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Abstract

The transfer lines from the SPS to the LHC, Tl 2 and
Tl 8, with a total length of almost 6 km are the longest
ones in the world. For that reason even small systematic
optics errors are not negligible because they add up and
result in an injection mismatch in the LHC. Next to other
| attice measurement methods Kick-response measurements
were the most important sources of information during the
early phases of beam commissioning of these transfer lines
and the LHC ring. This measurement technique was used
to verify orbit-corrector and BPM gains as well as to sort
out optics errors. Furthermore fits to off-momentum kick
response turned out to be an appropriate method to estab-
lish amodel for systematic errors of the transfer line mag-
nets. This paper shortly describes the tools and methods
developed for the analysis of the taken data and presents
the most important results of the analysis.

ANALYSISPRINCIPLE

While in a circular machine several fast and reliable
methods are available, optics measurements in a transfer
line are a little bit more delicate, because only single pass
acquisitions are possible. One method which can be used
for such purposesisthat of kick response measurements.

From kick response measurements it is not possible to
directly deduce optics properties. Instead afit is necessary,
which varies certain parameters of a machine model to re-
produce the measured data as close as possible. The optics
properties in question can then be read off from the fitted
model. This is often quoted as the LOCO principle [1].
The software used for the analysis was a software pack-
age called Aloha [2] which isageneralization of the LOCO
principle for arbitrary MADX models.

Fitting Procedure

A fit in Aloha varies a set of Ny parameters ¢,
1 <1 < Ny, of themodel such that the differences between
the measured and calculated observables are minimized.
The differences of certain observables between measure-
ment and model are collected in a difference vector V. The
dependence of this difference vector on the set of parame-
tersisdescribed by the sensity matrix .S. The fit minimizes
the quadratic norm of V. To approach the minimal solu-
tion the problem is linearized. As afirst step the system of
linear equations
SAG=V 1)
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issolved in aleast square senseto obtain avector Ac'repre-
senting the parameter changes. Thisis achieved with |east
square algorithms like SVD or MICADO. Then a new set
of parameter-values can be calcul ated,

a' =ca+Ag. ()

Thevalues ¢; ' are then applied to the model and the proce-
dureisiterated until the parameters are stable.

For kick response measurements the observables are the
elements of the response matrix R, whose el ements are de-
fined by
Uj
5’
where u; isthe position (x or y) at the i*® monitor and §; is
the kick of the j*" corrector. The elements of the difference
vector V are defined by

Ri; = ()

meas model
R** — Ry
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R™odel s the response matrix calculated from the model
and R™es is the measured one. ¢; denotes the rms noise
of the i** BPM. The elements of the sensity matrix S for
standard (on momentum) kick response data are defined by

1 aRmodel
Sk = OVie _ 1987 :
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These sensity-matrix elements are (for arbitrary parame-
ters) numerically approximated by the local fit gradient,
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(6)
The parameter increment d¢; has to be chosen carefully for
each parameter.

Combination of Measurements

To gain constraints (e.g. for the bs, see Eq. (7)) itissome-
times necessary to combine different kick response mea-
surements which were taken at different machine condi-
tions (e.g. different values of 22). These measurements
can then befitted all together. Therefore the sensitivity ma-
trices from the different measurements are combined into
one big sensitivity matrix. Care has to be taken that differ-
ent models (e.g. with the corresponding % values) have
to be used for creating the sensitivity sub matrices and the
parameters of the models have to be varied in a consistent
way.
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Figure 1: Monitor gains g; for TI 8 monitors indicating a
systematic error ((g) = 1.14).

BPM AND COD CHECKS

Corrector Gains

In 2008, fits to data of LHC arc 23 using the corrector
gainsasfree parametersrevealed an obvious correlation be-
tween the magnet length and the kick strength of the mag-
nets. The results of such afit are summarized in Table 1.
The explanation for this correlation was found soon after-

Table 1: Comparison between lengths of corrector magnets
and the gain factors obtained by fitting corrector gains to
kick-response data.

Corrector Type  lmag gain factor (aloha)
MCBX H/V 0.450 0.45 0.61
MCBY H/V 0.899 1.02 1.10
MCBC H/V 0.904 1.04 1.21
MCB H/V 0.6470 0.68 1.00

wards by J. Wenninger and was simply due to the fact that
the steering application sent its trims as kick angles § the
layer underneath was expecting dipole strengths k. Since
those two are related by § = ko lmag (Imag iSthe magnetic
length), the final trim which was sent to the magnets was
too large by the factor of the magnetic length of the magnet
which is different for the families.

Monitor Gains

During the analysis of the transfer line optics the fitted
monitor gains came out more than 10% too large. This
isillustrated in Fig.1. The plot shows the monitor gains
obtained from fits to kick-response data with 25 correc-
tors for Tl 8. The corrector gains were assumed to be
perfect and therefore not varied during this fit. The main
quadrupole strengths of the line were used to compensate
for the phase errors. The mean of the corrector gains g; ob-
tained from thisfit is about (g) = 1.14 i.e. systematically
too high. Detailed investigations of thisissuesrevealed that
the observed errors were the result of calculation of the
real positions in the BPM front ends implemented at that
time which did not take into account nonlinear errors of the
BPM electronics. A new version of the front end software
which takes into account all the calibrations correctly was
deployed short after the problem was understood.
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OPTICSMEASUREMENTS

Inversion of Q6.L7

When taking beam 2 the first time to LHC point 6
on 6 September, 2008, an optics problem around IR7
rapidly became evident. Fits to kick response data vary-
ing quadrupole strengthes in this region soon led to a clear
inversion of Q6.L7 which isdriven by abipolar power sup-
ply. Figures2 show measurement compared to the nomi-
nal model and to a model with Q6.L7 inverted. The good
agreement with the inverted model is nicely visible.
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Figure 2: Comparison between kick response measurement
(blue bars) and model (red dots) in LHC sectors 67, 78.

b, and b3 Flat top Dependence in MBIs

During the first injection tests a non-negligible optics
mismatch was observed at the injection point between the
transfer lines and the LHC. Following an idea by S. Far-
toukh the possible origin of the errorsin field errors of the
main bends in the transfer lines (MBISs) was investigated.
The results were aready published in [3] and their incor-
poration into the new transfer line model is described in
[4]. One of the remaining questions was the source of these
higher order components.

Since one suspicion was that these field errors might
come from eddy currents resulting from reaching the flat
top of the cycle, off-momentum kick response measure-
ments were performed for different settings for the delay
time of the extraction kicker after reaching top energy in
the SPS. Using the described method the MADX model was
then fitted to the measured data using four degrees of free-
dom: 2K b, bs and %.

%{ denotes a systematic error of the main quadrupole

strengths with respect to the nominal settings. b, and b3
denote the systematic relative quadrupolar and sextupolar
field errors in units of 10~* with respect to the main field
of the bend. Thesewereimplemented directly inthe MADX
model of the transfer line by the use of
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where k,, denote the multi pole strengths applied to the
main bendsin MADX, « isthe bending angle of the magnet,
[ itslength and R, is areference radius which is defined
for the main bends in the transfer line as R, = 0.025 m.
The “true” momentum mismatch % isgiven by

A é A
Ap _op Ao

: (8
p p P

where %2 denotes the trimmed momentum offset and 22
an apriori unknown initial momentum error.

For each of the three measurements two correctors per
plane were used for which the response was measured at
five different values of %2 (-2.2, -1.1, 0.0, +1.1 and +2.2
permille).

Table 2: Results of off-momentum kick-response fits for
different flat top lengths

FT-length [g] 2 bs &K A
025 189 -4798 0.00452 -8.35¢-4

05 1.856 -4.883 0.00433 -6.78e-4

20 1866 -4.610 0.00445 -8.46e-4

mean 1.873 -4.764 0.00443 -7.86e-4

stddev 0.017 0.114 0.00008 0.77e-04

The results of these fits are collected in Table 2 and plot-
ted in Figs.3. No significant dependence on the length
of the flat top can be deducted from these measurements.
From this it was clear that a different source had to be re-
sponsible for the systematic b, and b3 errors.
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Figure 3: Dependence of fit results on flat top length.

Finally the sextupole component b3 of about -4.5 units
of 10~ at aradius of 25 mm was confirmed by 2D simula-
tions of the dipole magnet and the quadrupole component is
believed to originate from afeed-down from this sextupole
component due to the large sagitta of the magnets[4].

b, Component of LHC Main Bends

Asatest of the methods used for the transfer lines, LHC
data was analyzed in asimilar way. At that time no b, cor-
rection was in place in the LHC. No off-momentum kick
response measurements were done, so only afit for b, was
possible and not for b3. Since the b, in the LHC have dif-
ferent signs for the different apertures the fit was done with
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one by parameter per sector. Example results for such afit
on beam 1 data are shown in Table 3.

Table 3: Comparison of fitted and model b, in LHC main
bends. (Model data courtesy of M. Alabau)

by model b, fitted diff  rel diff
Sector 12 -1.49 -1.68 -0.20 13.23%
Sector 23 1.46 140 -0.06 -4.08%
Sector 34 135 167 032 23.46%
Sector 45 131 144 013 10.12%
Sector 56 -1.05 -1.75 -0.70 66.57%
Sector 67 -1.23 -1.57 -0.33 27.16%
Sector 78 -1.06 -1.20 -015 13.71%
Sector 81 1.30 130 0.00 -0.01%

The model data quoted in the table is field error data as
produced by the WISE simulation tool which uses acombi-
nation of measured magnet data and statistical simulations
as replacement for missing information [5].

The fit was done with the parameters listed in the table,
plus a systematic detuning of the quadrupoles as parameter
which resulted in ££ = 2.31 - 107*. The sign and the
order of magnitude of the b, is nicely reproduced by thefit,
athough some big deviations from the model are visible
(e.g. sector 56, almost 67 %).

SUMMARY

Modé fitsto kick response data proved to be avery use-
ful diagnostics tool during the early phase of LHC beam
commissioning. Several problems were identified during
polarity checks of BPMsand CODsin the main ring aswell
asin the transfer lines. Furthermore, since this method al-
lows optics measurement without the need of the full ring
it was heavily used during the injection tests and allowed
to deduce potential systematic quadrupolar and sextupolar
field errors of the main bends in the transfer lines. It was
shown that these field errors are independent of the flat top
length of the magnet ramp and thus not originating from
eddy currents. Finally, the method was crosschecked with
(partly) measured magnet datain the LHC ring.
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