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Abstract

A study of the time required for the CMS detector to reach its structural equilibrium once the magnetic
field is ramped to its operational value of 3.8 T is presented. In addition, the results from a stability
monitoring at 3.8 T over a nine-month period are given.



1. Introduction

A major part of the Compact Muon Solenoid deie¢CMS) [1-3] is a powerful
muon spectrometer for the identification and meas@nt of muons in a very wide
energy range, from a few GeV up to several TeV. ChS a cylindrical symmetry
around the LHC beam pipe, an overall diameter oml% total length of 21.6 m and a
total weight of 12.5 kt (mainly iron). At its heaa 13 m long, 6 m inner diameter, 3.8 T
superconducting solenoid, provides a bending paf@bout 12 Tm. The return field
is captured through 1.5 m of iron, allowing 4 mwgiations to be integrated to ensure
robustness and full geometrical coverage.

Depending on the magnet field intensity and hgeneity, two different technologies
are employed. In the barrel region, surroundingdbié of the solenoid, four layers of
drift tube (DT) chambers (named MB1 to MB4), inéerved with the return iron yoke,
make a redundant momentum measurement. A muon @mambmade of three
superlayers. Each superlayer is, in turn, madewf fayers of drift cells. The drift cell
Is the basic unit, measuring drift time and provglia spatial resolution of 250m.
Superlayers are arranged such that they measurepttel position of muon track
“segments” along one coordinate: two superlayerasme the B coordinate and one
superlayer measures the Z coordinate. The mechaiésign of a drift chamber is
driven by the spatial precision requirement in determination of a segment, 106,
which is obtained by a fit to the individual hits @ach cell. The muon drift chambers
are subject to variable residual magnetic fielddow 0.4 T for all the chambers except
for the innermost MB1 chambers (0.8 T) near thecapsd. It is worth to notice that the
DT chambers provide also the L1 trigger and thechuwmossing identification.

In addition to the DT chambers there are algdagiers of Resistive Plate Chambers
(RPCs): two around stations 1 and 2 and one innther side of stations 3 and 4 that
contributes to the collection of the muon tracls hit

At both CMS endcap sides there are four layénsiawon chambers, named MEL1 to
ME4. In the endcap regions the magnetic field ipidgilly high but also very
inhomogeneous due to its bending to feed the bgolet. To cope with that and with
the high particle fluxes CMS uses in these regmthgr gas ionization detectors called
Cathode Strip Chambers (CSCs) which are multi-wn@portional chambers in which
one cathode plane is segmented into strips rurengss wires, giving 2D information
of the particle passage. Due to the intense magfietd, the muon trajectories bend
more in the vicinity of the first endcap statiorheve a higher precision is required (75
pum). For the rest of the chambers the needed poecisiabout 15@m.

The measurement of the muon momentum is relatétd bending in the transverse
plane. The radius of curvatupeand the momentum of a muon perpendicular to the
magnetic field (p are related by[m] = p[GeV/c]/0.3 B[T]. The radius of curvature
can be obtained from the measurement of the m@apectory sagitta s, after traversing
a distance d in the magnetic field, using the axiprate expressiop = d/8s. An error
in the sagitta measurement results in an errothé rhomentum measurement. The
relative error in the sagitta measurement as/s = dp/p;, proportional to
odmm]p(TeV]/d{m?B [T], whereas is the resolution in the sagitta measurement. The
relative resolution deteriorates with the muon motuen and improves linearly with
the magnetic field and quadratically with the tnsesl distance.



The accuracy required in the position of the mwebambers is determined by the
resolution demanded in the momentum reconstruaifonigh energy muons. CMS is
designed to achieve a combined (Tracker [4] and iMBgstem) momentum resolution
for the regionr}| < 2.4 of 0.5 — 1% forp 10 GeV, 1.5 — 5% forp 100 GeV and 5 —
20% for p~ 1 TeV. This design accuracy requires the knowleaighe position of the
chambers with a precisiaomparable to their resolution.

Several simulation studies have been perform@eld i order to quantify the
importance of muon chamber alignment in the monmantasolution. For the most
important coordinate from the physics point of vi¢Rd), the alignment system should
reconstruct the position of the chambers within16 — 30Qum range for MB1 — MB4
and within the 75 — 20@m range for ME1 — MEA4. The tighter constraints espond to
ME1 and MB1 since most of the muons change the gigts curvature near the first
muon stations. Since these stations are locatiéet d&torder of the magnet they allow, in
combination with the Tracker hits, to exploit thell fbending space in the CMS
experiment.

However, when CMS is in operation, the movememd deflections of the muon
spectrometer exceed 1@@n. To monitor these movements, CMS is instrumeitital
an opto-mechanical alignment system that allows amticuous and precise
measurement of the relative position of the muamdbers amongst themselves as well
as the position of the muon chambers with respethd tracker, assumed to be a rigid
body. The information provided by the alignmentised for off-line corrections in the
track reconstruction.

During the years 2008 and 2009, prior to theéare®f LHC, CMS recorded cosmic
ray data at 3.8 T, chosen as the working magnegid intensity, in many runs called
CRAFTO08 and CRAFT09. The name CRAFT stands for GosiRun at Four Tesla [6-
8]. The Link Alignment System [3] was used to monitlisplacements, rotations and
deformations of relevant mechanical structures.révipus document [9] analyzed the
motions observed by the Link Alignment System cdusg the ramp up in magnetic
field intensity from B =0 T to B = 3.8 T. The pesg work studies the stabilization of
mechanical structures from the moment in whichrniiagnetic field reaches its nominal
working strength, in order to estimate the time BIS detector takes to reach
mechanical equilibrium.

In addition, some of the Link System sensorseweiad out over long time periods
during the physics data taking runs in 2010, alfmio check the assumed mechanical
stability when the magnetic field is at a cons&trength of B=3.8 T.

This document is organized as follows: an iniicithn to the CMS Alignment System
Is given in section 2. The data used to deterntiweestabilization time once the 3.8 T
magnetic field is reached are presented in Se&jomhile the analysis and results are
given in Section 4. A survey of changes in the medtal conditions along sequenced
Link System runs over a nine-month period in 2048hown and discussed in Section
5. Finally, summary and conclusions are presemte&kction 6.

2. The CMS Alignment System

At 3.8 T the solenoid induces an axial forceabbut 10,000 ton on the endcap iron
yokes in the direction of the centre of the soldndiluminium blocks, called Z-stops,
prevent the endcap disks from getting pushed iath ether and crash onto the barrel



wheels. A longitudinal view of one quadrant of @IS experiment is shown in Fig. 1,
where the various detectors and the position oZtltops are indicated.

The muon system detection planes embedded ih3he diameter, 20 m long return
yoke allow to get, typically, about 50 points peuan track, including the PIXELs
ones. In order to meet the muon momentum resoluggnirements mentioned above,
the system is instrumented with an Alignment Systeganised in three basic blocks:

— Tracker alignment system, to measure the posdfdhe various tracker modules
and monitor eventual internal deformations.

— Muon System (Barrel and Endcaps) alignment, toitapthe relative positions
among the DT and CSC muon chambers.

— Link System, to relate the position of the vari@ements of the muon system
(Barrel and Endcaps) to the position of the tradiay, and to monitor the relative
movements between both systems.

Several types of alignment sensors are suppbstedseries of independent reference
rigid bodies which are individually calibrated aintercalibrated on special benches and
measured by photogrammetry when in place in CM& pbsition of the sensors is
such that when the structures are in place thapeléiree planes. The left side of Fig. 2
shows one of thé alignment planes where the three alignment subsystan be seen.
Each plane contains four independent alignment rquidsl where the three systems are
connected. The thre@ planes are also depicted on the right side of Eigvhere the
CMS coordinates-system is also indicated. Sketch qiadrant ofp alignment plane
with its instrumentation is shown in Fig. 3.

Details about the CMS Alignment System can hedbin [3, 4, 9 and 10]. The Link
Alignment System is briefly described below.

The distributed network of Amorphous Silicon #oa Sensors (ASPDs) in each
quadrat is connected by laser lines. An ASPD sefidod 3] consists of two groups of
64 silicon micro-strips 40@8m wide, with a pitch of 43@um, oriented perpendicularly.
The intrinsic sensor position resolution is bettam 5Sum.

The entire Link System is divided into thi®@eplanes 6Dapart starting ab = 15. As
said, each plane consists of four independent quéglrresulting in 12 laser paths, or
lines: 6 on each side (positive or negative Z)ef CMS detector. Three laser light
paths originate at Tracker, Endcap, and Barrebregas indicated in Fig. 3. All laser-
source collimators are housed in rigid carbon fidrectures: Alignment Rings (ARS),
Modules for the Alignment of the Barrel (MABs), ahithk Disks (LDs).

The ARs are annular structures placed at botls erf the tracker. The LDs are
suspended from the outer diameter of the YN1 irasksd of the end-cap muon
spectrometer by means of aluminium tubes attacbeaheichanical assemblies called
Transfer Plates (TPs). MABs are mounted onto theebgokes.

The laser-ASPD measurement network is complesddoy electrolytic tiltmeters (for
angular measurements with respect to the gravitstovg optical and mechanical
proximity sensors for short distance measuremetsninium bars (longitudinal and
radial profiles, labelled LP and RP) for long dista measurements, magnetic probes
and temperature sensors, also shown in Fig. 3. g&sam length of the aluminium
profiles due to temperature variations are cordgwlby the readout of the appropriate
temperature probes.

Three 3600 mm long LP relate LD and AR. Onéhd closest to the AR, a target is
in contact with a potentiometer [14] located at A#, allowing to monitor the relative



distance between LD and AR structures along the @W®ordinate at three different

@ positions. The relative Z distance between theam® the ME/1/1 chamber is also

measured by a contact potentiometer installedenrth touching a target situated on the
top side of the ME/1/1 chamber (see Fig 3).

The rest of the relative distance measuremesttgden CMS elements inda quarter
monitor motions in the R direction. The longest maned radial distance, between LD
and TPs, is measured using a 1977 mm long radiilgo(RP in Fig. 3) instrumented
with a potentiometer in the end closest to the TBe relative displacement between the
TP and the bottom side of the ME/1/2 chamber i® a®nitored using a contact
potentiometer. The relative R distance betweenMAd and the outer side of the
ME/1/2 chamber in the correspondidy quadrant is monitored using a non-contact
proximity sensor (Omron [15]) installed at the irmest part of each MAB structure.
The sensor emitting/receiving head directs a lagbt and receives the reflected light
to/from a reflective target located on the outegioe of the ME/1/2 chamber. All
proximity measurements along R are labelled asaDcgmeter R in Fig. 3.

The estimated combined uncertainty (mechanigapasrt length plus proximity sensor
output plus the mounting uncertainty) in the measwant of absolute positions is about
305 um. Nevertheless, relative distance measurementshvane the relevant ones for
this note, are only affected by the precision efpnoximity sensors, ~ 40m.

As already said and complementing the laserdisidnce measurement system, all
the alignment structures (ARs, LDs, TPs, and MAB® instrumented with different
models of tiltmeter sensors [16] which provide direnformation on changes in
orientations (small rotations/tilts). The precisiminthese sensors is of the order of 30 —
40 prad [17]. With these devices, the Link Alignmentsg&m can monitor changes in
the CMS® (azimuthal angle, rotations around the Z-axis) @ngbolar angle, rotations
around the X-axis) angles of the AR, BD (Back Dile outermost, uninstrumented
Tracker Endcap disc), LD and TP structures. Indhse of the ARs and the BDs, for
instance, it is possible to detect rotatio® and/or bends®) of the Tracker body. In
the case of the LDs, they detect rotations and#adb of the YN1 endcap iron disks.

For the MAB structures the only monitored angleb. Fig. 4 shows a sketch of a
MAB with the position of the tiltmeter attacheditoThe sensor is placed in an X — Y
plane in order to detect a rotation of the strietamound the +Z axis. Rotations would
be registered as small variationsgds) around the nomindl value of each particular
MAB and would correspond to eventual tilts of thean barrel wheels.

3. CMS structural stabilization time at the working magnetic field

Link data recorded in one run from CRAFTO08 ané oun from CRAFTO09 are used
to study the stabilization time (Ts) at the workfiedd of B = 3.8 T. Ts is defined as the
time after which any further motion in a given igrsmaller than or equal to the sensors
resolutions in measuring displacements |(#t) and tilts (3Qurad). Both runs consisted
of a ramp from B = 0 T to 3.8 T followed by sevehalurs at stable 3.8 T field. The
CRAFTO08 run started on 27/10/08 at 09:25 h, lasabgut 29.3 h, with 358vents
recorded, 299 of them taken at B = 3.8 T. A Linkst8yn event is defined as one
complete set of recorded data from the Link Systeadout. Data were taken at a rate
of one event every five minutes. The chosen CRAF0ODstarted one year later, on



27/10/09 at 7:45 h, lasting about 29.5 h with 3%dnés recorded, out of which 256
were taken at B = 3.8 T. The data taking rate wwassame as in CRAFTO08. Figs. 5 a)
and b) show the magnetic field intensity as a fimmcbf the event number in both
CRAFT08 and CRAFTO9 runs, respectively.

During these two runs and in order to speedhegpdata taking, no information from
the ASPDs was recorded: a full turn-around of pfsatesors information takes about
27 min. From the rest of the many sensors compdbdLink Alignment System, two
sets monitoring axial displacements, two sets nooing radial displacements, and one
set monitoring rotations in th® angle were chosen for Ts calculation. The analyzed
parameters were:

- the relative axial distanc&Z) between the LD and the AR at the six equipped
angles® = +/- 75°, 195 and 315 (the sign refers to the CMS Z side) and between
the TP and the ME/1/1 muon chamber at the twéh\gpiadrants (six per Z side)

- the relative radial distancAR) between the MAB structure and the ME/1/2 muon
chamber and between the TP and the same ME/1/2bdrafim both cases at the
twelve ® quadrants)

— the relative tilt angl&® at the twelve external MABs (six per CMS Z side)

3.1 The general trend of motions during the ramping up of the magnetic field

The mechanical motions during the ramping ughefCMS magnetic field from 0 T
to 3.8 T are roughly similar [9], but far from ideral, for the analyzed runs. The LD
approaches its corresponding AR due to the motidheoYN1 yoke (to which the LD
is attached) by 13 14 mm in the Z direction, caused by the magnetice pushing the
end-cap yokes towards the CMS geometrical centeotiit Z sides. Figures 5 ¢) and d)
illustrate that relative motion & = +75, as a function of the event number (labeled as
data number in the figure), in CRAFT08 and CRAFTG8s, respectively. The ME/1/1
muon chambers move 1.5 — 2.5 mm in the Z direcovgy from their corresponding
TP structure. The Z-stops prevent the crash betwbenendcaps and the barrel
(approximate positions of the Z-stops in a CMS aeixtare depicted in Fig. 1). The
motion is illustrated in Figs. 5 e) and f) for tihe= —315° quadrant in both runs.

The ME1/2 muon chambers move radially outwardsragghing their corresponding
MAB structure by 2 — 4 mm as shown in Figs. 6 a bjfor the® = +15 quadrant,
and separating from their corresponding TP strechyr about 3 mm as shown in Figs.
6 c¢) and d) for th& = -15° quadrant, in both CRAFT runs.

The MAB tilt sensors indicate a very small clatse rotation A® is always smaller
than 100urad), around the CMS Z coordinate, as illustrate&igs. 6 e€) and f) for the
MAB at ® = +15, in both runs.

4. Calculation of Ts: method and results

In the CRAFTOS8 run, the magnetic field reachadrdensity of B = 3.8 T at event
number 56, about 4.7 h after the start of the magarep up. For CRAFTQ9, the field



reached 3.8 T at event 98, about 8.2 h after #r¢ st the run. These two events will be
taken as the start time, ¥ O h, for the determination of Ts. Figures 7 &nshow the
measured axial (Figs. 7 a) to d)), radial (Figs) & d)) and angular (Figs. 8 e) and f))
motions for the indicated® quadrants in both CRAFT runs as a function ofdla@sed
time after §.

For each of the 54 relative motions measuredatibns are made in time intervald
hour, starting at a given timg .tWe study the distributions of the quantities:

A(variablg); = (measured variahlat t = + At); — (measured variablat t = t");

where ¢ takes, in sequence, the values 0, 1, 2, ... hdjirsgfers to each of the 54
relative motions used, and “i” extends over allr@gaecorded from t 3 'tonwards (in
steps ofAt = 5 min, the fixed time interval between two cecstive measurements).

The extreme valugsmin andAmax of these distributions are, of course, a fumctf
to. As mentioned earlier, Ts is determined as ithe t,” for which Amin| and Amax|
are smaller than the resolution of the correspand@adout sensor: 4@ in the case of
the Sakae potentiometers or Omrons proximity sengord 3Qurad in the case of the
AGlI tilt sensors.

For example, let us study the variah®&LD-AR) at® = +315 from the CRAFTO09
run. The distributions of the measurements §ort0, 2, 3 and 4 h are shown in Figs. 9
a) to d), respectively. Table 1 shows the mean, RM®in and Amax values
corresponding to these distributions. For thisatalg, the structural equilibrium occurs
in the interval §’ = 2 — 3 h. Since the study uses one-hour inteyVellf an hour is taken
as the average error in Ts and therefore Ts = 2@5th is determined for this
observable.

This exercise is repeated for the 54 variablesfanboth runs under consideration; the
results are presented in Table 2. It is importantdte that each variable is measured at
various® positions. For instance 3 + 3 in the cas@af(LD — AR) and 6 + 6 in the
case ofA® (MAB). The values of Ts shown in Table 2 correspdon the® positions
taking the longest stabilization time.

Table 2 suggests that, once the magnetic feddhres B = 3.8 T, the CMS detector
will reach its structural equilibrium about 13.945 hours later. This time corresponds
to the moment in which event number 218 was recbiaé¢he CRAFT08 run and event
number 260 was recorded in the CRAFTO09 run usedisnanalysis. Taking the values
recorded for these events as new references, thienoma expected motions iZ, AR
and A® after stabilization are calculated, as shown ibl@e&3. Once CMS reaches
mechanical equilibrium, further motions will nota@ed + 26um in the Z direction and
+ 31pm in the R direction, while the tilts @ will not exceed + 3Qurad.

5. A long-term monitoring of the CMS stability

CMS is in full operation since March 2010. Sirthen, the magnet was switched on
and off in several occasions. Data recorded bylLihk system over the period from
March to October of 2010 were analyzed, in ordercheck the CRAFT08 and
CRAFTO9 results.



5.1 Monitored periods and monitored Link sensors

The first data taking followed the initial magmamp from O T to 3.8 T after the
closing of CMS at the beginning of March 2010 fog ¥ TeV pp-collisions physics run.
As said, over the nine monitored months severalmaagn-and-off cycles occurred.

A period is defined as the elapsed time between a magneindna magnet off
operation. The different periods analyzed, thetisand ending date and the duration
of every period are detailed in Table 4. Only detdlected at least 24 h after the
magnetic field reached 3.8 T is used in the follgyvanalysis. Therefore, according to
the results obtained from CRAFT08 and CRAFT09 L3ystem data, CMS would have
already reached mechanical stability and motioyshe the sensors resolutions, |4
for distances and 3rad for tilts would be not expected.

The following Link related variables were used:

- the changes in the axial distan@&Z) between the LD and the AR at the six
equipped anglesp = +/- 75°, 195 and 315 (the sign refers to the CMS Z side) and
between the TP and the ME1/1 muon chamber at telvév® quadrants (six per Z
side)

- the changes in the relative radial distantR)(between the TP and the nearest
ME1/1 chamber, between TP and the nearest MEl/&lohaand between the LD
and the corresponding TP, all three observabldseaivelve® quadrants

— the variations in the relative tilt angla® andA®© of the AR and LD structures at
both Z sides (six parameters per angle in boths}am®l the relative tilt anglésb
at the twelve external MABs (six per CMS Z side)

5.2 Results from the observations and discussion

For each of the 66 relative motions measured, ianevery monitored period, the
distribution of the quantities:

A(variablg); = (measured varialat time {) — (measured variahlat t = 0)

is evaluated; j” refers to each of the 66 relative motions obsgraamd 1’ extends over
all events recorded from t = 0 onwards, i.e. wikpect to the first recorded event in
every time period. The mean valuA(¥ariablg)> and the RMS of the distributions are
extracted. As mentioned earlier, the expectatioresewto find, for all periods,
distributions such that the absolute value Afvariablg)> + RMS were smaller than
the resolution of the corresponding readout sensor.

Data showed that, during the nine-month longitmong at 3.8 T, the CMS structural
stability was observed in all of the analyzed Jalga except for those related to the
relative distance between the LDs and the ARs. mb&on of the endcap iron yokes
towards the Tracker is the most affected by themeag field strength variation when
ramping from OT to 3.8T.

The most unstable period was P1, the one foligwhe CMS closing. From the 66
observables in the seven analyzed time periodsndesurements with largest deviation
from zero in period P1 are shown in Table 5, comgdo the same measurements for



periods P2 to P7. In period PAZ(LD-AR) at (+Z, ® = 315) exhibits an average
motion incompatible with mechanical structural dtgb In later periods, P2 to P7, this
observable is compatible with mechanical stabdityhe level of 2 standard deviations.
Fig. 10 shows the measurements of this observédit@)g as a reference the sensor
value in the first event of the period, for P1, P3,and P7, as a function of an internal
Link System run number (a.u. in the figure). Eaciit has a time-length of 1 day. A
maximum of two full events are recorded each dayfere were some Link runs were
no data taken took place. In the figure, most ef bkack dots are the overlap of two
events recorded in a given Link run.

Extensive information can be extracted from HiQ. First, no repetitive behavior is
observed; CMS behaves differently in every periBdriods P2, P4 and P6 are not
included in the figure for the sake of clarity, libey are also different from the ones
shown. During period P1 (40 days of observatiord #mdcap moves continuously
towards the Tracker without reaching equilibriunheTaluminum of the corresponding
Z-stop is sagging under the pressure of the YEX yaking the entire period (a total
displacement of about 200m). In period P3 instead, the Z-stop rejects/stiugs
pressing of the YEL iron, with alternating valugs~ 0 um andAZ ~ 100um. Period
P5 exemplifies the expected behavior of clear maichastability as no motion beyond
40 um is observed. Finally, in period P7 (45 days ddealations) the initial stability is
broken at day 14, when YE1 approaches the CMSdrdaik~ 50 um (sagging of the
corresponding Z-stop aluminum structure) beforehesy equilibrium.

It is important to note that the observed jurmp&ig. 10, above sensors resolutions,
are real motions, not instrumental problems.

The measured tilt variations (with respect te finst recorded data in each period)
over the same four periods filie MAB at Z, ® = 15) are given in Fig. 11, showing a
fully stable situation. All observed rotations (pably due to small temperature
changes) are compatible with zero within theu&d resolution of the tilt-sensor.

4. Summary and conclusions

Using Link Alignment data recorded during one ABER08 run and one CRAFT09
run (spaced by one year), the relative motions eetwvarious CMS mechanical
structures were analyzed. The results suggestedhnin&MS detector stabilizes 13.5 +
0.5 hours after the magnetic field reaches the namntensity of B = 3.8 T, given that
displacements between mechanical structures betlisdtime do not exceed the
sensors resolutions.

A later study performed in 2010 for seven défgrtime periods over nine months to
measure motions at constant B = 3.8 T magnetid fslowed that the expected
mechanical stability is not observed everywherepémticular, the relative distance
AZ(LD-AR) in all of the six ® sectors exhibits variations larger than the sensor
resolutions in most of the analyzed periods thusstjoning the idea of aimrevocable
structural equilibrium. However, the observed out-of-stability variatiats not exceed
~200um and therefore its impact on the mu@mgsolution will be negligible.
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Table 1: Example of the determination of Ts using variableAZ (LD-AR), at® =
315, in the CMS +Z side, from the CRAFTO09 run recordedia. The columns display
the following quantities:.t, mean value, RMSmin andAmax of the corresponding
distributions.

to (h) Mean (mm) RMS (mm) |  Amin (mm) Amax (mm)
0 -0.054 0.015 -0.068 0.001
2 -0.029 0.011 -0.040 0.001
3 -0.023 0.009 -0.033 0.001
4 -0.022 0.008 -0.030 0.000

Table 2: Results from the stabilization calculasion both CRAFT08 and CRAFT09
runs: the variable under observation is displayethé first column; the Ts time for that
variable in the CRAFTO8 run is given in the secaotumn while in the third column
the result for the CRAFTO9 run is shown.

Variable CRAFTO8 Ts (h) CRAFTO09 Ts (h)
AZ (LD - AR) 35+05 2.5+0.5
AZ (TP — ME1/1) 10.5+0.5 0.5+0.5
AR (MAB — ME1/2) 25+05 1.5+05
AR (TP — ME1/2) 0.5+05 0.5+0.5
AD (MAB) 135+0.5 125+0.5
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Table 3: Maximum expected motions &4Z, AR andA® after Ts = 13.5 h calculated
from the Link Alignment System data recorded in @RAFT08 and CRAFTQ9 runs.

Variable CRAFTO08 CRAFTO09
AZ (LD — AR) + 14pm +12um
AZ (TP — ME1/1) + 26um + 8um
AR (MAB — ME1/2) +10um +13pm
AR (TP — ME1/2) + 3um +23um
AD (MAB) + 30 prad + 26urad

Table 4: Link Alignment System monitored periods2010, during the pp 7 TeV
collisions data taking. One or several magnet érdpérations were done in between
periods. First data in each of the monitored periads recorded 24 h after the B = 3.8
T field strength was reached.

Label for period Period last| Total number Recorded
(day/month) of days Events

P1 8/3-13/4 37 45
P2 16/4- 22/4 7 8

P3 3/5-19/5 17 44
P4 3/6 - 18/6 16 25
P5 9/8-14/8 6 12
P6 17/8-27/8 11 18
P7 3/9-17/10 45 82
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Table 5: Comparison of observations done in thersawnonitored time-periods. The

spatial positions of the sensors used for the table:
(1) +Z, ® = 315, (2) +Z,® = 135, (3) =Z,® = 255, (4) —Z,® = 195°; (5) +Z; (6)

+Z; (7) +Z; (8) +Z; (9) —ZP = 15°.

Period P1 P2 P3 P4 P5 P6 P7
Observable

(1) AZ(LD-AR) (um) | -137+62| -40£36| 32+41 | -51+29 -846 | -37+15| -42+35
(2QAZ(TP-ME11) im) | 116 | -2+7 | 1047 | 14#1Q 11 -10+4 1247
(3)AR(TP-ME12) am) | 10+11 -5+8 | -13+13 -10+10| -1+6| -3%7 712
(4) AR(LD-TP) um) | -27+14 | -7+4 | -846 | -12+6| -2+1 -8+4 | -21+11
(5 A® (AR) (urad) | -11+10 | 3#15| 15+17] -4+13 1+2  -3+2 547
(6) AO(AR) (urad) | -24+15 | -6+9 | -10+8| -5x4| 1+2 3%2| -1445
(7) A® (LD) (prad) | -5t6 05 | 745 | 55 | -0+1 -1+1 | 848
(8) AO (LD) (prad) -5+8 314 -2+3 | -11+6| 1+2 -0+2| -1446
(9) A® (MAB) (prad) | 2+2 1#1 | 01 | 2#1 | -0+1 1+1 | 3#1
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Fig. 5: Link Alignment data from CRAFT08 and CRAFI NS, respectively:
a), b): magnetic field intensity as a function loé £vent number
c), d):AZ(LD - AR) relative displacement with respect te first recorded data,
as a function of the data number, o= 75, at the CMS +Z side.
e), f): AZ(TP — ME1/1) relative displacement with respectHe first recorded
data, as a function of the data numberdior 15, at the CMS-Z side.
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Fig. 6: Link Alignment data from CRAFT08 and CRAFI NS, respectively:
a), b): AR(MAB — ME1/2) relative displacement with respect the first
recorded data, as a function of the data numbe® fo 15, at the CMS +Z side.
c), d): AR(TP — ME1/2) relative displacement with respecth® first recorded
data, as a function of the data numberdior 15, at the CMS-Z side.
e), f): Ad(MAB) relative tilt with respect to the first readed data, as a function
of the data number, fab = 15, at the CMS+Z side.
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Fig. 7: Link Alignment data from CRAFT08 and CRAFI NS, respectively:
a), b):AZ(LD — AR) relative displacement with respect te first recorded data
at B =3.8 T, as a function of time, fér= 75, at the CMS +Z side.
c), d): AZ(TP — ME1/1) relative displacement with respecthe first recorded
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Fig. 8: Link Alignment data from CRAFT08 and CRAFI NS, respectively:
a), b): AR(MAB — ME1/2) relative displacement with respect the first
recorded data at B = 3.8 T, as a function of tifoe® = 15, at the CMS +Z

side.

c), d): AR(TP — ME1/2) relative displacement with respecth® first recorded
data at B = 3.8 T, as a function of time, fo= 15, at the CMS-Z side.
e), f): A®(MAB) relative tilt with respect to the first reated data at B = 3.8 T,
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Fig. 11: Measurements AfP(MAB) distributions from the tiltmeter on the MAR a
(-Z, @ = 15)), always with respect to the sensor value at ementber one in
each data sample, for the periods a) P1, b) F35@&nd d) P7, as a function of a
proper to the Link System internal run number (auhe figure). Each a.u. has
a time-length of 1 day. A maximum of two events seeorded each day. In a
few Link runs no data taking took place. Most ot thlack dots are the

superposition of the two events recorded in a ghiek run.
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