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The Large Hadron Collider

• The LHC at CERN is the largest and most powerful particle accelerator in the world.

• Nominal parameters: 

Circumference: 27 km, Energy: 7 TeV, Intensity = 3.23E14, Peak Lumi IP1/5 = 1E34 cm-2sec-1
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LHC Collimation System

• The LHC is protected by a collimation system with 100 collimators.

• Each cleaning collimator consists of  two moveable jaws made of  carbon or tungsten.

• The jaws are positioned symmetrically around the beam.                                             

                intercept beam halo particles which could quench the super-conducting magnets.
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Collimator Status and Positions Display
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Beam-Based Collimator Alignment

6

• Collimator jaws are positioned symmetrically 
around the beam to form a 4-stage hierarchy.

• The beam centre and beam size at each 
collimator location must be known.
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Beam-Based Collimator Alignment
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• Collimator jaws are positioned symmetrically 
around the beam to form a 4-stage hierarchy.

• The beam centre and beam size at each 
collimator location must be known.

Hadronic & 
Electromagnetic 
particle shower

• By touching the beam with each jaw, these 
values can be determined.

• The jaws moved to beam until a loss spike is 
seen on the Beam Loss Monitor (BLM).

• Loss spike shape depends on the jaw step 
size (µm) and the particle distribution in the 
transverse plane.
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1. Both jaws of  the TCP in the appropriate 
plane (Hor/Ver/Skew) are aligned to the 
beam.
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Automatic Collimator Alignment

• Motivation:

• Manual collimator alignment is a time-consuming and expensive process                                       
(LHC running costs = ~€ 150K / hour).

• 4 alignments are required for different machine modes:- injection at 450 GeV, flat top, squeezed non-
colliding and colliding beams at 4 TeV.

• Frequent, fast alignments:                                                                                                               
smaller hierarchy margins (i.e. smaller β*) + more time for physics = more luminosity.

• Alignment algorithms were developed and introduced in an iterative process.

• The work is part of  computer science PhD at CERN and the University of  Malta.
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• A BLM feedback loop was implemented as a first step in 
automating the alignment.

• Feedback loop implemented in Java application in the top layer of  
the LHC Software Architecture (LSA).

• The application is operated in the CERN Control Centre (CCC).

• Semi-automatic alignment results published in PRST-AB.

• Input heuristics developed over 2 years of  setups (2009 – 2011) by 
R. Aβmann et al.

Input Description Heuristic

Left jaw step size in µm 5 – 20

Right jaw step size in µm 5 – 20 

Time interval between each step in seconds 1 – 3 

BLM signal in Gy/s 5E-7 – 1E-4

Loss stop threshold in Gy/s 1E-6 – 2E-4



Gianluca Valentino

Parallel Collimator Alignment

10



Gianluca Valentino

Parallel Collimator Alignment

10



Gianluca Valentino

Parallel Collimator Alignment

10

8 collimators moving 
in parallel



Gianluca Valentino

Parallel Collimator Alignment

10

• Iterative algorithm to determine which collimator is at the beam 
after BLM signal crosstalk.

• Tested in MD (Machine Development) in July 2011.

8 collimators moving 
in parallel
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Parallel Collimator Alignment
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• Iterative algorithm to determine which collimator is at the beam 
after BLM signal crosstalk.

• Tested in MD (Machine Development) in July 2011.

Start sequential alignment

After first jaw stops, wait for 2 s in 
case of other stopping jaws

Stop all movements and move 
each of the stopped jaws 

separately by a further 50 µm

Start parallel jaw movement

Are there other 
stopped jaws?

Are all collimators close 
to the beam?

YES

NO

NO

YES

8 collimators moving 
in parallel
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BLM Spike Recognition

• Automatic classification of  loss spikes is key to an automated 
setup procedure.
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BLM Spike Recognition

• Automatic classification of  loss spikes is key to an automated 
setup procedure.

• Support Vector Machines (SVM):                                
supervised-learning classification algorithm.
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setup procedure.
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BLM Spike Recognition

• Automatic classification of  loss spikes is key to an automated 
setup procedure.

• Support Vector Machines (SVM):                                
supervised-learning classification algorithm.

• A jaw is aligned to the beam when an optimal spike is observed. 
If  the spike is non-optimal, the jaw has to be moved in again.

11
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Feature Selection

• Six features were selected to distinguish between optimal and 
non-optimal loss spikes.

12

1. Maximum BLM value observed after the threshold is 
exceeded.

2. Average of the 3 smallest loss values of the 7 loss values 
preceding the maximum value.

 

3. Width of the Gaussian fit applied to the loss spike folded 
about the maximum value.

4. Gaussian fit correlation coefficient.

5. Power fit exponent.

6. Power fit correlation coefficient.
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SVM Training and Results

• LIBSVM tool in MATLAB was used for training and testing the SVM model. 

• The data were linearly scaled to [-1, +1] to avoid values in larger numeric ranges dominating 
those in smaller ranges.

• Grid search performed on C (over-fitting vs. under-fitting penalty factor) and    (width of  RBF) 
using 5-fold cross-validation to determine the optimal values for these parameters. 

• 444 samples were used (222 for training and 222 for testing).
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Parameter Value
Number of Features 6
Number of Classes 2

C 32768
0.125

Kernel RBF
Training dataset prediction 

rate
97.2973 %

Test dataset prediction rate 82.4324 %
Overall prediction rate 89.8649 %
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Automatic Threshold Selection

• Collimator setup can be automated further if  the loss threshold is automatically chosen.

• Samples of  the steady-state BLM signal in 20 second intervals and the subsequent threshold set 
by operator were collected.
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• The exponentially weighted moving average 
of  each sample was determined.

• Larger weights assigned to most recent 
values.

• An exponential fit can be made to the data.

• The threshold can be calculated in terms of  
the steady-state BLM signal:

Figure 4: A flowchart of the algorithm that moves multiple
collimators simultaneously towards the beam. The algo-
rithm identifies which jaw is at the beam in the event of
cross-talk in the BLM signal.

Figure 5: The components of a typical clear BLM signal
when the collimator jaw touches the beam halo.

The Support Vector Machines (SVM) algorithm is a su-
pervised learning technique that can be used for classifica-
tion of data, and was used to classify the loss spikes [7].
It operates by maximizing the margin between the train-
ing data points and the decision boundary. The LIBSVM
tool [8] was used for training and testing of the SVM
model. The radial basis function kernel was chosen as it has
less hyperparameters, and presents fewer numerical diffi-
culties. A total of 444 samples were available from align-
ments in 2011 at 3.5 TeV. The sizes of the training and the
testing datasets were chosen to be equal. An accuracy rate
of 97.3% was achieved for the training data, while 82.4%
of the test data were classified correctly, which gives an
overall prediction rate of 89.9%.

AUTOMATIC THRESHOLD SELECTION
An algorithm that could automatically set the loss thresh-

old at the start of each jaw movement would contribute
greatly to automating the alignment procedure further.
Samples of the steady-state BLM signal in 20 second inter-
vals and the subsequent threshold set by the operator were
collected. The exponentially weighted moving average of
each sample was determined, with the larger weights as-
signed to the most recent values. If the thresholds set by
the operator averages are plotted as a function of the log-
arithm of the averages, an exponential fit can be applied
to the data as shown in Fig. 6. The threshold set by the
algorithm during the alignment is therefore:

SThres
i = 0.53584e0.85916x (5)

The maximum threshold that can be set is 1× 10−4, which
is an order of magnitude below the BLM dump thresholds.
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Figure 6: Loss thresholds applied before the start of a jaw
movement as a function of the logarithm of the exponen-
tially weighted moving average of the BLM signal. An
exponential fit can be applied to the data.
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BPM-guided Coarse Alignment

• An approximation to the beam centers at the collimators can be obtained from an interpolation 
of  the orbit measured by the Beam Position Monitors (BPMs).

• The interpolation can be exploited to speed up the alignment, assuming a measured average delta 
between beam-based alignment and interpolation of  550 µm.
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BPM-guided Coarse Alignment

• An approximation to the beam centers at the collimators can be obtained from an interpolation 
of  the orbit measured by the Beam Position Monitors (BPMs).

• The interpolation can be exploited to speed up the alignment, assuming a measured average delta 
between beam-based alignment and interpolation of  550 µm.

• All collimator left and right jaws can be moved directly to the coarse settings at a rate of  2 mm/s 
instead of  0.01 mm/s:
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BPM-INTERPOLATION GUIDED
COLLIMATOR ALIGNMENT

An approximation to the beam centers at the collimators
can be obtained from an interpolation of the orbit measured
at specific locations by Beam Position Monitors (BPMs).
The interpolation can be exploited to speed up the align-
ment process, if the errors between the interpolation and the
beam-based measurements are not too large. Two datasets
were built, one containing the beam-based alignment cen-
ters measured in 2011 and 2012, the other containing the
interpolated orbit at each collimator at the time of align-
ment [9]. The comparison results are show in Table 1. The
average delta between the datasets is of ∼ 550µm, with
maximum deltas of ∼ 3000µm for the tertiary collimators,
where the interpolation reliability is known to be worse.

Table 1: BPM-interpolation and beam-based comparison
statistics for 2011 and 2012.
Dataset Mean (mm) R.M.S. (mm) SD (mm)
INJ 2011 0.553 0.849 0.854
FT 2011 0.536 0.811 0.817
INJ 2012 0.501 0.758 0.762
FT 2012 0.564 0.883 0.885

The similarity between the datasets can be exploited dur-
ing the alignment by moving in the jaws in one step at a rate
of 2 mm/s from the initial positions to a safe margin around
the beam based on the IR7 TCP cuts. A gain in time of a
factor 200 can be achieved for this part of the alignment
using this technique, instead of the standard 10 µm step
every second. Based on these parameters and the nominal
1 σ beam size, the left and right jaws are moved in to the
following settings:

xL
i = ∆xint.

i +(NTCP +Nmargin)× σn
i +

∆m,int.

2
(6)

xR
i = ∆xint.

i − (NTCP +Nmargin)×σn
i −

∆m,int.

2
(7)

where ∆xint.
i is the interpolated beam center at collima-

tor i, NTCP is the half-gap of the IR7 TCP in units of σ,
σn
i is the nominal 1σ beam size and∆m,int. is the expected
average offset between the interpolated and the measured
center from beam-based alignment, based on the empirical
analysis. Once the IR7 TCPs in both beams are aligned,
at a half gap usually between 3 and 4 σ, then the half gap
Nmargin can be calculated assuming a further 2σ margin
over and above the cut made by the TCP.
In a LHC Machine Development (MD) study at 450

GeV [10], 27 collimators were positioned around the beam
guided by the interpolated orbit, and were subsequently
aligned using the parallel alignment algorithm. These col-
limators were aligned in 1.75 hours, which if extrapolated
to a full alignment of all 80 collimators at 4 TeV flat top

results in a setup time of 5.5 hours. This is a factor 5 im-
provement over the setup time of 28 hours achieved with
manual alignment at 3.5 TeV.

RESULTS
The time taken to set up collimators is the most impor-

tant indicator of the efficiency of a setup algorithm. The
average time per collimator Taverage and the total time re-
quired Tsetup are defined as follows [6]:

Taverage =
Tbeam

C
(8)

Tsetup = Tbeam + d× Tturnaround (9)

where Tbeam is the beam time used for setup, C is the
number of collimators set up and d is the number of beam
dumps caused by collimator setup. The turnaround time
Tturnaround is the time consumed from the point of beam
dump until the machine is cycled back to the setup operat-
ing point, which can reach 3 hours for flat top. Figure 7
shows the evolution in Tsetup and the average jaw step
size for collimator alignments at injection and flat top from
2010 to 2012. A larger setup time was required for 2011
due to a phased change-over between manual and semi-
automatic alignment and the use of a smaller average step
size, which reduces the probability of dumping the beam
and improves the alignment accuracy.
The setup times achieved in 2011 are more impressive

when one considers that the average jaw step size was re-
duced by a factor 4, and hence the jaw takes longer to cover
a given distance in mm. The setup times continued to im-
prove in 2012 with a higher BLM data rate of 12.5 Hz al-
lowing the jaws to be moved at the maximum rate of 8 Hz.

2010 2011 2012 2012 MD
0

5

10

15

20

25

30

Setups

T se
tu

p [h
ou

rs
]

 

 

0

10

20

30

40

50

60

70

80

90

100

Av
er

ag
e 

St
ep

 S
iz

e 
[u

m
]

 

 
Injection Step Size
Flat Top Step Size

Injection Setup Time
Flat Top Setup Time

Figure 7: Evolution of the setup time for the collimator
alignments and the average jaw step sizes used at injection
and flat top from 2010 to 2012. The 1 hour 45 minutes
required to setup 27 collimators during the 2012 MD is ex-
trapolated to 5.5 hours for a full setup.

BPM-INTERPOLATION GUIDED
COLLIMATOR ALIGNMENT

An approximation to the beam centers at the collimators
can be obtained from an interpolation of the orbit measured
at specific locations by Beam Position Monitors (BPMs).
The interpolation can be exploited to speed up the align-
ment process, if the errors between the interpolation and the
beam-based measurements are not too large. Two datasets
were built, one containing the beam-based alignment cen-
ters measured in 2011 and 2012, the other containing the
interpolated orbit at each collimator at the time of align-
ment [9]. The comparison results are show in Table 1. The
average delta between the datasets is of ∼ 550µm, with
maximum deltas of ∼ 3000µm for the tertiary collimators,
where the interpolation reliability is known to be worse.

Table 1: BPM-interpolation and beam-based comparison
statistics for 2011 and 2012.
Dataset Mean (mm) R.M.S. (mm) SD (mm)
INJ 2011 0.553 0.849 0.854
FT 2011 0.536 0.811 0.817
INJ 2012 0.501 0.758 0.762
FT 2012 0.564 0.883 0.885

The similarity between the datasets can be exploited dur-
ing the alignment by moving in the jaws in one step at a rate
of 2 mm/s from the initial positions to a safe margin around
the beam based on the IR7 TCP cuts. A gain in time of a
factor 200 can be achieved for this part of the alignment
using this technique, instead of the standard 10 µm step
every second. Based on these parameters and the nominal
1 σ beam size, the left and right jaws are moved in to the
following settings:

xL
i = ∆xint.

i +(NTCP +Nmargin)× σn
i +

∆m,int.

2
(6)

xR
i = ∆xint.

i − (NTCP +Nmargin)×σn
i −

∆m,int.

2
(7)

where ∆xint.
i is the interpolated beam center at collima-

tor i, NTCP is the half-gap of the IR7 TCP in units of σ,
σn
i is the nominal 1σ beam size and∆m,int. is the expected
average offset between the interpolated and the measured
center from beam-based alignment, based on the empirical
analysis. Once the IR7 TCPs in both beams are aligned,
at a half gap usually between 3 and 4 σ, then the half gap
Nmargin can be calculated assuming a further 2σ margin
over and above the cut made by the TCP.
In a LHC Machine Development (MD) study at 450

GeV [10], 27 collimators were positioned around the beam
guided by the interpolated orbit, and were subsequently
aligned using the parallel alignment algorithm. These col-
limators were aligned in 1.75 hours, which if extrapolated
to a full alignment of all 80 collimators at 4 TeV flat top

results in a setup time of 5.5 hours. This is a factor 5 im-
provement over the setup time of 28 hours achieved with
manual alignment at 3.5 TeV.

RESULTS
The time taken to set up collimators is the most impor-

tant indicator of the efficiency of a setup algorithm. The
average time per collimator Taverage and the total time re-
quired Tsetup are defined as follows [6]:

Taverage =
Tbeam

C
(8)

Tsetup = Tbeam + d× Tturnaround (9)

where Tbeam is the beam time used for setup, C is the
number of collimators set up and d is the number of beam
dumps caused by collimator setup. The turnaround time
Tturnaround is the time consumed from the point of beam
dump until the machine is cycled back to the setup operat-
ing point, which can reach 3 hours for flat top. Figure 7
shows the evolution in Tsetup and the average jaw step
size for collimator alignments at injection and flat top from
2010 to 2012. A larger setup time was required for 2011
due to a phased change-over between manual and semi-
automatic alignment and the use of a smaller average step
size, which reduces the probability of dumping the beam
and improves the alignment accuracy.
The setup times achieved in 2011 are more impressive

when one considers that the average jaw step size was re-
duced by a factor 4, and hence the jaw takes longer to cover
a given distance in mm. The setup times continued to im-
prove in 2012 with a higher BLM data rate of 12.5 Hz al-
lowing the jaws to be moved at the maximum rate of 8 Hz.
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Figure 7: Evolution of the setup time for the collimator
alignments and the average jaw step sizes used at injection
and flat top from 2010 to 2012. The 1 hour 45 minutes
required to setup 27 collimators during the 2012 MD is ex-
trapolated to 5.5 hours for a full setup.

•              : interpolated beam center at collimator i.

•             : half-gap of  IR7 TCP in units of  sigma.

•                  : further margin over and above the IR7 TCP cut.

•       : the nominal 1-sigma beam size.

•                  : the expected average delta between the interpolated and the measured center.

BPM-INTERPOLATION GUIDED
COLLIMATOR ALIGNMENT

An approximation to the beam centers at the collimators
can be obtained from an interpolation of the orbit measured
at specific locations by Beam Position Monitors (BPMs).
The interpolation can be exploited to speed up the align-
ment process, if the errors between the interpolation and the
beam-based measurements are not too large. Two datasets
were built, one containing the beam-based alignment cen-
ters measured in 2011 and 2012, the other containing the
interpolated orbit at each collimator at the time of align-
ment [9]. The comparison results are show in Table 1. The
average delta between the datasets is of ∼ 550µm, with
maximum deltas of ∼ 3000µm for the tertiary collimators,
where the interpolation reliability is known to be worse.

Table 1: BPM-interpolation and beam-based comparison
statistics for 2011 and 2012.
Dataset Mean (mm) R.M.S. (mm) SD (mm)
INJ 2011 0.553 0.849 0.854
FT 2011 0.536 0.811 0.817
INJ 2012 0.501 0.758 0.762
FT 2012 0.564 0.883 0.885

The similarity between the datasets can be exploited dur-
ing the alignment by moving in the jaws in one step at a rate
of 2 mm/s from the initial positions to a safe margin around
the beam based on the IR7 TCP cuts. A gain in time of a
factor 200 can be achieved for this part of the alignment
using this technique, instead of the standard 10 µm step
every second. Based on these parameters and the nominal
1 σ beam size, the left and right jaws are moved in to the
following settings:

xL
i = ∆xint.

i +(NTCP +Nmargin)× σn
i +

∆m,int.

2
(6)

xR
i = ∆xint.

i − (NTCP +Nmargin)×σn
i −

∆m,int.

2
(7)

where ∆xint.
i is the interpolated beam center at collima-

tor i, NTCP is the half-gap of the IR7 TCP in units of σ,
σn
i is the nominal 1σ beam size and∆m,int. is the expected
average offset between the interpolated and the measured
center from beam-based alignment, based on the empirical
analysis. Once the IR7 TCPs in both beams are aligned,
at a half gap usually between 3 and 4 σ, then the half gap
Nmargin can be calculated assuming a further 2σ margin
over and above the cut made by the TCP.
In a LHC Machine Development (MD) study at 450

GeV [10], 27 collimators were positioned around the beam
guided by the interpolated orbit, and were subsequently
aligned using the parallel alignment algorithm. These col-
limators were aligned in 1.75 hours, which if extrapolated
to a full alignment of all 80 collimators at 4 TeV flat top

results in a setup time of 5.5 hours. This is a factor 5 im-
provement over the setup time of 28 hours achieved with
manual alignment at 3.5 TeV.

RESULTS
The time taken to set up collimators is the most impor-

tant indicator of the efficiency of a setup algorithm. The
average time per collimator Taverage and the total time re-
quired Tsetup are defined as follows [6]:

Taverage =
Tbeam

C
(8)

Tsetup = Tbeam + d× Tturnaround (9)

where Tbeam is the beam time used for setup, C is the
number of collimators set up and d is the number of beam
dumps caused by collimator setup. The turnaround time
Tturnaround is the time consumed from the point of beam
dump until the machine is cycled back to the setup operat-
ing point, which can reach 3 hours for flat top. Figure 7
shows the evolution in Tsetup and the average jaw step
size for collimator alignments at injection and flat top from
2010 to 2012. A larger setup time was required for 2011
due to a phased change-over between manual and semi-
automatic alignment and the use of a smaller average step
size, which reduces the probability of dumping the beam
and improves the alignment accuracy.
The setup times achieved in 2011 are more impressive

when one considers that the average jaw step size was re-
duced by a factor 4, and hence the jaw takes longer to cover
a given distance in mm. The setup times continued to im-
prove in 2012 with a higher BLM data rate of 12.5 Hz al-
lowing the jaws to be moved at the maximum rate of 8 Hz.
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Figure 7: Evolution of the setup time for the collimator
alignments and the average jaw step sizes used at injection
and flat top from 2010 to 2012. The 1 hour 45 minutes
required to setup 27 collimators during the 2012 MD is ex-
trapolated to 5.5 hours for a full setup.

BPM-INTERPOLATION GUIDED
COLLIMATOR ALIGNMENT

An approximation to the beam centers at the collimators
can be obtained from an interpolation of the orbit measured
at specific locations by Beam Position Monitors (BPMs).
The interpolation can be exploited to speed up the align-
ment process, if the errors between the interpolation and the
beam-based measurements are not too large. Two datasets
were built, one containing the beam-based alignment cen-
ters measured in 2011 and 2012, the other containing the
interpolated orbit at each collimator at the time of align-
ment [9]. The comparison results are show in Table 1. The
average delta between the datasets is of ∼ 550µm, with
maximum deltas of ∼ 3000µm for the tertiary collimators,
where the interpolation reliability is known to be worse.

Table 1: BPM-interpolation and beam-based comparison
statistics for 2011 and 2012.
Dataset Mean (mm) R.M.S. (mm) SD (mm)
INJ 2011 0.553 0.849 0.854
FT 2011 0.536 0.811 0.817
INJ 2012 0.501 0.758 0.762
FT 2012 0.564 0.883 0.885

The similarity between the datasets can be exploited dur-
ing the alignment by moving in the jaws in one step at a rate
of 2 mm/s from the initial positions to a safe margin around
the beam based on the IR7 TCP cuts. A gain in time of a
factor 200 can be achieved for this part of the alignment
using this technique, instead of the standard 10 µm step
every second. Based on these parameters and the nominal
1 σ beam size, the left and right jaws are moved in to the
following settings:

xL
i = ∆xint.

i +(NTCP +Nmargin)× σn
i +

∆m,int.

2
(6)

xR
i = ∆xint.

i − (NTCP +Nmargin)×σn
i −

∆m,int.

2
(7)

where ∆xint.
i is the interpolated beam center at collima-

tor i, NTCP is the half-gap of the IR7 TCP in units of σ,
σn
i is the nominal 1σ beam size and∆m,int. is the expected
average offset between the interpolated and the measured
center from beam-based alignment, based on the empirical
analysis. Once the IR7 TCPs in both beams are aligned,
at a half gap usually between 3 and 4 σ, then the half gap
Nmargin can be calculated assuming a further 2σ margin
over and above the cut made by the TCP.
In a LHC Machine Development (MD) study at 450

GeV [10], 27 collimators were positioned around the beam
guided by the interpolated orbit, and were subsequently
aligned using the parallel alignment algorithm. These col-
limators were aligned in 1.75 hours, which if extrapolated
to a full alignment of all 80 collimators at 4 TeV flat top

results in a setup time of 5.5 hours. This is a factor 5 im-
provement over the setup time of 28 hours achieved with
manual alignment at 3.5 TeV.

RESULTS
The time taken to set up collimators is the most impor-

tant indicator of the efficiency of a setup algorithm. The
average time per collimator Taverage and the total time re-
quired Tsetup are defined as follows [6]:

Taverage =
Tbeam

C
(8)

Tsetup = Tbeam + d× Tturnaround (9)

where Tbeam is the beam time used for setup, C is the
number of collimators set up and d is the number of beam
dumps caused by collimator setup. The turnaround time
Tturnaround is the time consumed from the point of beam
dump until the machine is cycled back to the setup operat-
ing point, which can reach 3 hours for flat top. Figure 7
shows the evolution in Tsetup and the average jaw step
size for collimator alignments at injection and flat top from
2010 to 2012. A larger setup time was required for 2011
due to a phased change-over between manual and semi-
automatic alignment and the use of a smaller average step
size, which reduces the probability of dumping the beam
and improves the alignment accuracy.
The setup times achieved in 2011 are more impressive

when one considers that the average jaw step size was re-
duced by a factor 4, and hence the jaw takes longer to cover
a given distance in mm. The setup times continued to im-
prove in 2012 with a higher BLM data rate of 12.5 Hz al-
lowing the jaws to be moved at the maximum rate of 8 Hz.
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Figure 7: Evolution of the setup time for the collimator
alignments and the average jaw step sizes used at injection
and flat top from 2010 to 2012. The 1 hour 45 minutes
required to setup 27 collimators during the 2012 MD is ex-
trapolated to 5.5 hours for a full setup.

BPM-INTERPOLATION GUIDED
COLLIMATOR ALIGNMENT

An approximation to the beam centers at the collimators
can be obtained from an interpolation of the orbit measured
at specific locations by Beam Position Monitors (BPMs).
The interpolation can be exploited to speed up the align-
ment process, if the errors between the interpolation and the
beam-based measurements are not too large. Two datasets
were built, one containing the beam-based alignment cen-
ters measured in 2011 and 2012, the other containing the
interpolated orbit at each collimator at the time of align-
ment [9]. The comparison results are show in Table 1. The
average delta between the datasets is of ∼ 550µm, with
maximum deltas of ∼ 3000µm for the tertiary collimators,
where the interpolation reliability is known to be worse.

Table 1: BPM-interpolation and beam-based comparison
statistics for 2011 and 2012.
Dataset Mean (mm) R.M.S. (mm) SD (mm)
INJ 2011 0.553 0.849 0.854
FT 2011 0.536 0.811 0.817
INJ 2012 0.501 0.758 0.762
FT 2012 0.564 0.883 0.885

The similarity between the datasets can be exploited dur-
ing the alignment by moving in the jaws in one step at a rate
of 2 mm/s from the initial positions to a safe margin around
the beam based on the IR7 TCP cuts. A gain in time of a
factor 200 can be achieved for this part of the alignment
using this technique, instead of the standard 10 µm step
every second. Based on these parameters and the nominal
1 σ beam size, the left and right jaws are moved in to the
following settings:

xL
i = ∆xint.

i +(NTCP +Nmargin)× σn
i +

∆m,int.

2
(6)

xR
i = ∆xint.

i − (NTCP +Nmargin)×σn
i −

∆m,int.

2
(7)

where ∆xint.
i is the interpolated beam center at collima-

tor i, NTCP is the half-gap of the IR7 TCP in units of σ,
σn
i is the nominal 1σ beam size and∆m,int. is the expected
average offset between the interpolated and the measured
center from beam-based alignment, based on the empirical
analysis. Once the IR7 TCPs in both beams are aligned,
at a half gap usually between 3 and 4 σ, then the half gap
Nmargin can be calculated assuming a further 2σ margin
over and above the cut made by the TCP.
In a LHC Machine Development (MD) study at 450

GeV [10], 27 collimators were positioned around the beam
guided by the interpolated orbit, and were subsequently
aligned using the parallel alignment algorithm. These col-
limators were aligned in 1.75 hours, which if extrapolated
to a full alignment of all 80 collimators at 4 TeV flat top

results in a setup time of 5.5 hours. This is a factor 5 im-
provement over the setup time of 28 hours achieved with
manual alignment at 3.5 TeV.

RESULTS
The time taken to set up collimators is the most impor-

tant indicator of the efficiency of a setup algorithm. The
average time per collimator Taverage and the total time re-
quired Tsetup are defined as follows [6]:

Taverage =
Tbeam

C
(8)

Tsetup = Tbeam + d× Tturnaround (9)

where Tbeam is the beam time used for setup, C is the
number of collimators set up and d is the number of beam
dumps caused by collimator setup. The turnaround time
Tturnaround is the time consumed from the point of beam
dump until the machine is cycled back to the setup operat-
ing point, which can reach 3 hours for flat top. Figure 7
shows the evolution in Tsetup and the average jaw step
size for collimator alignments at injection and flat top from
2010 to 2012. A larger setup time was required for 2011
due to a phased change-over between manual and semi-
automatic alignment and the use of a smaller average step
size, which reduces the probability of dumping the beam
and improves the alignment accuracy.
The setup times achieved in 2011 are more impressive

when one considers that the average jaw step size was re-
duced by a factor 4, and hence the jaw takes longer to cover
a given distance in mm. The setup times continued to im-
prove in 2012 with a higher BLM data rate of 12.5 Hz al-
lowing the jaws to be moved at the maximum rate of 8 Hz.
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Figure 7: Evolution of the setup time for the collimator
alignments and the average jaw step sizes used at injection
and flat top from 2010 to 2012. The 1 hour 45 minutes
required to setup 27 collimators during the 2012 MD is ex-
trapolated to 5.5 hours for a full setup.

BPM-INTERPOLATION GUIDED
COLLIMATOR ALIGNMENT

An approximation to the beam centers at the collimators
can be obtained from an interpolation of the orbit measured
at specific locations by Beam Position Monitors (BPMs).
The interpolation can be exploited to speed up the align-
ment process, if the errors between the interpolation and the
beam-based measurements are not too large. Two datasets
were built, one containing the beam-based alignment cen-
ters measured in 2011 and 2012, the other containing the
interpolated orbit at each collimator at the time of align-
ment [9]. The comparison results are show in Table 1. The
average delta between the datasets is of ∼ 550µm, with
maximum deltas of ∼ 3000µm for the tertiary collimators,
where the interpolation reliability is known to be worse.

Table 1: BPM-interpolation and beam-based comparison
statistics for 2011 and 2012.
Dataset Mean (mm) R.M.S. (mm) SD (mm)
INJ 2011 0.553 0.849 0.854
FT 2011 0.536 0.811 0.817
INJ 2012 0.501 0.758 0.762
FT 2012 0.564 0.883 0.885

The similarity between the datasets can be exploited dur-
ing the alignment by moving in the jaws in one step at a rate
of 2 mm/s from the initial positions to a safe margin around
the beam based on the IR7 TCP cuts. A gain in time of a
factor 200 can be achieved for this part of the alignment
using this technique, instead of the standard 10 µm step
every second. Based on these parameters and the nominal
1 σ beam size, the left and right jaws are moved in to the
following settings:

xL
i = ∆xint.

i +(NTCP +Nmargin)× σn
i +

∆m,int.

2
(6)

xR
i = ∆xint.

i − (NTCP +Nmargin)×σn
i −

∆m,int.

2
(7)

where ∆xint.
i is the interpolated beam center at collima-

tor i, NTCP is the half-gap of the IR7 TCP in units of σ,
σn
i is the nominal 1σ beam size and∆m,int. is the expected
average offset between the interpolated and the measured
center from beam-based alignment, based on the empirical
analysis. Once the IR7 TCPs in both beams are aligned,
at a half gap usually between 3 and 4 σ, then the half gap
Nmargin can be calculated assuming a further 2σ margin
over and above the cut made by the TCP.
In a LHC Machine Development (MD) study at 450

GeV [10], 27 collimators were positioned around the beam
guided by the interpolated orbit, and were subsequently
aligned using the parallel alignment algorithm. These col-
limators were aligned in 1.75 hours, which if extrapolated
to a full alignment of all 80 collimators at 4 TeV flat top

results in a setup time of 5.5 hours. This is a factor 5 im-
provement over the setup time of 28 hours achieved with
manual alignment at 3.5 TeV.

RESULTS
The time taken to set up collimators is the most impor-

tant indicator of the efficiency of a setup algorithm. The
average time per collimator Taverage and the total time re-
quired Tsetup are defined as follows [6]:

Taverage =
Tbeam

C
(8)

Tsetup = Tbeam + d× Tturnaround (9)

where Tbeam is the beam time used for setup, C is the
number of collimators set up and d is the number of beam
dumps caused by collimator setup. The turnaround time
Tturnaround is the time consumed from the point of beam
dump until the machine is cycled back to the setup operat-
ing point, which can reach 3 hours for flat top. Figure 7
shows the evolution in Tsetup and the average jaw step
size for collimator alignments at injection and flat top from
2010 to 2012. A larger setup time was required for 2011
due to a phased change-over between manual and semi-
automatic alignment and the use of a smaller average step
size, which reduces the probability of dumping the beam
and improves the alignment accuracy.
The setup times achieved in 2011 are more impressive

when one considers that the average jaw step size was re-
duced by a factor 4, and hence the jaw takes longer to cover
a given distance in mm. The setup times continued to im-
prove in 2012 with a higher BLM data rate of 12.5 Hz al-
lowing the jaws to be moved at the maximum rate of 8 Hz.
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Figure 7: Evolution of the setup time for the collimator
alignments and the average jaw step sizes used at injection
and flat top from 2010 to 2012. The 1 hour 45 minutes
required to setup 27 collimators during the 2012 MD is ex-
trapolated to 5.5 hours for a full setup.

BPM-INTERPOLATION GUIDED
COLLIMATOR ALIGNMENT

An approximation to the beam centers at the collimators
can be obtained from an interpolation of the orbit measured
at specific locations by Beam Position Monitors (BPMs).
The interpolation can be exploited to speed up the align-
ment process, if the errors between the interpolation and the
beam-based measurements are not too large. Two datasets
were built, one containing the beam-based alignment cen-
ters measured in 2011 and 2012, the other containing the
interpolated orbit at each collimator at the time of align-
ment [9]. The comparison results are show in Table 1. The
average delta between the datasets is of ∼ 550µm, with
maximum deltas of ∼ 3000µm for the tertiary collimators,
where the interpolation reliability is known to be worse.

Table 1: BPM-interpolation and beam-based comparison
statistics for 2011 and 2012.
Dataset Mean (mm) R.M.S. (mm) SD (mm)
INJ 2011 0.553 0.849 0.854
FT 2011 0.536 0.811 0.817
INJ 2012 0.501 0.758 0.762
FT 2012 0.564 0.883 0.885

The similarity between the datasets can be exploited dur-
ing the alignment by moving in the jaws in one step at a rate
of 2 mm/s from the initial positions to a safe margin around
the beam based on the IR7 TCP cuts. A gain in time of a
factor 200 can be achieved for this part of the alignment
using this technique, instead of the standard 10 µm step
every second. Based on these parameters and the nominal
1 σ beam size, the left and right jaws are moved in to the
following settings:

xL
i = ∆xint.

i +(NTCP +Nmargin)× σn
i +

∆m,int.

2
(6)

xR
i = ∆xint.

i − (NTCP +Nmargin)×σn
i −

∆m,int.

2
(7)

where ∆xint.
i is the interpolated beam center at collima-

tor i, NTCP is the half-gap of the IR7 TCP in units of σ,
σn
i is the nominal 1σ beam size and∆m,int. is the expected
average offset between the interpolated and the measured
center from beam-based alignment, based on the empirical
analysis. Once the IR7 TCPs in both beams are aligned,
at a half gap usually between 3 and 4 σ, then the half gap
Nmargin can be calculated assuming a further 2σ margin
over and above the cut made by the TCP.
In a LHC Machine Development (MD) study at 450

GeV [10], 27 collimators were positioned around the beam
guided by the interpolated orbit, and were subsequently
aligned using the parallel alignment algorithm. These col-
limators were aligned in 1.75 hours, which if extrapolated
to a full alignment of all 80 collimators at 4 TeV flat top

results in a setup time of 5.5 hours. This is a factor 5 im-
provement over the setup time of 28 hours achieved with
manual alignment at 3.5 TeV.

RESULTS
The time taken to set up collimators is the most impor-

tant indicator of the efficiency of a setup algorithm. The
average time per collimator Taverage and the total time re-
quired Tsetup are defined as follows [6]:

Taverage =
Tbeam

C
(8)

Tsetup = Tbeam + d× Tturnaround (9)

where Tbeam is the beam time used for setup, C is the
number of collimators set up and d is the number of beam
dumps caused by collimator setup. The turnaround time
Tturnaround is the time consumed from the point of beam
dump until the machine is cycled back to the setup operat-
ing point, which can reach 3 hours for flat top. Figure 7
shows the evolution in Tsetup and the average jaw step
size for collimator alignments at injection and flat top from
2010 to 2012. A larger setup time was required for 2011
due to a phased change-over between manual and semi-
automatic alignment and the use of a smaller average step
size, which reduces the probability of dumping the beam
and improves the alignment accuracy.
The setup times achieved in 2011 are more impressive

when one considers that the average jaw step size was re-
duced by a factor 4, and hence the jaw takes longer to cover
a given distance in mm. The setup times continued to im-
prove in 2012 with a higher BLM data rate of 12.5 Hz al-
lowing the jaws to be moved at the maximum rate of 8 Hz.
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and flat top from 2010 to 2012. The 1 hour 45 minutes
required to setup 27 collimators during the 2012 MD is ex-
trapolated to 5.5 hours for a full setup.
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BPM-INTERPOLATION GUIDED
COLLIMATOR ALIGNMENT

An approximation to the beam centers at the collimators
can be obtained from an interpolation of the orbit measured
at specific locations by Beam Position Monitors (BPMs).
The interpolation can be exploited to speed up the align-
ment process, if the errors between the interpolation and the
beam-based measurements are not too large. Two datasets
were built, one containing the beam-based alignment cen-
ters measured in 2011 and 2012, the other containing the
interpolated orbit at each collimator at the time of align-
ment [9]. The comparison results are show in Table 1. The
average delta between the datasets is of ∼ 550µm, with
maximum deltas of ∼ 3000µm for the tertiary collimators,
where the interpolation reliability is known to be worse.

Table 1: BPM-interpolation and beam-based comparison
statistics for 2011 and 2012.
Dataset Mean (mm) R.M.S. (mm) SD (mm)
INJ 2011 0.553 0.849 0.854
FT 2011 0.536 0.811 0.817
INJ 2012 0.501 0.758 0.762
FT 2012 0.564 0.883 0.885
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ing the alignment by moving in the jaws in one step at a rate
of 2 mm/s from the initial positions to a safe margin around
the beam based on the IR7 TCP cuts. A gain in time of a
factor 200 can be achieved for this part of the alignment
using this technique, instead of the standard 10 µm step
every second. Based on these parameters and the nominal
1 σ beam size, the left and right jaws are moved in to the
following settings:
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Figure 7: Evolution of the setup time for the collimator
alignments and the average jaw step sizes used at injection
and flat top from 2010 to 2012. The 1 hour 45 minutes
required to setup 27 collimators during the 2012 MD is ex-
trapolated to 5.5 hours for a full setup.
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• 2010: manual alignment

• 2011: semi-automatic alignment at 1 Hz

• 2012: semi-automatic alignment at 8 Hz

• No costly beam dumps due to high losses 
from 2011 onwards.

• Use of  smaller jaw step size (better accuracy) 
made easier by semi-automatic alignment.
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ing point, which can reach 3 hours for flat top. Figure 7
shows the evolution in Tsetup and the average jaw step
size for collimator alignments at injection and flat top from
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automatic alignment and the use of a smaller average step
size, which reduces the probability of dumping the beam
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Figure 7: Evolution of the setup time for the collimator
alignments and the average jaw step sizes used at injection
and flat top from 2010 to 2012. The 1 hour 45 minutes
required to setup 27 collimators during the 2012 MD is ex-
trapolated to 5.5 hours for a full setup.
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• 2010: manual alignment

• 2011: semi-automatic alignment at 1 Hz

• 2012: semi-automatic alignment at 8 Hz

• No costly beam dumps due to high losses 
from 2011 onwards.

• Use of  smaller jaw step size (better accuracy) 
made easier by semi-automatic alignment.

Only major alignments 
shown here
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Summary

• LHC collimation system cleaning efficiency is highly dependent on correct collimator positions.

• The jaw positions are determined from beam-based alignment, which can last > 20 hours 
when done manually.

• The BLM signals are used in a feedback loop to automatically stop the jaw once the losses 
exceed a pre-defined threshold, an indication that the jaw has possibly touched the beam halo.

• The threshold is automatically set depending on the steady-state BLM signal based on 
an empirical data analysis.

• SVM-based loss spike classification allows the setup software to move in the jaw further to 
obtain a sharper spike and ensure that the automatic alignment is reliable.

• The BPM-interpolated orbit allows for a coarse alignment of  the jaws around the beam 
center with a safety margin to gain time.

• Automatic alignment algorithms have so far reduced the total setup time from 28 hours to 5.5 
hours (factor 5 improvement) and minimized the possibility of  human error.

• The robustness of  the loss spike classification algorithm needs to be improved to counter 
noise in the BLM signal and provide a fully automatic collimator alignment software tool.
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