of a whole triplet [3],

e continuous monitoring of the MQX positions with a
stretched wire lodged into a hole in the concrete to

straddle the whole insertion,

e quasi ‘on-line’ realignment with motorized jacks.

1.3 Conclusion

The triplet requires special care. Increasing the strength of
the MCBX to the maximum achievable is worth the effort
as it will make operation simpler and thereby more efficient
at collision time. A rigid triplet arrangement relaxes the
alignment tolerances. A precise beam-based measurement
of the magnetic axes (K-modulation) would certainly be
very helpful.

2 COUPLING CORRECTION

2.1 Relative Importance of the

Coupling
Sources '

Matching Sections a

»
(=N
=
Q
b
D
.=
3,

atchin ts. Assuming a rms

tilt angle of 1 mr: d the respective contributions to the
coupling vector c are, for LHC version 2 [4]:

Arc Quadrupoles | (13.6 +i 1.9)¢rms
MS Quadrupoles | (6.8 + i 16.5)¢rms
Triplets | (93.7+1 165)¢rms
c is given by the quadratic sum of the perturbations, where
@ is the tilt and the other symbols have their usual meaning:

| Y

C—@rmsL \/p“n et = v (2)
The triplets are by far the largest potential source of beta-
tron coupling. This qualitative conclusion surely still ap-
plies for the present LHC version.

2.2 Requirement for the Triplet Alignment

In order for the triplet quadrupoles to produce a manage-
able coupling, it is necessary to align them with respect to
each other 10 times better than the arc quadrupoles. This
requirement (0.1 mrad rms) seems achievabie [5]. The
module of the coupling vector (all sources) is then esti-
mated to be 0.03 rms, i.e. a usual value for accelerators.

If the triplet can be made ‘rigid’, it becomes almost in-
sensitive to tilts: a whole triplet tilted by 1 mrad only con-
tributes to |¢| by less than 0.003.

2.3 Requirement for the Quadrupole Twist

A quadrupole twist causes about 20 times less effect than
an equivalent tilt. The 2 mrad observed on one of the HGQ
should not be a problem.
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2.4 Coupling Correctors

The strength of the foreseen MCQS correctors is 30 T/m
x 0.5 m. It can correct tilts of 1.6 mrad in the worst case
where the tilts are correlated with the gradient signs. This is
largely sufficient and leaves some reserve for the correction
of remote sources.

2.5 Other Effects

Orbit and dispersion coupling have not been considered so
far.

2.6 Conclusion

The skew corrector foreseen in the triplet corrector pack-
age appears largely sufficient. The beam dynamics is how-
ever so sensitive to random tilts of triplet quadrupoles that
they must be very tightly aligned. The experience of LEP
commissioning shows that large coupling causes the loss
of beam control by fooling the instrumentation. A ‘rigid’
triplet is almost immune against tilts.

3 REFERENCES

[1] J. Miles, LHC Project Note 43, 1996.

[2] Minutes of the Parameter and Layout Committee # 11, 1996.
[3] S. Weisz, LHC Project Note 59 (1996).

[4] 1.P. Koutchouk, LHC Note 306 (1994).

[5] T. Taylor, private communication, 1994,

99



Workshop on LHC Interaction Region Correction Systems, BNL, Upton, New York, 1999
LOCAL DECOUPLING IN THE LHC

INTERACTION REGIONS

F. Pilat
Brookhaven National Laboratory, Upton, NY 11973, USA

Abstract

Local decoupling is a technique to correct coupling locally
and operationally, that is, without a priori knowledge of
the underlying skew quadrupole errors. The method is
explained and applied to the correction of coupling in the
interaction regions of the LHC at collision.

1 INTRODUCTION

The local decoupling method is reviewed in Section 1 with
a brief history of its application to different machines and
experimental work performed so far. In Section 2 we
present preliminary results for the correction of coupling
generated by triplet errors in the LHC interaction regions,
in the collision configuration.

2 LOCAL DECOUPLING TECHNIQUE

The local decoupling algorithm has been proposed by R.
Talman [1] as a technique to correct coupling locally and
operationally, since the correction scheme does not require
a-priori knowledge of the errors. Conceptually the local
correction of coupling is similar to a closed orbit
correction where the orbit offsets as measured at the beam
position monitors (BPM’s) are used in a )—square
minimization that sets the strengths of the dipole
correctors. In fact local decoupling was originally

proposed by Talman in the framework of a general .

technique for operational corrections, which includes also
closed orbit correction, minimization of vertical
dispersion, etc. The idea is to determine corrector
strengths by minimizing a badness function that i)
quantifies the effect to be corrected and ii) is built up by
measurable quantities. The next few paragraphs will
describe how that can be achieved. A more detailed
description can be found in [2].

2.1 Method and formalism

Let’s define the one turn 4x4 transfer matrix (in the

cartesian space) as:
M= A B
CD

It is possible to find a coordinate transformation x = GTx
to an eigenbasis where the 1-turn transfer matrix in the

new coordinates is diagonal:

1
M:GT_MGT=[A:|

0D
I R
with Gl =g D| and
RA I
R. = C+B _ B+C
A A, ~trD D Ap—trD
. - IAD—trAI
[Ap~ Al

where A, and Ap are the eigenvalues of the matrix M+M.

The A eigenmotion describes an ellipse in the (x,y) space.
The major axis is tilted w.r. to the x axis by an angle 0,

given by:
a
A
2N [B;]RAH
tan20, =

A o 2 (R 2
A "Al2
1-IR -~ =R I L

{ All (BAJ AIZ} ( I3A ]

An analogous relation exists between the D eigenmotion
and the y axis. The eigenangles 6, and 6p, not orthogonal
in general, are a measure of coupling since for the ideal
uncoupled case 84 = Op = 0. Another measure of coupling
is the area of the eigenellipse, given by (tg?R 5 15)/Ba for
the A eigenplane. If the coupling is weak, the areas of the
2 eigenellipses differ only by a multiplicative factor
independent of coupling.

2.2 Measurable quantities

By driving the beam in such a way that only .l mode is
excited, the motion at one location in the lattice can be
described in pseudo-harmonic form:

x = geosy , y = ge,cos(Yy +€,)
A All B4 Al2 B4

Ra127Pa
€, = —arctan

%A
Ra1—|5; [Ra12
A
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That is possible if the horizontal and vertical planes are not
fully coupled. In practice that means that the uncorrected cou-
pling should be weak, or the machine already has some degree
of coupling compensation in place.

The x and y signals are coherent (same frequency) and their
relationship at a specific position in the lattice is characterized
by the ratio of amplitudes (e,) and a phase difference (€4).

By collecting turn by turn x and y positions at a double plane
BPM, it is possible to measure the quantities e, and €, with a
network analyzer. From these one can derive the matrix ele-
ments Rp ;1 and R 1,. The coupling can be Jocally measured at

every double plane BPM in the machine.

2.3 Correction of coupling

A badness function to be used for minimization must quantify
coupling and go to zero in the absence of coupling. It must also
be build with measurable quantities to be “operational”. Mea-
surable quantities are: ey , the ratio of out of plane vs. in plane

oscillations, and the phase difference €5

A natural choice for the coupling badness B function is the
following:

Nd
BC = z e2 Bx(d) N? number of detectors (BPMs)
A YO

By weighting & A with the ratio of betas one insures that all

detector have comparable weight in the minimization process.
e, is a function of the off diagonal matrix elements Rpq; and

R4 12, One can calculate the influence functions:

Na
0 skew, C
RAll(d) = RAll(d)"' 2 q, Ta (@
a=1
Na k C
o skew
Rppp(@ = Rppp@+ X a, U (d)
a=1

where the R° functions represent the effect of the unknown

errors at the position of detector d, 7€ and UC can be calculated
from the unperturbed lattice functions for every skew corrector

and BC is a function of the N, skew quadrupole corrector

strengths g,k". When N > N? one can determine the skew

quadrupole corrector strengths by a fitting procedure so that
the following conditions are met:

d C( skew skew)
B qy ceenen =0
skewB ( 1 qNa
aqa

The procedure to set the skew quadrupoles for coupling
corrections relies only on measurements at double plane BPMs
in the ring.

2.4 Brief history of studies and experimental work

Local decoupling is implemented in the code Teapot and the
latter has been used to study coupling correction schemes for
several acceleraiors. In particular, local decoupling schemes
have been studied for the SSC Collider ring, for the LEP lattice
and, more recently, for RHIC. In all cases the schemes worked
well is simulation, with residual eigenangles after correction
below a fraction of a degree everywhere in the ring. Local
decoupling is an integral part of the RHIC decoupling scheme
[3]. Two families of skew quadrupoles are used for global
decoupling via the minimum tune separation technique. In
collision, the additional coupling effect due to the IR triplets is
locally corrected by 12 skew quadrupoles, 2 per interaction
region. The IR skew quadrupoles can be set either by “dead-
reckoning” the measured a, errors in the triplet, or by local
decoupling. The latter has the advantage of correcting also for
the unknown residual alignment errors.

Experimental work on local decoupling has been started at
HERA in 1991 and LEP in 1992. Local coupling has been
successfully measured in both machines [4]. Setting the skew
quadrupoles on the basis of the measurements and verifying
the correction of coupling however must still be demonstrated.
Local decoupling is part of the correction strategy in RHIC and
experiments are planned in the 2000-2001 runs.

3 APPLICATION TO THE LHC INTERACTION
REGIONS

A feasibility study of local decoupling for the LHC IR has
been started. Even if the a, field error in the triplet will be
known (and compensated for), the coupling effect due to
residual roll errors of the quadrupoles can be quite substantial
in the collision configuration. A way to set the skew
quadrupoles in the IR correction packages to correct for that
can be very useful.

3.1 The correction scheme

The following configuration and correctors has been assumed
for the study;

Q1

Q2A Q2B Q3

skw
quadrupole

BPM

BPM

Coupling is measured at the dual plane BPMs in the IRs and
the skew quadrupole corrector layer in the IR corrector
package is used, with a total of 16 BPMs and 8 skew
quadrupoles in the LHC ring. Skew quadrupole correctors are
present in IP1, IP2, IP5 and IP8.

3.1 Preliminary results
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The effectiveness of the correction has been tested against a
distribution of random roll errors in the HGQ quadrupoles.
Table 1 summarizes the results.

Table 2: Skew quadrupole integrated strengths.

Table 1: Effectiveness of correction as a function of errors. skew interaction integrated
quadrupole region strength [m!]
couplin couplin max max 4
RMS roll Upling PUNE | oioenang | eigenang sqll IP1 0573 10
anele badness badness (before (after
g (before | (after sqrl IP1 0.259 10
[mrad] corT.) corr.) corr.) COIT.)
' ' [deg] [deg.] sql2 P2 0.139 10
0.2 8.41 0.001 45.0 0.08 sqr2 P2 -0.138 1073
0.3 10.47 0.45 45.0 0.34 sql5 IP5 0.947 107
04 11.75 3.16 45.0 6.18 sqrs IP5 0.240 107
0.5 12.64 6.35 45.0 20.0 sql8 IP8 0.112 104
o o . sqr8 P8 -0.157 107
Local decoupling is doing a good job in correcting for a
random distribution of roll errors up to 0.4mrad. The limit
3.3 Future plans.

seems to be reached at ~0.5 mrad with the present scheme. A
reasonable figure of merit for decoupling quality is to keep the
eigenangle less than 10 degrees everywhere in the ring. In
simulations that has been verified to correspond to a mininum
tune separation of less than 0.001.

Figure 1: Residual coupling around the ring after local
decoupling (random alignment errors in the triplet of 0.2
mrad).

5
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As an example, the integrated skew quadrupole strengths
necessary for correcting a random distribution of 0.4 mrad in
the triplets are listed in Table 2.

A detailed study of decoupling corrections will be done for the
LHC Interaction regions, in the framework of a planned study
on effect of alignment and linear corrections. Concerning
linear decoupling, more specifically, one needs to evaluate
different schemes as well as testing a statistically significative
number of errors distributions.

4 CONCLUSIONS

Preliminary results on the effectiveness of local decoupling for
the LHC at collision are promising. Coupling is reduced to a
fraction of a degree everywhere in the ring by operationally
setting the skew quadrupoles in the interaction regions on the
basis of coupling measurements at the IR beam position
monitors. A more detailed study for the LHC is planned as
well as experimental work on the decoupling technique at
RHIC.
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