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Abstract

Differentcollimator settingsarerequiredthroughouthe ‘ T T T
LHC operationatyclefollowing theevolutionof keybeam /\
parametertike energyorbitands-functions.Beam-based
alignmentis usedto determinghe beamcenters andheam o
sizesat the collimatorsat discretetimesin the cycle, such ﬂ(’/,/’
asinjection, flat-top and collisions. Theseparametersare
thenusedto generatesettingfunctionsfor the collimator Apen[mm] Angle[mrad] Xbeam
positionsand interlock limits. An overview of the set- =
tingsgenerationtnanagemerdndverification cycle is pre- %
sentedandpotentialerror scenariosn the settingsgener- i
ation areidentified. Improvements foreseen for the post- J1pos J1Angle J2pos J2Angle
LS1 operationare discussed.The presentcollimator sta- A
tusmonitoringsystemis reviewedwith suggestiongor im-
provement. The role of MAD-X online is discussed. | M1 [mm] lemm] M3[mm] M4[mm]
Finally, the resultsand currentstatustowardsmaximizing
the pOtentia| Of the embedded-BPM:O”imatorstha’[ will Figure 1: Collimator Settings parameter Space [3]
beinstalledin 18 collimator slotsduring LS1 is presented,
including the tested automatic alignment procedure,

softwareinterlocksandorbit monitoring. in red) at each collimator. The beam-based parameters are
typically measured via beam-based alignment [4] at four
INTRODUCTION points: injection, flat top, after the squeeze and in colli-

The Large Hadron Collider (LHC) is at the particle acSions. Functions are genera_lt_ed to ensure that _colllmators
e always at the optimal positions during dynamic changes

celerator technology frontier, with a stored beam energg; configuration. The settings are stored in a beam process
higher than any previous collider. It is protected from po- 9 : 9 P '

tential damage by several machine protection systems. TWQ'Ch also contains settings of other LHC devices for a

collimation system removes the halo particles before th |ven(;ni2ctulne sta:gerlin tther%ycrlta. E;ﬁanljl_? éocessei ar(re tgen
can quench the super-conducting magnets [1]. Collimato aye © appropriate order by the sequencer [5].

; e jaw positions are interlocked at all times by three cat-
also protect the aperture from single-turn abnormal beam ~ - : )
losses, which may occur if the beams are miskicked durin ories of interlocks:
injection or dump. 1. inner/outer limits for each jaw corner and gaps, stored
Collimation is required at all phases (injection, ramp, iy an actual or function beam process.
squeeze and physics) due to the high stored beam ener-
gies present in the machine. The jaw position settings de-2. inner/outers* limits on the jaw gap, stored in a dis-
pend on key beam parameters, such as the energy, orbitand crete beam process.
B-functions, which change as a function of time, energy
and/or3*. The result is unprecedented complexity, with 3. energy limits on the jaw gap, stored in a discrete beam
approximately 400 axes of motion [2] requiring function- process.
based settings and a redundant interlocking strategy. The

settings must be continuously monitored and compared %R T3|/.p'(.:tal values fordthg I|:n|ts atT¢4°?h””;’ or N.l 7 tlf i
the desired values. e limits are exceeded at any time, the beam is automati-

A schematic of the collimator settings parameter space ?Ily dtum_ped. As t?eg ?nd ((jerjergytl)lmlts are store(tjhm a
shown in Fig. 1. The jaw corner positions in mm (M1, M2,. iscrete (i.e. a non-function driven) beam process, they are

M3 and M4) for any point in the operational cycle are delndep_endent Of. the Jaw positions and will still causea soft-
re interlock if the jaws fail to move e.g. during a ramp

termined from the local beam-based parameters (shown\‘|Y1a

o . or squeeze.
blue) and the half-gap opening in units of be hown . . . . .
) gap op 9 ans This paper reviews the collimator settings generation cy-

* giarluca.valentino@cern.ch cle, the issues encountered during LHC operation and the
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measures taken. An overview of the present collimator stéoss maps [6]. Normally, the validation is performed in the
tus monitoring system is provided, together with suggesame fill after completion of the alignments. The number
tions for further improvement. Finally, the current statusnd type of beam loss maps that can be obtained is limited
towards achieving operability of the new BPM collimatorsby the number of bunches injected at the start of the fill.
and the status of the MAD-X online tools is discussed a®nce this is completed and validated, the standard settings
a further step towards improving the protection of the maean be used for high-intensity operation with the standard

chine from the collimation point of view. sequence-driven generation. A list of beam processes and
the required operations in each case is provided in Table 1.
SETTINGS GENERATION CYCLE At injection energy, all collimators are aligned. At flat

There are four main stages in the collimator settings ge#feP» &l collimators except the injection protection qol-
eration cycle, depicted in Fig. 2. In the first step, the beaf®rs (TDI, TCLIA, TCLIB) are aligned. A ramp function
center and beam size are measured via beam-based cdfiigenerated to move in the collimators as a function of
mator alignment [4]. The measured beam center is calciie; using the time-dependent energy and optics functions
lated as the average of the aligned left and right jaw pos‘P—f the beam, from the injection settings to the flat top set-

tions: tings. Details of the function generation are availabl&in [
This procedure is repeated for only the TCT collimators in
™ 4 g Bm the squeeze and collisions. During the squeeze, the TCTs
Az; = % are moved as a function of th# in each experimental IP,

The beam size is inferred from the ratio of the aligned colwhIIe n cplhsmns the transition depends on the collapise o
. . . . tr}e crossing bumps.
limator gap to the cut expressed in units of beam sigma tha The b i db . d duri i
was made by the IR7 TCP collimator: e beam centers and beam sizes measured during align
ment were input manually during the 2010-2011 LHC runs,
_ pLm _ pRm but following the automation of the alignment procedure,
Uznf = -t L the values were automatically stored in local files on the
. ) ) ) CERN Control Center (CCC) machines. Using these align-
The collimator settings to be used during operation are thefent values, the functions are generated automatically by

calculated based ofV;, the desired half-gap opening in 4 pMathematica program and imported into the LHC Soft-

Nrcp

units of beam sigma: ware Architecture (LSA) settings database in the third step
I sot inf of the settings generation cycle. Table 2 lists the collonat
;7 = Axy + Nio; settings in units of beam sigma’() as used throughout the
2010-2013 LHC run.
altset = Ay — Niaf"f The fourth and final step is to validate the sequencer op-

eration in a low-intensity fill. This is normally done in the

The measured beam size is used at injection energy, l{fade of other fills required for beam-based validation or
as the jaw gaps expressed in mm are smaller at flat tgne and orbit feedback checks.

(and hence more sensitive to setup errors), the nominal

beam size is used for the settings at top energy. The sec- COLLIMATOR STATUS
ond step is to validate the measured settings using beam MONITORING REVIEW
p . . Current System
@ Collimator As is evident from Fig. 1, there are two levels of ab-
L Alignment ) straction in the collimator system settings. The lower leve
consists of the jaw positions in mm and the related software
, \ § interlocks, whereas the higher level consists of pararaeter
@ Beam-Based which the hardware is not aware about, and which are used
Validation to calculate the settings in mm.
7 The collimator statuses and jaw positions online status
| display (vistar) shown in Fig. 3 is designed to monitor the
1 Storage in N system at the lower level. The vistar, displayed online gnd
@ Beam Process on the CCC overhead monitors, shows all the LHC ring
\ J and transfer line collimators ordered by beam and IP. The
averages of the LU/LD and RU/RD LVDT jaw positions are
P L/ \ displayed, and the size and position of a white space gives
@ Sequencer Operation an indication of the gap opening and collimator center. The
Validation ) collimator status, Motor Drive Control (MDC) and Position

) ] ] ] Read-out Survey (PRS) statuses are shown.
Figure 2: Collimator settings generation cycle. A more detailed view of the MDC and PRS error and



Table 1: The beam processes for various beam modes, and thé@peraquired to determine the settings for each case.
This set of beam processes, which contain the necessary settings for all machine components from the start to the end of
fill, form a unique hypercycle.

Beam Mode  Beam Process Settings Gener ation

Injection Ramp@start Alignment of all collimators

Ramp Rampfunction f(v,t)

Flat Top Ramp@end Squeez@start Alignment of all collimators except inj. prot.
Squeeze Squeezdunction f(B*,t)

Adjust Squeez@end/ Collisions@start Alignmentof TCTs

Adjust Collisions function f(6,¢t)

StableBeams Collisions@end Alignment of TCTs

Table 2: Collimator settings in units of beam sigma used throughout the 2010 - 2013 LHC run.

Collimator Family Injection Top Energy (2010) Top Energy (2011) Top Energy (2012 - 2013)
Relaxed Settings Relaxed Settings Tight Settings

TCP IR3 8 12 12 12
TCSG IR3 9.3 15.6 15.6 15.6
TCLAIR3 10 17.6 17.6 17.6
TCP IR7 5.7 5.7 5.7 4.3
TCSG IR7 6.7 8.5 8.5 6.3
TCLA IR7 10 17.7 17.7 8.3
TCSG IR6 7 9.3 9.3 7.1
TCDQ IR6 8 10.6 9.8 7.6
TCT IR1/5 13 15 11.8 9
TCT IR2/8 13 15 26/11.8 12
TCL 30 30 30 10
Inj. Prot. 8 30 30 30

warning messages is provided by the collimator controllgprre.->  [M0€| [} rouurrsin- - [MOE] [HS] reuurrsisn -~ [MOC][RRSY reinerozay -
application GUI (see screenshot in Fig. 4). Hence, the overrs=s - [ [ e G056 ] rwmono W6 oo
head vistar can act as a quick diagnostic tool for the colliemsv--  FEEE =S GuEme e

mator expert, while the exact warning or error message g2 |M€| (8] rscrssisn--  [MBE] [BRS| Tescirsonan > [MOE] (BR8] rcscirsozi -
viewed by hovering the cursor over the collimator name igy 1o 4. Collimator status display with detailed error and
the GUI. All the relevant errors and warnings are reporte\q’arning messages.

in the LHC Alarms SERvice (LASER) [8].

P7.B2.1V

Paameters related to the higher level of abstraction can

LHC Collimators | Beam: B1 | Set: HW Group:LHC COLLIMATORS 15-09-2011 22:36:23

T RIETT ] 1 T Bl be viewed in the display shown in Fig. 5. These include
ICLSRLEL i g ccerze Rl the half gap opening in units ef, as well as the nominal
TCTH.4L1LEB1 0.16 6.4 TCTH.4L5.81 4.9 4.4 TCSG.6R7.B1 0 . . . . .
Torvaais: | IR Tovaase: | IEEAIPN rcicnis: B-functions at each collimator. This display is also used
- o /| NIRSEITTT LY | Tcuatchzs 4 between step 1 and step 2 of the settings generation cycle
412 8 P6 9 TCLA.C6R7.81 44 . . . . .
ToraLz 0.0 TCDQAA4RGEL B4————— Bl to confirm that the collimator settings in units®fire cor-
v o1 719 [JERUERTIN SIREN) | crzsn LR rect before performing the beam loss maps. It is the only
0.69 TCDD.4L2 0 P8 . . . . . .
ARz IWHIRYSY | rceocizes 5. [P tool which provides an online view of the jaw gaps inde-
Iclscr2st - 2 e cveas _LIREE  pendently of the beam process settings.
TCP.6L3.B1 4 4 TCSG.A6L7.B1 4 4 TCDIV.20607 98 .
Tooorer | [N o N oo B Possible Improvements
TCSG.4R3.B1 6 TCSG.ASL7.B1 TCDIH.29050 9 . . .
TCsGASREEL 6 TCsapaLreL + IRl - os Several possible improvements can be made to the exist-
Rl — o ing monitoring system. Currently, the status of the injection
TCLA.ASR3.B1 64 88 TCSG.A4L7.B1 96 TCDIH.29465 . . N
Tciassras: | QRATHRRH | Tcscaizes ¢ oo (TN protection collimators systematically turn red due to an en-
U e e : ergy interlock when the beams are ramped to top energy.

BETATRON_HOR BETATRON_VER OFFMOMENTUM_POS_DP OFFMOMENTUM_NEG_DP

] ] ] . _ To a non-expert, this may seem as though there is an issue
Figure 3: Collimator statuses and jaw positions B1 Visyhich requires action. When the beams are dumped, all
tar [9]. collimator statuses turn red until they are sent back to the
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Figure 5: Higher-level collimator settings display (courtesyoflacquet).

injection energy settings. Although improvements have alFable 3: Beam center errors encountered in the 2010-2013
ready been made to the sequencer such that errors relatebltC run, whereAx represents the shift in the beam center.
these coIIimato_rs are caught du_ring the ramp-down, thecur-  collimator Beam Mode Az [0] Gap [0]

rent colour-coding could potentially mask underlying prob

lems which would otherwise be visible earlier in the fil. A TCTVA.4R1.B2  Flat Top 1.8 26
clearer interlock colour-coding scheme can be introduced TCTVA.4R2.B2  Collisions 3.8 12
to cater for these scenarios. TCLA.6R3.B1 Flat Top 0.2 17.6
There is a plan to develop the post-mortem collimation TCLA.BSR3.B1  Flat Top 12 17.6
buffer, so that the collimation expert does not need to dig TCSG-ASR3.B1  Flat Top 2.3 15.6
through the data when called by the operators in case of! CSG-B5R3.B1 Flat Top 2.2 15.6

errors. Another possible improvement is the acquisition of

the measured rather than the nomigafunctions by the

collimator settings display in Fig. 5. Finally, the OP shiftand as the wrong settings were deemed to be not critical for
crews are encouraged to use LASER more frequently féRe machine protection, the values were only changed two
diagnostic purposes, for example to identify warnings tha¥eeks later during a technical stop. These errors would not
appear in the collimator d|sp|ay Actions can be assignéap.ve occurred if the Ut|||ty for automatic Sa.Ving of the mea-
that should be taken by the shift crews for different catesured jaw positions would have been ready for deployment
gories of collimator warnings and errors. Input from thedefore the 2012 collimator alignment campaign.
operations team regarding the colour-coding schemes andl'hesecondype of errorwasintroducedvhencalculat-

actions list will be required. ing the rampfunctionsfor 4 IR3 collimators,whosebeam
centerswere mistakenlysetto zero by the Mathematica

ERRORSENCOUNTERED AND programat the end of the ramp. In this case,the errors
MEASURES TAKEN weredeemedio be small and were not corrected.As the
beamprocesssettings are generatedfrom the measured

Errors Encountered beamcenterand beamsize, and not from the calculated

Two types of human errors were found in the col{aw positionsin mm duringalignment,the errorsarenever
limator settings in the March 2012 alignment camin thejaw gapbutonlyin thejaw center A list of all errors
paign [10]. The first type of error occurred when a|ignind$ providedin Table3. For 1097 collimatorsalignedin 41
the TCTVA.4R1.B2 at flat top and the TCTVA.4R2.B2 inalignmentcampaignsin 4 yearsof LHC operation,this
collisions. A mistake in sign was introduced for the rightepresents an error of 0.55 %.
jaw when inputting the aligned jaw positions manually i
the setup sheet used to temporarily store the values bef res Taken
they are imported into the beam process. This resulted in Several measures were taken to prevent similar issues in
an effective shift of the TCTVA.4R1.B2 center by =&t the future. The temporary setup sheet is now generated au-
a correct gap of 26, and of the TCTVA.4R2.B2 center by tomatically by the alignment application, thus eliminating
3.80 at a correct gap of 12. any potential human errors at this stage. In addition, a tool

In both cases, the increase in the losses during the losss created to check that the measured alignment values
map acquisition was too small to indicate problems witlare consistent with the values in the setup sheet and the
the set up. Indeed, the errors were discovered in an uwalues in the beam process (see screenshotin Fig. 6). Since
related analysis three weeks after the alignment was madéarch 2012, no further issues were encountered. Future
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Figure 8: BPM-based collimator alignment [15].

on the CCC machines.

MAD-X ONLINE AND
THE LHC APERTURE METER

The online model [11] provides an environment a) for
the use of MAD-X simulations and calculations as con-
trol system inputs, b) to support the operators while copin

with the machine complexity, and c) to simulate varlou%y equalizing the electrode signals of the opposing buttons.

mac_hlne ma_nlpulatlons. The LHC Aperture Meter [12] Srhe alignment is made at large jaw gaps and is completed
designed to inform operators about the current bottlenec ~30 s (a factor 120 less than the current BLM-based
in the LHC. It has a number of uses, including orbit CheCkalignment time)

(e.g. ATS opticsp* = 90 m) and aperture measurements,
providing the BPM-interpolated centers at the collimator _ ] o

locations to speed up alignment [13]. Work is ongoing to !N Standard operation, the BPMs will allow to eliminate
provide a playback of the settings during ramp and squeeZ& orbit-related settings errors at the collimator locations.

which will allow to catch errors in the settings (see exampld hey will provide online monitoring of the beam position,
in Fig. 7). including the possibility of placing interlocks on the orbit

measurements, and fast TCT alignments, which can be per-
RESULTSAND STATUSOF forlrlped every fill or as o_ﬁehn as re%uired.d.HdO\_Ne(\j/er, _Tmy
collimator movements will have to be studied in detail to
BPM COLLIMATORS ensure that no additional risks are introduced for machine
Collimators with embedded BPM pick-up buttons will protection. A better monitoring in IR6 means that possible
replace the current TCTs and IR6 TCSGs in LS1. Proof-ofssues can be identified early on, rather then when the in-
principle tests were held in the SPS in 2010-2011 [14], anfdlequent loss maps are acquired. In addition, the orbit mea-
an automatic successive approximation BPM-based aligaarement can be used for the SIS interlock of the TCDQ
ment algorithm was developed and tested in 2012 [15]. Aentering/retraction. The use of embedded-BPM collima-
typical BPM-based alignment is shown in Fig. 8, with thetors in operation can help to improve thé reach by about
BPM electrode signals, measured beam center and jaw b % [16].

Stions as atnction of time. The collimators are aligned
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Figure 7: Evolution of the TCP collimator apertures duringrdu@p as calculated by the LHC Aperture Meter. Courtesy
of G. J. Muller.
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