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Introduction




Large Hadron Collider

27 km with 1232 superconducting
dipole magnets

Accelerates and collides two counter-
rotating beams at 6.5 TeV

During Run |l beam stored energies
higher than 300 MJ

The magnets and other sensitive
equipment protected from quenching

and any damage => Collimators



The Collimation System

Left jaw LHC

i— -HF> Beam axis Collimators
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LHC Machine Cycle

B*

Injection

To prepare the machine cycle the collimators must be aligned at all machine states:

Flattop

Squeeze

Collisions

* Injection: 75 collimators + 4 injection protection collimators

« Flattop: 75 collimators

« Squeeze: 16 tertiary collimators

« Collisions: 16 tertiary collimators + 12 physics debris collimators




Beam Instrumentation

 Beam Loss Monitors (BLMs) used to align collimators
 Record beam losses generated by collimators as they touch the beam

« Beam-based alignment (BBA)

Collimator i

—

Beam

—

-




Beam-Based Alignment

e Semi-Automatic Alignment
* Fully-Automatic using Machine Learning




Beam-Based Alignment

Four-stage alignment procedure:

The reference collimator forms a
reference cut in the beam halo.

Beam centre calculated from
final collimator position.

Reference
collimator Collimator i

howers

Beam

Beam size calculated using reference
collimator before and after.



Alignment Tasks

Since 2011: Semi-Automatic Alignment

User Select collimator

User Select BLM threshold to stop jaw movement

Collimator moves towards beam

RUTE Movement stops when threshold is exceeded

User Collimator aligned? No - repeat, Yes - save

BBA alignment of 40+ collimators require 4/5 collimation experts.



AUTO

Since 2018: Fully-Automatic Alignment

Select collimator

Select BLM threshold to stop jaw movement

Collimator moves towards beam
Movement stops when threshold is exceeded

Alignment Tasks

AUTO

Collimator aligned? No - repeat, Yes - save

Machine
Learning




Machine Learning

Alignment Spike Non-Alignment Spike

x10-6 x10-6

=
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=
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BLM Loss data (Gy/s)
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o N » o oo}

2 2 3
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» Data set of 8706 samples from alignment campaigns in 2016 and 2018
« Six machine learning models for spike classification were compared

Logistic Regression, Neural Network, SVM, Decision Tree, Random Forest, Gradient Boost

« The models were pre-trained on 100 Hz data and are used in real-time for
collimator alignments (in 2018 used majority vote)



Machine Learning Features

300 1e4;14.94 229.12, 4.03, 21.98
« Data sample taken when g
i i 3% spike -
collimator stops moving e exr()j%r;r;tlal
~> 100 Hz BLM data R ‘
-» 1 Hz Jaw Position (mm) E£7” 201
gz: jaw position in o
52'66 5 4 -3 -2 -1 %) 1 2 3 4
« 5 features extracted: Time (9
- Spike Height (x1 feature)
-» Exponential Decay (x3 features) Models achieved
o over 95% accuracy
- Jaw Position in o (x1 feature)

G. Azzopardi, et al., Automatic Spike Detection in Beam Loss Signals for LHC Collimator Alignment, NIM-A, 2019 12



Alignment Evolution

* 8 Years of Collimator Alignments
* Fully-Automatic Alignment
- 2 Versions




Alignment Evolution

Collimators are aligned before each year of operation during commissioning
at all machine states

79.6 hours

Run |

Run |
« 2011: Semi-Automatic Alignment
. 2012: 12 Hz data available 238
Run I 37.8
« 2015: BPMs Introduced
« 2016: 100 Hz data available
« 2018: Fully-Automatic Alignment

NO Parallelisation

2010 2011 2012

Run " . Beam 2
D Reconfigure

No
Parallelisation

17.6 \

84 57 47
I I

2015 2016 2017 2018 ,




Fully-Automatic Alignment

The 1st version was used during commissioning 2018
- Sequential alignment of the collimators in the two beams
-» Used at both Injection and Flat top commissioning
-» The beam centres and beam sizes consistent with 2017 commissioning

- The settings were used during LHC operation in 2018

The 2nd version was used later in 2018 at Injection
- Parallel alignment of collimators restored using crosstalk analysis

-» The beam centres and beam sizes were compared to 2018 commissioning

15
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Fully-Automatic Alignment Results

. Injection Beam 1

Run | B njection Beam 2

Run i

20.5 hours 175

79 collimators
in 50 minutes!
2.83

5.5
. 2.9
1.5
0.83
- - I —

2015 2016 2017 2018 | 2018 Parallel

I
I
I
I
I
I
I
I
I
I
125
I
I
I
I
I
I
I
I
I
I

2010 2011 2012
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Conclusions

« Collimators are aligned each year using a beam-based alignment
~> 100 collimators with a precision of less than 50 um
* In 2018 the beam-based alignment was Successfully Fully-Automated

« Demonstrated full automation does not need presence of (many) experts with
the use of Machine Learning

« Successful Parallel Alignment of both beams by analysing crosstalk
between collimators

» The full-automation will be used as the default alignment software for the
start-up of the LHC in 2021

« This software with Machine Learning has also been used to align collimators
with 4 degrees of freedom (Angular Alignment)

G. Azzopardi, et al., Automatic Angular Alignment of LHC Collimators, ICALEPCS’17 18



Thank you for your attention!

Questions?






