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The Large Hadron Collider

B1

B2
LHC Machine Parameters

Circumference: 26650 m

Beam energy: 7 TeV (4 TeV)

Particle velocity: 0.999999991c

Bunch intensity: 1.15E11 protons

Bunches per beam: 2808 (1380)

Collisions per second: 600 million
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Many settings, including collimators, 
changed along the machine cycle
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LHC Collimation System

•Particles have a natural tendency to drift to the beam halo over time.

•Collimators passively scatter and intercept beam halo particles to:

•Prevent quenches of  the super-conducting magnets.

•Limit irradiation of  sensitive devices.

•Reduce signal background in the experiment detectors.
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• The LHC is protected by a collimation system with 86 collimators (+ 14 transfer line).

Courtesy: C. Bracco
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LHC Collimation System

• The LHC is protected by a collimation system with 86 collimators (+ 14 transfer line).

• Each cleaning collimator consists of  two moveable ‘jaws’ made of  carbon, tungsten or copper.

• The jaws are positioned symmetrically around the beam for maximum cleaning efficiency.              

Courtesy: C. Bracco
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• In the LHC, collimation is required at all phases (injection, ramp + squeeze, physics) due to high 
beam energy.
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Collimator Settings

• The collimator settings depend on key beam parameters e.g. 
energy, orbit and β-functions as a function of  time, 
energy and/or β*.

• Overall system performance depends critically on the 
correct positioning w.r.t. the beam.

• Unprecedented complexity: function-based settings, 
redundant interlocking strategy that change with time.

• Total of  ~400 axes of  motion to be monitored, compared 
to ~30 at the Tevatron.
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S. Redaelli et al.
 EDMS LHC-TCT-ES-0001

Settings Parameter Space

• In the LHC, collimation is required at all phases (injection, ramp + squeeze, physics) due to high 
beam energy.
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Figure 3: Screenshot of the GUI used to set the collimator
jaws around the BPM-interpolated orbit.

EXPERIMENTAL RESULTS
The tool was tested during a LHC Machine Develop-

ment (MD) study performed at 450 GeV in April 2012.
In the study, 23 horizontal collimators in IR3 and IR7 in
both beams were moved from the initial parking positions
to tighter settings around the interpolated orbit. The TCTs
were not aligned during this feasibility study, as the inter-
polation is known to be worse at these collimator locations
due to a less reliable BPM signal. The TCP cut was made
at 4.2 σ, and safety margin was set to 2 σ to give an overall
half gap of 6.2 σ. The initial and final jaw positions in mm
and beam σ are shown in Fig. 4(a) and Fig. 4(b).

}

(9)

If these collimators were to reach the tighter settings us-
ing the semi-automatic setup tool, the elapsed time would
be much larger. Typically, if a step of 5 µm is made every
1 s, the time taken for all 23 collimators aligned during the
MD to reach the tighter settings would be 27 minutes. In
this case, therefore, the tool provided a speed-up by a fac-
tor 1620. The semi-automatic setup tool was then used to
move the jaws further inwards until they touched the beam
halo and the alignment was completed. Considering also
the beam-based alignment of the IR3 TCPs (for the mo-
mentum halo cut) and the IR7 TCPs (to define the betatron
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Figure 4: Comparison of the initial parking positions and
the tighter half gaps after the tool was executed, in units of
mm (left) and σ (right). Note the large change for collima-
tors initially positioned with a half gap of more than 10 σ.

halo for alignment), the setup for a total of 27 collima-
tors including the BPM-interpolation guided initialization
lasted 1 hour 45 minutes. If this time is scaled with the to-
tal number of collimators (86), an extrapolated setup time
of 5.5 hours is reached, which is 2 hours less than the pre-
vious best time achieved.

The time gain is more than the expected 27 minutes,
as the time spent by the algorithm resuming the align-
ment after BLM signal crosstalk during the semi-automatic
setup [2] is greatly minimized. The crosstalk in the BLM
signal occurs when one collimator out of a group of simul-
taneously moving collimators touches the beam edge, and
the resulting loss spike is detected also on the BLMs imme-
diately downstream of the other collimators. At the start of
the alignment, some collimators may already be close to the
beam, and each time crosstalk occurs, the stepwise move-
ment of other collimators much further from the beam is
halted as the algorithm sequentially re-aligns each stopped
collimator to identify which one is touching the beam.
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halo for alignment), the setup for a total of 27 collima-
tors including the BPM-interpolation guided initialization
lasted 1 hour 45 minutes. If this time is scaled with the to-
tal number of collimators (86), an extrapolated setup time
of 5.5 hours is reached, which is 2 hours less than the pre-
vious best time achieved.

The time gain is more than the expected 27 minutes,
as the time spent by the algorithm resuming the align-
ment after BLM signal crosstalk during the semi-automatic
setup [2] is greatly minimized. The crosstalk in the BLM
signal occurs when one collimator out of a group of simul-
taneously moving collimators touches the beam edge, and
the resulting loss spike is detected also on the BLMs imme-
diately downstream of the other collimators. At the start of
the alignment, some collimators may already be close to the
beam, and each time crosstalk occurs, the stepwise move-
ment of other collimators much further from the beam is
halted as the algorithm sequentially re-aligns each stopped
collimator to identify which one is touching the beam.

9



Gianluca Valentino

Collimation System Software Architecture

Top-Layer

Middleware 
Infrastructure

Motors, 
Position Readout

Figure 3: Screenshot of the GUI used to set the collimator
jaws around the BPM-interpolated orbit.

EXPERIMENTAL RESULTS
The tool was tested during a LHC Machine Develop-

ment (MD) study performed at 450 GeV in April 2012.
In the study, 23 horizontal collimators in IR3 and IR7 in
both beams were moved from the initial parking positions
to tighter settings around the interpolated orbit. The TCTs
were not aligned during this feasibility study, as the inter-
polation is known to be worse at these collimator locations
due to a less reliable BPM signal. The TCP cut was made
at 4.2 σ, and safety margin was set to 2 σ to give an overall
half gap of 6.2 σ. The initial and final jaw positions in mm
and beam σ are shown in Fig. 4(a) and Fig. 4(b).

}

(9)

If these collimators were to reach the tighter settings us-
ing the semi-automatic setup tool, the elapsed time would
be much larger. Typically, if a step of 5 µm is made every
1 s, the time taken for all 23 collimators aligned during the
MD to reach the tighter settings would be 27 minutes. In
this case, therefore, the tool provided a speed-up by a fac-
tor 1620. The semi-automatic setup tool was then used to
move the jaws further inwards until they touched the beam
halo and the alignment was completed. Considering also
the beam-based alignment of the IR3 TCPs (for the mo-
mentum halo cut) and the IR7 TCPs (to define the betatron

0 5 10 15 20 25
0

2

4

6

8

10

12

14

16

Collimator

H
al

f G
ap

 [m
m

]

 

 
Initial Half Gap
Final Half Gap

(a) Initial and final jaw half gaps in mm

0 5 10 15 20 25
0

2

4

6

8

10

12

14

16

Collimator

H
al

f G
ap

 [σ
]

 

 
Initial Half Gap
Final Half Gap

(b) Initial and final jaw half gaps in σ

Figure 4: Comparison of the initial parking positions and
the tighter half gaps after the tool was executed, in units of
mm (left) and σ (right). Note the large change for collima-
tors initially positioned with a half gap of more than 10 σ.

halo for alignment), the setup for a total of 27 collima-
tors including the BPM-interpolation guided initialization
lasted 1 hour 45 minutes. If this time is scaled with the to-
tal number of collimators (86), an extrapolated setup time
of 5.5 hours is reached, which is 2 hours less than the pre-
vious best time achieved.

The time gain is more than the expected 27 minutes,
as the time spent by the algorithm resuming the align-
ment after BLM signal crosstalk during the semi-automatic
setup [2] is greatly minimized. The crosstalk in the BLM
signal occurs when one collimator out of a group of simul-
taneously moving collimators touches the beam edge, and
the resulting loss spike is detected also on the BLMs imme-
diately downstream of the other collimators. At the start of
the alignment, some collimators may already be close to the
beam, and each time crosstalk occurs, the stepwise move-
ment of other collimators much further from the beam is
halted as the algorithm sequentially re-aligns each stopped
collimator to identify which one is touching the beam.

Figure 3: Screenshot of the GUI used to set the collimator
jaws around the BPM-interpolated orbit.

EXPERIMENTAL RESULTS
The tool was tested during a LHC Machine Develop-

ment (MD) study performed at 450 GeV in April 2012.
In the study, 23 horizontal collimators in IR3 and IR7 in
both beams were moved from the initial parking positions
to tighter settings around the interpolated orbit. The TCTs
were not aligned during this feasibility study, as the inter-
polation is known to be worse at these collimator locations
due to a less reliable BPM signal. The TCP cut was made
at 4.2 σ, and safety margin was set to 2 σ to give an overall
half gap of 6.2 σ. The initial and final jaw positions in mm
and beam σ are shown in Fig. 4(a) and Fig. 4(b).

}

(9)

If these collimators were to reach the tighter settings us-
ing the semi-automatic setup tool, the elapsed time would
be much larger. Typically, if a step of 5 µm is made every
1 s, the time taken for all 23 collimators aligned during the
MD to reach the tighter settings would be 27 minutes. In
this case, therefore, the tool provided a speed-up by a fac-
tor 1620. The semi-automatic setup tool was then used to
move the jaws further inwards until they touched the beam
halo and the alignment was completed. Considering also
the beam-based alignment of the IR3 TCPs (for the mo-
mentum halo cut) and the IR7 TCPs (to define the betatron

0 5 10 15 20 25
0

2

4

6

8

10

12

14

16

Collimator

H
al

f G
ap

 [m
m

]

 

 
Initial Half Gap
Final Half Gap

(a) Initial and final jaw half gaps in mm

0 5 10 15 20 25
0

2

4

6

8

10

12

14

16

Collimator

H
al

f G
ap

 [σ
]

 

 
Initial Half Gap
Final Half Gap

(b) Initial and final jaw half gaps in σ

Figure 4: Comparison of the initial parking positions and
the tighter half gaps after the tool was executed, in units of
mm (left) and σ (right). Note the large change for collima-
tors initially positioned with a half gap of more than 10 σ.

halo for alignment), the setup for a total of 27 collima-
tors including the BPM-interpolation guided initialization
lasted 1 hour 45 minutes. If this time is scaled with the to-
tal number of collimators (86), an extrapolated setup time
of 5.5 hours is reached, which is 2 hours less than the pre-
vious best time achieved.

The time gain is more than the expected 27 minutes,
as the time spent by the algorithm resuming the align-
ment after BLM signal crosstalk during the semi-automatic
setup [2] is greatly minimized. The crosstalk in the BLM
signal occurs when one collimator out of a group of simul-
taneously moving collimators touches the beam edge, and
the resulting loss spike is detected also on the BLMs imme-
diately downstream of the other collimators. At the start of
the alignment, some collimators may already be close to the
beam, and each time crosstalk occurs, the stepwise move-
ment of other collimators much further from the beam is
halted as the algorithm sequentially re-aligns each stopped
collimator to identify which one is touching the beam.

Figure 3: Screenshot of the GUI used to set the collimator
jaws around the BPM-interpolated orbit.

EXPERIMENTAL RESULTS
The tool was tested during a LHC Machine Develop-

ment (MD) study performed at 450 GeV in April 2012.
In the study, 23 horizontal collimators in IR3 and IR7 in
both beams were moved from the initial parking positions
to tighter settings around the interpolated orbit. The TCTs
were not aligned during this feasibility study, as the inter-
polation is known to be worse at these collimator locations
due to a less reliable BPM signal. The TCP cut was made
at 4.2 σ, and safety margin was set to 2 σ to give an overall
half gap of 6.2 σ. The initial and final jaw positions in mm
and beam σ are shown in Fig. 4(a) and Fig. 4(b).

}

(9)

If these collimators were to reach the tighter settings us-
ing the semi-automatic setup tool, the elapsed time would
be much larger. Typically, if a step of 5 µm is made every
1 s, the time taken for all 23 collimators aligned during the
MD to reach the tighter settings would be 27 minutes. In
this case, therefore, the tool provided a speed-up by a fac-
tor 1620. The semi-automatic setup tool was then used to
move the jaws further inwards until they touched the beam
halo and the alignment was completed. Considering also
the beam-based alignment of the IR3 TCPs (for the mo-
mentum halo cut) and the IR7 TCPs (to define the betatron

0 5 10 15 20 25
0

2

4

6

8

10

12

14

16

Collimator

H
al

f G
ap

 [m
m

]

 

 
Initial Half Gap
Final Half Gap

(a) Initial and final jaw half gaps in mm

0 5 10 15 20 25
0

2

4

6

8

10

12

14

16

Collimator

H
al

f G
ap

 [σ
]

 

 
Initial Half Gap
Final Half Gap

(b) Initial and final jaw half gaps in σ

Figure 4: Comparison of the initial parking positions and
the tighter half gaps after the tool was executed, in units of
mm (left) and σ (right). Note the large change for collima-
tors initially positioned with a half gap of more than 10 σ.

halo for alignment), the setup for a total of 27 collima-
tors including the BPM-interpolation guided initialization
lasted 1 hour 45 minutes. If this time is scaled with the to-
tal number of collimators (86), an extrapolated setup time
of 5.5 hours is reached, which is 2 hours less than the pre-
vious best time achieved.

The time gain is more than the expected 27 minutes,
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signal occurs when one collimator out of a group of simul-
taneously moving collimators touches the beam edge, and
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tors including the BPM-interpolation guided initialization
lasted 1 hour 45 minutes. If this time is scaled with the to-
tal number of collimators (86), an extrapolated setup time
of 5.5 hours is reached, which is 2 hours less than the pre-
vious best time achieved.

The time gain is more than the expected 27 minutes,
as the time spent by the algorithm resuming the align-
ment after BLM signal crosstalk during the semi-automatic
setup [2] is greatly minimized. The crosstalk in the BLM
signal occurs when one collimator out of a group of simul-
taneously moving collimators touches the beam edge, and
the resulting loss spike is detected also on the BLMs imme-
diately downstream of the other collimators. At the start of
the alignment, some collimators may already be close to the
beam, and each time crosstalk occurs, the stepwise move-
ment of other collimators much further from the beam is
halted as the algorithm sequentially re-aligns each stopped
collimator to identify which one is touching the beam.
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EXPERIMENTAL RESULTS
The tool was tested during a LHC Machine Develop-

ment (MD) study performed at 450 GeV in April 2012.
In the study, 23 horizontal collimators in IR3 and IR7 in
both beams were moved from the initial parking positions
to tighter settings around the interpolated orbit. The TCTs
were not aligned during this feasibility study, as the inter-
polation is known to be worse at these collimator locations
due to a less reliable BPM signal. The TCP cut was made
at 4.2 σ, and safety margin was set to 2 σ to give an overall
half gap of 6.2 σ. The initial and final jaw positions in mm
and beam σ are shown in Fig. 4(a) and Fig. 4(b).
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If these collimators were to reach the tighter settings us-
ing the semi-automatic setup tool, the elapsed time would
be much larger. Typically, if a step of 5 µm is made every
1 s, the time taken for all 23 collimators aligned during the
MD to reach the tighter settings would be 27 minutes. In
this case, therefore, the tool provided a speed-up by a fac-
tor 1620. The semi-automatic setup tool was then used to
move the jaws further inwards until they touched the beam
halo and the alignment was completed. Considering also
the beam-based alignment of the IR3 TCPs (for the mo-
mentum halo cut) and the IR7 TCPs (to define the betatron
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to tighter settings around the interpolated orbit. The TCTs
were not aligned during this feasibility study, as the inter-
polation is known to be worse at these collimator locations
due to a less reliable BPM signal. The TCP cut was made
at 4.2 σ, and safety margin was set to 2 σ to give an overall
half gap of 6.2 σ. The initial and final jaw positions in mm
and beam σ are shown in Fig. 4(a) and Fig. 4(b).

}

(9)

If these collimators were to reach the tighter settings us-
ing the semi-automatic setup tool, the elapsed time would
be much larger. Typically, if a step of 5 µm is made every
1 s, the time taken for all 23 collimators aligned during the
MD to reach the tighter settings would be 27 minutes. In
this case, therefore, the tool provided a speed-up by a fac-
tor 1620. The semi-automatic setup tool was then used to
move the jaws further inwards until they touched the beam
halo and the alignment was completed. Considering also
the beam-based alignment of the IR3 TCPs (for the mo-
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the tighter half gaps after the tool was executed, in units of
mm (left) and σ (right). Note the large change for collima-
tors initially positioned with a half gap of more than 10 σ.

halo for alignment), the setup for a total of 27 collima-
tors including the BPM-interpolation guided initialization
lasted 1 hour 45 minutes. If this time is scaled with the to-
tal number of collimators (86), an extrapolated setup time
of 5.5 hours is reached, which is 2 hours less than the pre-
vious best time achieved.

The time gain is more than the expected 27 minutes,
as the time spent by the algorithm resuming the align-
ment after BLM signal crosstalk during the semi-automatic
setup [2] is greatly minimized. The crosstalk in the BLM
signal occurs when one collimator out of a group of simul-
taneously moving collimators touches the beam edge, and
the resulting loss spike is detected also on the BLMs imme-
diately downstream of the other collimators. At the start of
the alignment, some collimators may already be close to the
beam, and each time crosstalk occurs, the stepwise move-
ment of other collimators much further from the beam is
halted as the algorithm sequentially re-aligns each stopped
collimator to identify which one is touching the beam.
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The tool was tested during a LHC Machine Develop-

ment (MD) study performed at 450 GeV in April 2012.
In the study, 23 horizontal collimators in IR3 and IR7 in
both beams were moved from the initial parking positions
to tighter settings around the interpolated orbit. The TCTs
were not aligned during this feasibility study, as the inter-
polation is known to be worse at these collimator locations
due to a less reliable BPM signal. The TCP cut was made
at 4.2 σ, and safety margin was set to 2 σ to give an overall
half gap of 6.2 σ. The initial and final jaw positions in mm
and beam σ are shown in Fig. 4(a) and Fig. 4(b).

}

(9)
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be much larger. Typically, if a step of 5 µm is made every
1 s, the time taken for all 23 collimators aligned during the
MD to reach the tighter settings would be 27 minutes. In
this case, therefore, the tool provided a speed-up by a fac-
tor 1620. The semi-automatic setup tool was then used to
move the jaws further inwards until they touched the beam
halo and the alignment was completed. Considering also
the beam-based alignment of the IR3 TCPs (for the mo-
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halo for alignment), the setup for a total of 27 collima-
tors including the BPM-interpolation guided initialization
lasted 1 hour 45 minutes. If this time is scaled with the to-
tal number of collimators (86), an extrapolated setup time
of 5.5 hours is reached, which is 2 hours less than the pre-
vious best time achieved.

The time gain is more than the expected 27 minutes,
as the time spent by the algorithm resuming the align-
ment after BLM signal crosstalk during the semi-automatic
setup [2] is greatly minimized. The crosstalk in the BLM
signal occurs when one collimator out of a group of simul-
taneously moving collimators touches the beam edge, and
the resulting loss spike is detected also on the BLMs imme-
diately downstream of the other collimators. At the start of
the alignment, some collimators may already be close to the
beam, and each time crosstalk occurs, the stepwise move-
ment of other collimators much further from the beam is
halted as the algorithm sequentially re-aligns each stopped
collimator to identify which one is touching the beam.
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The tool was tested during a LHC Machine Develop-

ment (MD) study performed at 450 GeV in April 2012.
In the study, 23 horizontal collimators in IR3 and IR7 in
both beams were moved from the initial parking positions
to tighter settings around the interpolated orbit. The TCTs
were not aligned during this feasibility study, as the inter-
polation is known to be worse at these collimator locations
due to a less reliable BPM signal. The TCP cut was made
at 4.2 σ, and safety margin was set to 2 σ to give an overall
half gap of 6.2 σ. The initial and final jaw positions in mm
and beam σ are shown in Fig. 4(a) and Fig. 4(b).

}

(9)

If these collimators were to reach the tighter settings us-
ing the semi-automatic setup tool, the elapsed time would
be much larger. Typically, if a step of 5 µm is made every
1 s, the time taken for all 23 collimators aligned during the
MD to reach the tighter settings would be 27 minutes. In
this case, therefore, the tool provided a speed-up by a fac-
tor 1620. The semi-automatic setup tool was then used to
move the jaws further inwards until they touched the beam
halo and the alignment was completed. Considering also
the beam-based alignment of the IR3 TCPs (for the mo-
mentum halo cut) and the IR7 TCPs (to define the betatron
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the tighter half gaps after the tool was executed, in units of
mm (left) and σ (right). Note the large change for collima-
tors initially positioned with a half gap of more than 10 σ.

halo for alignment), the setup for a total of 27 collima-
tors including the BPM-interpolation guided initialization
lasted 1 hour 45 minutes. If this time is scaled with the to-
tal number of collimators (86), an extrapolated setup time
of 5.5 hours is reached, which is 2 hours less than the pre-
vious best time achieved.

The time gain is more than the expected 27 minutes,
as the time spent by the algorithm resuming the align-
ment after BLM signal crosstalk during the semi-automatic
setup [2] is greatly minimized. The crosstalk in the BLM
signal occurs when one collimator out of a group of simul-
taneously moving collimators touches the beam edge, and
the resulting loss spike is detected also on the BLMs imme-
diately downstream of the other collimators. At the start of
the alignment, some collimators may already be close to the
beam, and each time crosstalk occurs, the stepwise move-
ment of other collimators much further from the beam is
halted as the algorithm sequentially re-aligns each stopped
collimator to identify which one is touching the beam.
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The tool was tested during a LHC Machine Develop-

ment (MD) study performed at 450 GeV in April 2012.
In the study, 23 horizontal collimators in IR3 and IR7 in
both beams were moved from the initial parking positions
to tighter settings around the interpolated orbit. The TCTs
were not aligned during this feasibility study, as the inter-
polation is known to be worse at these collimator locations
due to a less reliable BPM signal. The TCP cut was made
at 4.2 σ, and safety margin was set to 2 σ to give an overall
half gap of 6.2 σ. The initial and final jaw positions in mm
and beam σ are shown in Fig. 4(a) and Fig. 4(b).

}

(9)

If these collimators were to reach the tighter settings us-
ing the semi-automatic setup tool, the elapsed time would
be much larger. Typically, if a step of 5 µm is made every
1 s, the time taken for all 23 collimators aligned during the
MD to reach the tighter settings would be 27 minutes. In
this case, therefore, the tool provided a speed-up by a fac-
tor 1620. The semi-automatic setup tool was then used to
move the jaws further inwards until they touched the beam
halo and the alignment was completed. Considering also
the beam-based alignment of the IR3 TCPs (for the mo-
mentum halo cut) and the IR7 TCPs (to define the betatron
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the tighter half gaps after the tool was executed, in units of
mm (left) and σ (right). Note the large change for collima-
tors initially positioned with a half gap of more than 10 σ.

halo for alignment), the setup for a total of 27 collima-
tors including the BPM-interpolation guided initialization
lasted 1 hour 45 minutes. If this time is scaled with the to-
tal number of collimators (86), an extrapolated setup time
of 5.5 hours is reached, which is 2 hours less than the pre-
vious best time achieved.

The time gain is more than the expected 27 minutes,
as the time spent by the algorithm resuming the align-
ment after BLM signal crosstalk during the semi-automatic
setup [2] is greatly minimized. The crosstalk in the BLM
signal occurs when one collimator out of a group of simul-
taneously moving collimators touches the beam edge, and
the resulting loss spike is detected also on the BLMs imme-
diately downstream of the other collimators. At the start of
the alignment, some collimators may already be close to the
beam, and each time crosstalk occurs, the stepwise move-
ment of other collimators much further from the beam is
halted as the algorithm sequentially re-aligns each stopped
collimator to identify which one is touching the beam.
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• A jaw is aligned when the characteristic loss spike is seen in 
the Beam Loss Monitoring (BLM) detector signal.
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Motivation for
Fast Automatic Alignment

• Manual collimator alignment is time-consuming and has an impact on the LHC physics program. 

• Manual alignment: operator needs to intervene for each jaw movement, decide which collimator jaw 
to align next, visually examine the loss spike and determine whether the jaw is aligned, ... ~30 hours in 
the worst-case!

• Four alignments are required for different machine modes:- injection at 450 GeV, followed by flat 
top, squeezed beams and colliding beams at top energy.

• Fast alignments: could provide better operational flexibility 

➡smaller hierarchy margins + more time for physics = more luminosity.                                                    

• An intelligent automated system would be able to align the collimators in less time and without human 
errors.
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Outline

• CERN and the Large Hadron Collider

• LHC Collimation System

• Collimator Beam-Based Alignment

• Alignment Algorithms

• Software Implementation

• Modeling and Simulation of  Beam Losses

• Simulation and Operational Results

• Future: BPM-based alignment

• Conclusions
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BLM Feedback Loop

• A BLM feedback loop was implemented as a first step in 
automating the alignment.

• Input heuristics developed over 2 years of  setups (2009 – 
2010) by R. Assmann 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
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Parallel Collimator Alignment

• 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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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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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.

• The exponentially weighted moving average of  
each sample was determined.

• Larger weights assigned to most recent values.

• 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.

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
x 10−5

10−6

10−5

10−4

Exponentially Weighted Moving Average [Gy/s]

Tr
ai

ni
ng

 T
hr

es
ho

ld
 [G

y/
s]

y(x) = a x^n
a = 0.53584
n = 0.85916
R = 0.96611  (lin)

24



Gianluca Valentino

BLM Spike Recognition

25



Gianluca Valentino

BLM Spike Recognition

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

25



Gianluca Valentino

BLM Spike Recognition

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

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

25



Gianluca Valentino

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. 

Optimal Spike
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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.

Optimal Spike Non-Optimal Spike: 
any other fluctuation in the 

signal due to other effects e.g. 
beam instabilities
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Feature Selection

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

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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• 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).

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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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).

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 %

Some unsuccessful 
classifications due to 

TCT alignments!
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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 BPMs.

• This was exploited to speed up the alignment, assuming a reproducible 
delta between measurements and interpolation.

• All collimator jaws can be moved directly to the tighter settings at a 
rate of  2 mm/s instead of  0.01 mm/s.

x1
 xS
 x2


Beam%
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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 BPMs.

• This was exploited to speed up the alignment, assuming a reproducible 
delta between measurements and interpolation.

• All collimator jaws can be moved directly to the tighter settings at a 
rate of  2 mm/s instead of  0.01 mm/s.

•              : 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 standard error 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-
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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.
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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 BPMs.

• This was exploited to speed up the alignment, assuming a reproducible 
delta between measurements and interpolation.

• All collimator jaws can be moved directly to the tighter settings at a 
rate of  2 mm/s instead of  0.01 mm/s.

•              : 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 standard error 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.
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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.
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Data acquisition

• Collimator data: motor positions and LVDT data acquired by subscribing to RequiredAbsolutePosition 
and MeasuredCornerPositions parameters. Data published at 1 Hz.

• 1 Hz BLM data: Acquired from data concentrator at 1 Hz (1.3 s running sum).
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Data acquisition

• Collimator data: motor positions and LVDT data acquired by subscribing to RequiredAbsolutePosition 
and MeasuredCornerPositions parameters. Data published at 1 Hz.

• 1 Hz BLM data: Acquired from data concentrator at 1 Hz (1.3 s running sum).

• 12.5 Hz BLM data as of  2012 (82 ms running sum):

cs-ccr-logging2 

cs-ccr-dev 

Java Top-Level 
Application 

Fast BLM 
Data Logging 

~3900 BLMs 
in all crates 

Intermediate 
Server 

LHC
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Data acquisition

• Collimator data: motor positions and LVDT data acquired by subscribing to RequiredAbsolutePosition 
and MeasuredCornerPositions parameters. Data published at 1 Hz.

• 1 Hz BLM data: Acquired from data concentrator at 1 Hz (1.3 s running sum).

• 12.5 Hz BLM data as of  2012 (82 ms running sum):

cs-ccr-logging2 

cs-ccr-dev 

Java Top-Level 
Application 

Fast BLM 
Data Logging 

~3900 BLMs 
in all crates 

Intermediate 
Server 

LHC SPS

• 10 Hz BPM data:

31



Gianluca Valentino

BLM-based alignment software

Main GUI in 2010

32



Gianluca Valentino

BLM-based alignment software

Main GUI in 2010

GUI in 2011-2013
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SPS beam tests

34



Gianluca Valentino

Outline

• CERN and the Large Hadron Collider

• LHC Collimation System

• Collimator Beam-Based Alignment

• Alignment Algorithms

• Software Implementation

• Modeling and Simulation of  Beam Losses

• Simulation and Operational Results

• Future: BPM-based alignment

• Conclusions

35



Gianluca Valentino

Modeling and Simulation of  
Beam Losses

36



Gianluca Valentino

Modeling and Simulation of  
Beam Losses

• Motivation: - allow offline tests of  the automatic setup application without requiring beam.

           - gain knowledge of  beam loss dynamics useful for automatic alignment.
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Modeling and Simulation of  
Beam Losses

• Motivation: - allow offline tests of  the automatic setup application without requiring beam.

           - gain knowledge of  beam loss dynamics useful for automatic alignment.

• Loss spike consists of  3 components which have to be understood and modeled:

Steady-State

Loss Spike

Steady-State

Temporal Decay

Typical Optimal 
Loss Spike
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Steady-State BLM Signal

• Empirical model of  the BLM steady-state as a function of  jaw half  gap in σ.

• Four alignment data sets: 450 GeV 2011, 3500 GeV 2011, 450 GeV 2012, 4000 GeV 2012.

• Hundreds of  steady-state samples were extracted using a Java application.

• 1 sample = average of  last 5 s of  data from collimator BLMs when no collimators were moving in the 
previous 10 s.
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Steady-State BLM Signal

• Empirical model of  the BLM steady-state as a function of  jaw half  gap in σ.

• Four alignment data sets: 450 GeV 2011, 3500 GeV 2011, 450 GeV 2012, 4000 GeV 2012.

• Hundreds of  steady-state samples were extracted using a Java application.

• 1 sample = average of  last 5 s of  data from collimator BLMs when no collimators were moving in the 
previous 10 s.

• Polynomial fits of  the form                       were applied, e.g.:
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Loss Spike and Decay:
Beam Diffusion Measurements

• Beam diffusion is the process by which particles are driven from the beam core to the periphery 
(halo).

• An MD was conducted in on 22nd June 2012 to measure the rate of  diffusion in the LHC.
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Loss Spike and Decay:
Beam Diffusion Measurements

• Beam diffusion is the process by which particles are driven from the beam core to the periphery 
(halo).

• An MD was conducted in on 22nd June 2012 to measure the rate of  diffusion in the LHC.

• Collimator jaws used to scrape away the beam halo to observe the response in the BLMs:
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Loss Spike and Decay:
Beam Diffusion Measurements (2)
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LHC Halo Diffusion Study
2012.06.22

• Good agreement between diffusion coefficients measured 
from scraping and from beam emittance growth.

• Larger diffusion rates for colliding beams expected due to 
luminosity.

• Can be used to simulate spike and decay as a function of  jaw 
position!

Courtesy of G. Stancari

Outward Step
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Signal crosstalk delays 
collimator alignment!
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BLM Signal Crosstalk

• 687 21-second samples were extracted, during periods in which only one collimator was moving.
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BLM Signal Crosstalk

• 687 21-second samples were extracted, during periods in which only one collimator was moving.

• RapidMiner was used to develop a NN model to predict the factor as a function of  the distance and jaw gap.

• A separate empirical model was developed for each collimator due to its unique location in the LHC.
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BLM Signal Crosstalk

• 687 21-second samples were extracted, during periods in which only one collimator was moving.

• RapidMiner was used to develop a NN model to predict the factor as a function of  the distance and jaw gap.

• A separate empirical model was developed for each collimator due to its unique location in the LHC.
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• Policy: a combination of  alignment algorithms.
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• Policy 2: - Parallel alignment algorithm

               - Sequential alignment algorithm
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Alignment Policies

• Policy: a combination of  alignment algorithms.

• Policy 1: - Sequential alignment algorithm

• Policy 2: - Parallel alignment algorithm

               - Sequential alignment algorithm

• Policy 3: - Movement of  all collimators with a half  gap larger than 6 σ from 
parking to tighter settings based on BPM-interpolation

               - Parallel alignment algorithm

               - Sequential alignment algorithm
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• Policy 4: - Movement of  all collimators with a half  gap larger than 6 σ from 
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               - Parallel alignment algorithm utilizing knowledge of  crosstalk factors
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Alignment Policies

• Policy: a combination of  alignment algorithms.

• Policy 1: - Sequential alignment algorithm

• Policy 2: - Parallel alignment algorithm

               - Sequential alignment algorithm

• Policy 3: - Movement of  all collimators with a half  gap larger than 6 σ from 
parking to tighter settings based on BPM-interpolation

               - Parallel alignment algorithm

               - Sequential alignment algorithm

• Policy 4: - Movement of  all collimators with a half  gap larger than 6 σ from 
parking to tighter settings based on BPM-interpolation

               - Parallel alignment algorithm utilizing knowledge of  crosstalk factors

               - Sequential alignment algorithm
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Collimator Setup Simulator

Start

Stop

if Ps == 3 || 
Ps == 4

if Ps == 4 if Ps == 1
Move jaws at half gap > 6 σ to 
tighter settings around the 
interpolated centre

if Ps == 2 || 
Ps == 3

Move both jaws of collimators 
with crosstalk factors < 1 wrt 
the collimator closest to the 
beam in σ*

Move both jaws of 
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same plane*

Perform sequential 
alignment*

YES

NO

NO

YES

NO

YES YES

42



Gianluca Valentino

Collimator Setup Simulator

Start

Stop

if Ps == 3 || 
Ps == 4

if Ps == 4 if Ps == 1
Move jaws at half gap > 6 σ to 
tighter settings around the 
interpolated centre

if Ps == 2 || 
Ps == 3

Move both jaws of collimators 
with crosstalk factors < 1 wrt 
the collimator closest to the 
beam in σ*

Move both jaws of 
all collimators in the 
same plane*

Perform sequential 
alignment*

Generate spike and decay 
from diffusion model
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model, check if other BLM 
thresholds exceeded

If yes, execute crosstalk 
recovery algorithm
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Collimator Setup Simulator

Start

Stop

if Ps == 3 || 
Ps == 4

if Ps == 4 if Ps == 1
Move jaws at half gap > 6 σ to 
tighter settings around the 
interpolated centre

if Ps == 2 || 
Ps == 3

Move both jaws of collimators 
with crosstalk factors < 1 wrt 
the collimator closest to the 
beam in σ*

Move both jaws of 
all collimators in the 
same plane*

Perform sequential 
alignment*

Generate spike and decay 
from diffusion model

Generate crosstalk from k-NN 
model, check if other BLM 
thresholds exceeded

If yes, execute crosstalk 
recovery algorithm

*

Repeat for all 
planes!
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Collimator Setup Simulator
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if Ps == 3 || 
Ps == 4

if Ps == 4 if Ps == 1
Move jaws at half gap > 6 σ to 
tighter settings around the 
interpolated centre

if Ps == 2 || 
Ps == 3

Move both jaws of collimators 
with crosstalk factors < 1 wrt 
the collimator closest to the 
beam in σ*

Move both jaws of 
all collimators in the 
same plane*

Perform sequential 
alignment*

Generate spike and decay 
from diffusion model

Generate crosstalk from k-NN 
model, check if other BLM 
thresholds exceeded

If yes, execute crosstalk 
recovery algorithm

*

Repeat for all 
planes!

YES

NO

NO

YES

NO

YES YES
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Outline

• CERN and the Large Hadron Collider

• LHC Collimation System

• Collimator Beam-Based Alignment

• Alignment Algorithms

• Software Implementation

• Modeling and Simulation of  Beam Losses

• Simulation and Operational Results

• Future: BPM-based alignment
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Simulation Results

• Simulations were performed for at beam energies of  450 GeV, 4 TeV and 7 TeV as well as different collimator 
settings. 

• For each policy and beam energy, the simulation was run for 50 times with random initial beam centres to 
obtain the final results (B1 aligned in parallel with B2).

• The collimators were divided into subgroups which are frequently aligned, e.g. IR7 or TCT collimators.
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• Simulations were performed for at beam energies of  450 GeV, 4 TeV and 7 TeV as well as different collimator 
settings. 

• For each policy and beam energy, the simulation was run for 50 times with random initial beam centres to 
obtain the final results (B1 aligned in parallel with B2).

• The collimators were divided into subgroups which are frequently aligned, e.g. IR7 or TCT collimators.
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• Simulations were performed for at beam energies of  450 GeV, 4 TeV and 7 TeV as well as different collimator 
settings. 

• For each policy and beam energy, the simulation was run for 50 times with random initial beam centres to 
obtain the final results (B1 aligned in parallel with B2).

• The collimators were divided into subgroups which are frequently aligned, e.g. IR7 or TCT collimators.
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• Simulations were performed for at beam energies of  450 GeV, 4 TeV and 7 TeV as well as different collimator 
settings. 

• For each policy and beam energy, the simulation was run for 50 times with random initial beam centres to 
obtain the final results (B1 aligned in parallel with B2).

• The collimators were divided into subgroups which are frequently aligned, e.g. IR7 or TCT collimators.
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Simulation Results
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• Simulations were performed for at beam energies of  450 GeV, 4 TeV and 7 TeV as well as different collimator 
settings. 

• For each policy and beam energy, the simulation was run for 50 times with random initial beam centres to 
obtain the final results (B1 aligned in parallel with B2).

• The collimators were divided into subgroups which are frequently aligned, e.g. IR7 or TCT collimators.
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• Simulations were performed for at beam energies of  450 GeV, 4 TeV and 7 TeV as well as different collimator 
settings. 

• For each policy and beam energy, the simulation was run for 50 times with random initial beam centres to 
obtain the final results (B1 aligned in parallel with B2).

• The collimators were divided into subgroups which are frequently aligned, e.g. IR7 or TCT collimators.
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Policy 3 achieves 
the best results!

• Policy 4: gain in time is larger when all collimators are moved simultaneously (Policy 3), even though there are 
more frequent interruptions.
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Gianluca Valentino

Alignment Results

• Total setup time depends on the beam time 
consumed, the number of  beam dumps d and the 
turnaround time:

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 + (Nmargin)× σnom
i +

∆BPM−BBA

2
(6)

xR
i = ∆xint.

i − (Nmargin)× σnom
i −

∆BPM−BBA

2
(7)

where∆xint.
i is the interpolated beam center,NTCP is the

half-gap of the IR7 TCP in units of σ, σnom
i is the nom-

inal 1σ beam size and ∆BPM−BBA is the expected aver-
age offset between the interpolated and the measured center
from beam-based alignment, based on the empirical analy-
sis. 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.

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

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

Only flat top alignments 
shown here
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Alignment Results

• Total setup time depends on the beam time 
consumed, the number of  beam dumps d and the 
turnaround time:

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 + (Nmargin)× σnom
i +

∆BPM−BBA

2
(6)

xR
i = ∆xint.

i − (Nmargin)× σnom
i −

∆BPM−BBA

2
(7)

where∆xint.
i is the interpolated beam center,NTCP is the

half-gap of the IR7 TCP in units of σ, σnom
i is the nom-

inal 1σ beam size and ∆BPM−BBA is the expected aver-
age offset between the interpolated and the measured center
from beam-based alignment, based on the empirical analy-
sis. 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.

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

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

Only flat top alignments 
shown here
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Alignment Results

• Total setup time depends on the beam time 
consumed, the number of  beam dumps d and the 
turnaround time:

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 + (Nmargin)× σnom
i +

∆BPM−BBA

2
(6)

xR
i = ∆xint.

i − (Nmargin)× σnom
i −

∆BPM−BBA

2
(7)

where∆xint.
i is the interpolated beam center,NTCP is the

half-gap of the IR7 TCP in units of σ, σnom
i is the nom-

inal 1σ beam size and ∆BPM−BBA is the expected aver-
age offset between the interpolated and the measured center
from beam-based alignment, based on the empirical analy-
sis. 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.

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

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

Only flat top alignments 
shown here
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Gianluca Valentino

Alignment Results

• Total setup time depends on the beam time 
consumed, the number of  beam dumps d and the 
turnaround time:

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 + (Nmargin)× σnom
i +

∆BPM−BBA

2
(6)

xR
i = ∆xint.

i − (Nmargin)× σnom
i −

∆BPM−BBA

2
(7)

where∆xint.
i is the interpolated beam center,NTCP is the

half-gap of the IR7 TCP in units of σ, σnom
i is the nom-

inal 1σ beam size and ∆BPM−BBA is the expected aver-
age offset between the interpolated and the measured center
from beam-based alignment, based on the empirical analy-
sis. 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.

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

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

Only flat top alignments 
shown here
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Limitation from loss spikes + jaw movement:

(86 x 2 x 2 x 15s) + (8 mm / 5 µm / 8 Hz) ≈ 1.5 hours
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Alignment Results (2)
• Nominal to Measured Beam Size Ratio (B1) at 3.5/4 TeV:
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Alignment Results (2)
• Nominal to Measured Beam Size Ratio (B1) at 3.5/4 TeV:
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Alignment Results (2)
• Nominal to Measured Beam Size Ratio (B1) at 3.5/4 TeV:
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Alignment Results (2)

Manual Alignment 
in 2010

Automatic 
Alignment in 2011

• Nominal to Measured Beam Size Ratio (B1) at 3.5/4 TeV:

0.5

1

1.5

2

2.5

Collimators

M
ea

su
re

d 
to

 N
om

in
al

 B
ea

m
 S

iz
e 

R
at

io

 

 

TC
L.

5R
1.

B1

TC
TH

.4
L2

.B
1

TC
TV

A.
4L

2.
B1

TC
P.

6L
3.

B1

TC
SG

.5
L3

.B
1

TC
SG

.4
R

3.
B1

TC
SG

.A
5R

3.
B1

TC
SG

.B
5R

3.
B1

TC
LA

.A
5R

3.
B1

TC
LA

.B
5R

3.
B1

TC
LA

.6
R

3.
B1

TC
LA

.7
R

3.
B1

TC
TH

.4
L5

.B
1

TC
TV

A.
4L

5.
B1

TC
L.

5R
5.

B1

TC
SG

.4
R

6.
B1

TC
SG

.A
6L

7.
B1

TC
SG

.B
5L

7.
B1

TC
SG

.A
5L

7.
B1

TC
SG

.D
4L

7.
B1

TC
SG

.B
4L

7.
B1

TC
SG

.A
4L

7.
B1

TC
SG

.A
4R

7.
B1

TC
SG

.B
5R

7.
B1

TC
SG

.D
5R

7.
B1

TC
SG

.E
5R

7.
B1

TC
SG

.6
R

7.
B1

TC
LA

.A
6R

7.
B1

TC
LA

.B
6R

7.
B1

TC
LA

.C
6R

7.
B1

TC
LA

.D
6R

7.
B1

TC
LA

.A
7R

7.
B1

TC
TH

.4
L8

.B
1

TC
TV

B.
4L

8

TC
TH

.4
L1

.B
1

TC
TV

A.
4L

1.
B1

2012
2011
2010IR3 - high dispersion 1.6 mrad tank 

misalignments

46

• Beam Intensity Variation:



Gianluca Valentino

Alignment Performance Overview
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Simulations vs. Measurements
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Simulations vs. Measurements

• Policy 4 is not included in the comparison as only simulation results exist. 

• In practice, the alignment takes much longer due to: 

– unforeseen beam instabilities; 
– human checks;

– momentum cut in IR3;
– imperfect loss spikes. 
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Simulations vs. Measurements

• Policy 4 is not included in the comparison as only simulation results exist. 

• In practice, the alignment takes much longer due to: 

– unforeseen beam instabilities; 
– human checks;

– momentum cut in IR3;
– imperfect loss spikes. 
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Simulations vs. Measurements
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Simulations vs. Measurements
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Simulations vs. Measurements
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Simulations vs. Measurements
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Simulations vs. Measurements
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Simulations vs. Measurements
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Simulations vs. Measurements
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Simulations vs. Measurements
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Simulations vs. Measurements
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BPM-Based Collimator Alignment

• As of  2015, new TCTs with in-built Beam Position Monitors (BPMs) will be installed.

• This will provide a direct measurement of  the beam orbit at the TCT locations.

• Beam centre cannot be measured accurately at large gaps and offsets due to BPM non-linearities.

• A mock-up BPM-equipped collimator is currently installed in the SPS for beam tests.

Courtesy A. Dallocchio, A. Bertarelli, O. 
Aberle et al.

BPM electrodesUP

DW

Beam
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BPM-Based Collimator Alignment

• A successive approximation algorithm was developed to determine the beam centre.
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BPM-Based Collimator Alignment

• A successive approximation algorithm was developed to determine the beam centre.

Start
Jaws initially at parking positions

Estimate beam centre: Move in jaw furthest away

Beam

Obtain new estimate from beam centre Xbpm

NO
Reduce gap by pre-defined factor

NO
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BPM-Based Alignment Results
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BPM-Based Alignment Results

• Alignment trials were conducted with circulating beam at an energy 
of  270 GeV.

• One LHC-type bunch with an injection intensity of  1.2 x 1011 p 
was circulating in the SPS.
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BPM-Based Alignment Results

• Alignment trials were conducted with circulating beam at an energy 
of  270 GeV.

• One LHC-type bunch with an injection intensity of  1.2 x 1011 p 
was circulating in the SPS.

• The alignment time is strongly influenced by:

– the time interval between each step;

– the alignment accuracy required;

– the initial jaw gap to a lesser degree                                 
(BPM non-linearities are proportional to the jaw gap). 

• The shortest time achieved was ∼20 s, a factor 6 improvement 
over the best time of  ∼120 s with the BLM-based technique.
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BPM-Based Alignment Results

• Alignment trials were conducted with circulating beam at an energy 
of  270 GeV.

• One LHC-type bunch with an injection intensity of  1.2 x 1011 p 
was circulating in the SPS.

• The alignment time is strongly influenced by:

– the time interval between each step;

– the alignment accuracy required;

– the initial jaw gap to a lesser degree                                 
(BPM non-linearities are proportional to the jaw gap). 

• The shortest time achieved was ∼20 s, a factor 6 improvement 
over the best time of  ∼120 s with the BLM-based technique.

• BLM vs. BPM centres agree within 150 µm

– BLM jaw step size in the SPS = 50 µm

– BPM button vs. jaw surface positioning tolerance = 50 µm
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• Main goal: elimination of  all orbit-related settings errors at the TCTs and IR6 TCSGs!

• BPMs will improve collimator operation by providing: 

– online monitoring of  beam centres

– possibility of  interlocks on orbit measurements (should always be 0 with centered jaws)

– fast fill-to-fill TCT alignments, or as frequently as required

• Gain of  8 cm in β* reach            no more 50 µm setup error (R. Bruce,  MP Workshop 2013)

• Better monitoring in IR6: 

– find out earlier on possible problems rather than waiting for the infrequent loss maps

– can also be used for the SIS interlock of  the TCDQ centering/retraction (J. Wenninger)

• Commissioning with beam will be required to ensure calibration of  electronics for correction of  
noise and BPM non-linearities (gain with BPMs will not be immediate after LS1).

• Engineering specification to be drawn up in collaboration with BI team. 
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pre-defined threshold, an indication that the jaw has possibly touched the beam halo.

• SVM-based loss spike classification ensures that the automatic alignment is reliable, while 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 4 hours 
(factor 7 improvement) and eliminated the possibility of  human error.

• A prototype algorithm for BPM-based alignment was tested with beam in the SPS.

• The algorithm logic will be moved from the application to the FESA level, thereby reducing the 
network and processing load at the top level.

• A new FESA-based software architecture for the embedded collimator BPMs will be defined and 
implemented during LS1.
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Thank you for your aention!
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RESERVE SLIDES
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Collimator Status and Positions Display

3 mm

Jaw gap indication

Left Right

Green: OK
Red: Interlock/Error
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BLM-based alignment software

Collimator selector GUI allows the user to include any 
combination of collimators in the alignment sequence

64



Gianluca Valentino

BLM-based alignment software

Collimator settings window enables selection of the 
machine mode and hierarchy settings

Mult i -view window showing BLM 
signals, jaw positions and alignment 
status for each collimator
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BLM-based alignment software

Collimator setup sheet after a TCT alignment
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TCT collimator alignment results
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