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Functional specification
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Continuous Bunch-by-Bunch (BbB) and Turn-by-Turn (TbT)(**) measurements of the Transverse Beam 

Profile in both the Horizontal & Vertical planes.

Functional Specification(*):

• Beam profile measurments at up to 1 kHz;

• Absolule accuracy on beam size (for serveral measurement) < 20 um;

• Precision on beam size (for a single measurment) < 10 um.

(*) “Functional Specifications for Beam Transverse Profile Measurement after LHC Injectors Upgrade”, 

Edited by E.B. Holzer”, https://edms.cern.ch/document/1233010/1 (In Work)

(**) TbT added after promising results of prototype.

https://edms.cern.ch/document/1233010/1


Working Principle of the BGI
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• Beam ionises rest gas

• Ionisation electron accelerated & transported by 

electromagnetic fields onto detector

• Detector = Pixelated silicon sensor + Timepix3



Ionisation Electron Detection with Timepix3 HPD’s
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Signal > Threshold → Event, consisting of:

• Pixel position → Where (σposition< 16 um)

• Time of Arrival (ToA) → When (σtime=1.6 ns)

• Time-Over-Threshold (ToT) → ~Energy

Sensor

• p-in-n silicon sensor, consisting of 256 x 

256 array of 55um x 55um pixels.

• Thin entrance window to optimize 

detection of 10keV ionisation electrons;

• Sensor area = 14mm x 14mm

Timepix3 readout chip(*)

• Each sensor pixel is connected to an 

individual readout channel (pixel)

(*) Ref. Timepix3

https://iopscience.iop.org/article/10.1088/1748-0221/9/05/C05013


Beam Profile Measurement
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Measure beam profile by counting

# ionisation electrons detected in 

each column.

Refs. IBIC 2017, IBIC 2019, IBIC 2021

https://cds.cern.ch/record/2663359/files/we2ab5.pdf
https://accelconf.web.cern.ch/ibic2019/papers/tubo04.pdf
https://cernbox.cern.ch/pdf-viewer/public/1aptLvC7BQ921Ng/IBIC21.pdf?contextRouteName=files-public-link&contextRouteParams.driveAliasAndItem=public%2F1aptLvC7BQ921Ng&items-per-page=100


Example Measurement
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Beam size 

evolution

Beam position 

evolution

Continuous & non-destructive measurement 

of beam size (and position) throughout the PS 

cycle (1.2s).

Refs. IBIC 2017, IBIC 2019, IBIC 2021

Measurement with PS BGI-Horizontal, in 

March 2021 (just after installation in LS2), of a 

LHC single bunch (LHCINDIV) beam. 

Offline analysis with raw Timepix3 data. 

During a single 1.2-second cycle, 600 beam 

profiles measurements were taken, each by 

integrating electrons detected from residual gas 

ionisation over a 2 ms interval. 

https://cds.cern.ch/record/2663359/files/we2ab5.pdf
https://accelconf.web.cern.ch/ibic2019/papers/tubo04.pdf
https://cernbox.cern.ch/pdf-viewer/public/1aptLvC7BQ921Ng/IBIC21.pdf?contextRouteName=files-public-link&contextRouteParams.driveAliasAndItem=public%2F1aptLvC7BQ921Ng&items-per-page=100


BGI In-Beam Pipe Instrument (I)
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Ref. CERN-THESIS-2019-354

Installation of PS BGI-Vertical
• Magnetic field (to transport ionisation 

electrons) provided by triplet dipole 

magnet - designed to be transparent 

to all beams. 

PS BGI-Vertical Instrument
• Cathode removed.

• Timepix3 electronics is shielded by a 

Faraday cage. 

PS BGI-Vertical Timepix3 Electrons
• Faraday cage removed.

http://cds.cern.ch/record/2720090


BGI In-Beam Pipe Instrument (II)
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Timepix3 UHV modules:
• Timepix3 attached to aluminum base 

with Staystick (672)

• Ceramic thin-film PCB to fan out 

TPX3 control & data signals to 

Panasonic narrow pitch connectors 

(A4S)

• Connect to DC power (mini-Cu bus 

bars) via pogo-pins 

Timepix3 DC power:
• FEAST DC/DC on air side of vacuum 

flange ( can’t place in UHV )

• Network of mini-Cu bus bars, 

embedded in ceramic, to minimise 

voltage drop

Ionisation Electron Detector
• 4 x Timepix3 UHV modules

• Timepix3 signals connected to DSub 

vacuum feedthroughs via flex cables 

with LCP substrate 



Projects, Installations & Timeline
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PS BGI’s

• Funded by LHC Injector Upgrade (LIU) project;

• Prototype installed in YETS 2017/18;

• BGI-Horizontal (PS BGIH) installed during LS2;

• BGI-Vertical (PS BGIV) installed during LS2.

SPS 

• Funded by CONS;

• BGI-Horizontal (SPS BGIH) installed during YETS 

23/24, second version installed during Technical Stop 

#1 (TS1) 2024;  

• BGI-Vertical (SPS BGIV) installed during TS#1, but 

failed leak test after installation and was removed. 

PS BGIH at SS #82 PS BGIV at SS #84

SPS BGIH at 51634 SPS BGIV at 51634



System Overview
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Ref. CERN-THESIS-2020-236

https://cds.cern.ch/record/2747870
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PS Results & Issues



Prioritised Requirements
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Priority (High to 

Low)

Requirement Target Measurement

1 Beam profile at one moment in the cycle LHC beam at flat-top

2 Beam profile evolution through the cycle SFTPRO (MTE)

3 Bunch-by-Bunch (BbB) beam profiles LHC beam

4 Turn-by-Turn (TbT) At injection

Prioritised list agreed with OP-PS. 



OP GUI
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Required functionality needs to be completely accessed through OP GUI via BGIPXL FESA class(*)

e.g Measurment of Pb54+ beam

• First measurement starts at ctime = 270 ms;

• Integration time per profile measurement = 400 us;

• Second measurement starts at ctime = 2 ms + 270 ms;

• Repeat for x500 beam profile measurments. 

PS OP GUI developed by M.Coly

(*) Ref. BI System Portal: BGIPXL confluence docs.

https://confluence.cern.ch/display/BEBI/System+portal+%3A+BGIPXL


1. Beam Profile of LHC Beam at Flat-Top
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BGIH Profile

Total Counts:

6603 counts

σ:

0.90 ± 0.03 mm

Background:

0.0 ± 0.3 counts

q:

1.27 ± 0.05

Total Counts:

3703 counts

σ:

0.67 ± 0.03 mm

Background:

0.0 ± 0.3 counts

q:

1.51 ± 0.05

BGIV Profile

Data collected with LHC-type beam at flat top with both PS-BGIs (1.9 ms integration), without gas injection.

Ref. C.Fleisig JAPW24

https://indico.cern.ch/event/1337597/contributions/5634072/attachments/2765217/4818230/Comparison-of-the-BGI-and-WS-in-the-PS.pdf


1. Beam Profile of LHC Beam at Flat-Top
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Emittances of BGI and BWS agree within less than one sigma

𝚫𝐨𝐯𝐞𝐫 𝐚𝐥𝐥 𝐜𝐲𝐜𝐥𝐞𝐬

= 𝟎. 𝟎 ± 𝟎. 𝟐 𝒖𝒎

𝚫𝐨𝐯𝐞𝐫 𝐚𝐥𝐥 𝐜𝐲𝐜𝐥𝐞𝐬

= 𝟎. 𝟎𝟐 ± 𝟎. 𝟎𝟕 𝒖𝒎

Ref. C.Fleisig JAPW24

Beam profiles also measured with the Beam Wire Scanners (BWS.64.V and BWS.65.H) 

https://indico.cern.ch/event/1337597/contributions/5634072/attachments/2765217/4818230/Comparison-of-the-BGI-and-WS-in-the-PS.pdf


1. Beam Profile of LHC Beam at Flat-Top
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Operational Issues

Distortion to beam profile due to noisy pixels Readout Issues



2. Beam Profile Evolution
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2. Beam Profile Evolution
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(*) Ref. H.Sandberg, PS-BGIV Detection Efficiency Inversitigation

Operational Issues

No issues for this acquisition (PS-BGIH, Pb ion beam)

https://edms.cern.ch/ui/file/2756459/1/PS-BGIV_Detection_Efficiency_Investigation_docx_cpdf.pdf


2. Beam Profile Evolution
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Low gain of BGI-Vertical(*) when beam is on the inside of the ring
• Understood - electrons pick up insuffient kinetic energy to be detected

• Solution(s) - new high sensitivity sensors and/or increase cathode 

voltage.

Beam loss
• In principle can be 

removed.

• But can cause 

saturation problems in 

the Timepix3 and/or 

Readout Chain.

(*) Ref. H.Sandberg, PS-BGIV Detection Efficiency Inversitigation

Operational Issues

Background electrons
• Secondary electrons 

coming from the edge of 

the ion trap

• Not a problem - usually 

mask these collumns
Noisy pixel

“Screaming” pixel

Ionisation electron 

signal at flat-top

https://edms.cern.ch/ui/file/2756459/1/PS-BGIV_Detection_Efficiency_Investigation_docx_cpdf.pdf


3. Bunch-by-Bunch Beam Profiles
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Example BnB measurement with BGI & BWS of LHC beam measured at flat-top (36 bunches, harmonic 84)



3. Bunch-by-Bunch Beam Profiles
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Operational Issues

Previous example obtained through offline analysis of Timepix3 raw data.

Demonstrated in “OP mode” - i.e. measured with OP GUI - but work some SW development work still needed.



4. Turn-by-Turn Beam Profile Measurments
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Studies so far have been based on offline analysis of raw Timepix3 data.

Has been used successfully for studies of the beam size evolution at injection:

Matching studies between the PSB & PS using TbT 

measurments with the BGI, M.Frasser et al. IPAC22

Measuring the beam profile by counting 

ionisation electrons, H.Sandberg et al.

https://cds.cern.ch/record/2845867/files/document.pdf
https://accelconf.web.cern.ch/ibic2019/papers/tubo04.pdf


4. Turn-by-Turn Beam Profile Measurments
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For injection studies need to remove beam loss, which (at the moment) can only be done using the Timepix3 

raw data. “Traditional” technique, based cluster finding with DBSCAN, works well but is computationaly 

expensive (Ref. CERN-THESIS-2020-236. )

ML technique developed by Javier Martinez Samblas & Manuel Gonzalez-Berges (SY-BI-SW), shown to be 

very promising - but requires access to the Timepix3 raw data ( i.e. needs to run on a Zynq APU or on a 

server that has access to the raw data.) 

Operational Issues

Ref. ML applied to BGI profile measurments, J.M.Samblas, BI Day 2023

https://cds.cern.ch/record/2747870
https://indico.cern.ch/event/1341560/contributions/5687289/attachments/2771625/4829508/Machine%20Learning%20applied%20to%20BGI%20Profile%20Measurements.pdf
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SPS Results & Issues



SPS BGI profile monitors
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Based on the PS BGI design. 

Same FESA class, ExpertGUI & OP-GUI (dev. by M. Coly).

Main differences to improve reliability and simplify setup:

• Improved radiation tolerant readout electronics (also 

deployed in the PS).

• New silicon pixel detector sensor optimised for ionisation 

electron detection & increased cathode operating voltage to 

improve electron detection efficiency,:

• New Timepix3 detector layout to reduce readout satutation & 

to facilitate chip-to-chip gain equalisation.



Activities during YETS 23/24
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Old insturments - BIPMH.51634 and BIPMV.51694 - were removed.

BGI-Horizontal ( BIPMH.51634 ):

• Modified magnet installed (MDHW.51634) + existing corrector (MDHW.51637). 

• New vacuum chamber & transition pieces installed.  

• New readout electronics installed. 

• New instrument installed.

BGI-Vertical ( BIPMV.51674 ):

• Instrument moved +6m upstream (w.r.t. old instrument location) to make room for 

new vacuum sector 521 - which will act as a new buffer zone between beam 

instrumentation in vacuum sector 520 and the Dump Kicker Magnets MKDV.

• Modified magnet installed ( MDVW.51674 ) & corrector moved ( MDVW.51677 ) 

• New readout electronics installed.

• Instrument not installed (not ready in time) - postponed to Injector Technical 

Stop in June 2024. 



SPS BGI-Horizontal: Results after YETS 23/24
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Example measurement

• Single LHC bunch (LHC4) at flat-top.

• Measurement on 7th March 2024.

• Integration window = 2 ms.

• Recorded 24,000 electrons in this integration window 

(need ~1000 electrons for beam size measurement 

with 2% error.)

Fit results

• Gaussian:

• sigma: 0.751 +/- 0.006 mm

• reduced chi^2 = 15.6

• q-gaussian:

• sigma = 0.589 +/- 0.004 mm

• q = 1.374 +/- 0.008

• reduced chi^2 = 5.8

Looks promising...



Loss of communication with Timepix3 for LHC25 & 
AWAKE cycles
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Timepix3 data readout

• Data from Timepix3 is readout on 8 x differential pairs (“dataouts”) @640 MHz.

• Header (“comma”) sent periodically by Timepix3 on each dataout link to help adjust the sampling phase (on 

the front-end) and to confirm that the link is functioning correctly. If header is recorded by the front-end, the 

dataout link is said to be syncronised. 

Problem

• During LHC25 & AWAKE cycles synronisation with the dataout links is lost (i.e. comma is not 

recovered) → can’t readout the data.

• Communication is recovered after reconfiguring the Timepix3’s. 



Activities during Injector Technical Stop
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BGI-Horizontal (BIPMH.51634)

• Removed old instrument (with TPX3 0V-GND short).

• Installed new instrument.

BGI-Vertical (BIPMV.51674)

• Installed new instrument.

• But failed vacuum leak test after installation ( 

leak on DSub-78 electrical feedthrough.)

• Re-installed old BGI-H (after failed attempts to fix 

short on-site.)



New BGI-Horizonontal: LHC4
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Friday 14th June at 22h00

No loss of dataout sync - but not expected for single 

bunch LHC beam

Acquisitions throughout the cycle



Measurements on LHC multi-bunch beams
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LHC3 (18th June)

LHC25NS (20th June)

No loss of dataout sync, except on Timepix #1

No loss of dataout sync



SPS BGI’s since ITS1 - What we’ve learnt so far
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Loss of dataout sync problem 

• New BGI-Horizontal (w/o 0V short to gnd) is more immune to the loss of dataout sync.

• BGI-Vertical (with 0V short gnd) still suffers from the loss of dataout sync.

Further investigations in short term

• Changes to the grounding (access permiting).

• Investigate at ATC EMC lab with BGI-Vertical (collab. with LHCb VELO.)



Summary of Main Issues
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PS

Priority (High to 

Low)

Requirement Main Issues

1 Beam profile at one moment in the cycle Noisy pixels, Readout issues.

2 Beam profile evolution through the cycle + Saturation, Beam loss, Low gain of BGIV.

3 Bunch-by-Bunch (BbB) beam profiles As above.

4 Turn-by-Turn (TbT) Beam loss ( access to raw data ).

SPS

(EMI) disturbance of Timepix3 during LHC25NS & AWAKE beams.



Introduction to the Next Speakers
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Backup
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Ionisation Electron Detection

03/09/2024 James Storey | Requirements, BGI Concept & System Overview 37


