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Overview

2Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

• High-Luminosity LHC:
– LHC Injector Upgrade, RHUL-developed beam instrumentation:

• Dual laserwire for Linac4, CERN’s new injector. 

• Beam Gas Ionisation Profile Monitor at CERN PS.

– Machine protection at HL-LHC: novel collimation and IR design.

– Diagnostics for HL-LHC: Electro-Optical BPMs, BGV, Luminosity monitors.

– Beam-induced backgrounds: BDSIM models, ATLAS upgrades.

– Ramping up at Oxford: LHC BPM upgrade + triplet stabilisation. 

• Future Circular Collider:
– IR optics, energy deposition, dynamic aperture

– Ion collimation for FCC-hh, HE-LHC & Gamma factory

• ILC & CLIC:
– Ongoing leading contributions + cavity BPMs

• Beyond colliders program: fixed target beamlines
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LHC performance and future

3Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

LHC performance has exceeded yearly targets in quest to measure Higgs Boson couplings 
and search for exotic physics:

Dark Matter, Extra Dimensions, Super symmetry, ...

Processes extremely rare, requires many 
collisions = luminosity!

160 fb-1 achieved in Run II
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The path to High Luminosity LHC

4Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

 LHC Run-II at 13 TeV, integrated luminosity of >160 fb-1 delivered to ATLAS/CMS at end 2018.

 Plan to increase to 14 TeV after Long Shutdown 2.

 After LS3 ending 2026, enter HL-LHC: aim to reach 5 - 7x nominal luminosity.

 EU strategy 2013: Europe’s top priority should be exploitation of the full potential of the LHC, 

including the high luminosity upgrade of the machine and detectors. 

Run 3 target HL-LHC target
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High Luminosity LHC – how?

5Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

 Lower beta* (~15 cm)

 New inner triplets - wide aperture Nb3Sn

 Large aperture NbTi separator magnets

 Novel optics solutions

 Crossing angle compensation

 Crab cavities

 Long-range beam-beam compensation

 Dealing with the regime

 Collision debris, high radiation

 Beam from injectors

 Major upgrade of complex (LIU)

 High bunch population, low emittance, 25 ns 
beam
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High Luminosity LHC – how?

6Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

UK institutes on HL-LHC-UK
£8M CERN-STFC investment in UK

UK delivered crab cavity prototype to SPS

IR beam 
diagnostics

+ new injector 
diagnostics

Major simulation/design effort
UK built prototypes

Crab Cryomodule design and construction summary 

Complete thermal 

shield

Complete Crab Cavity Cryomodule installed 

on SPS
• The design, build and installation of the Double Quarter Wave SPS 

Demonstrator module is now complete.

• Work has began on the design of the RF Dipole Cryomodule which will be 

suitable for SPS and LHC installation. 

• Design of the tooling and infrastructure required for module build at the 

Daresbury Laboratory has also started. Oversight committee meeting, April 2018 7



Stephen Gibson – Introduction to Optics – CAS Beam Instrumentation, 6 June 2018 7

HL-LHC team @ Royal Holloway

7Stephen Gibson et al– Future Colliders – JAI Advisory Board - 7.3.2019 

Funded mainly via £8M STFC/CERN
HL-LHC-UK project, 2016-2020

Gary Boorman
RHUL-CERN PJAS

L4 Laserwire
(CERN based)

Alessio Bosco
JAI

EO-BPM/laserwire

Marcus Palm
RHUL-CERN PJAS

HL-LHC Diagnostics
(CERN based)

Thomas Hofmann
RHUL-CERN PJAS

L4 Laserwire
(CERN based)

(CERN based)

(CERN based)

Robert Kieffer
RHUL-CERN PJAS

HL-LHC Diagnostics
(CERN based)

Swann Levasseur

BGI at CERN(CERN based)

Inada Penman

EO-BPMs
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Beam Instrumentation for LIU:

8Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 
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H- laserwire prototype

9Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

• New instrument to measure the transverse emittance has been demonstrated with a 
RHUL-CERN built prototypes in recent years:

– Thomas Hofmann’s thesis, July 2017: https://cds.cern.ch/record/2282569/

Installation of electron detector

T. Hofmann et al

https://cds.cern.ch/record/2282569/
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Dual laserwire installed at Linac4

10Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

• Non-interceptive emittance monitor

– 4 laserwires: in X and Y at two locations.

– Commissioned in 2018 at 160 MeV

– Multi-channel diamond strip-detector

Orthogonal diamond strip detectors

X & Y laser injection

T. Hofmann et al
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Dual laserwire commissioning results

11Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

• Laserwire Emittance Monitor

– First results showing vertical  emittance for 
two different settings of the line.

– Latest data with 4 diamond detectors fully operational: 
horizontal and vertical emittance reconstruction from both 
stations:

T. Hofmann et al ,’Commissioning of the operational laser emittance 
monitors for Linac4 at CERN’, WEPAL074, IPAC 2018.

T. Hofmann, G.E. Boorman, A. 

Bosco, S.M. Gibson, A. Goldblatt, F. 

Roncarolo
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PS Beam Gas Ionization (PS-BGI) Profile Monitor

12Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 
12
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Horizontal ionization profile monitor for electron detection

70 mm

Specifics for the PS-BGI:
• Imaging of 10 keV ionization electrons using hybrid pixel detectors
• 285 kV/m electric field, 0.2 Tesla magnetic field

Purpose:
• Measure the transverse beam profile to improve the quality of the beam 

used for the LHC
• Integrated non-destructive beam profile throughout the cycle @ 1 kHz
Operating environment:
• Ultra-high vacuum: outgassing ≤ 1·10-7 mbar·l·s-1

• Radiation: 10 kGy/year at beam pipe, 1 kGy/year at 40 cm
• Presence of beam with losses and electro-magnetic interference

Cathode (-20 kV)

Beam direction

Rectangular 
CF-flange

Detector

S. Levasseur et al



Stephen Gibson – Introduction to Optics – CAS Beam Instrumentation, 6 June 2018 13

PS-BGI: transverse beam profile measurement

13Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

Transverse horizontal beam profile reconstruction

Raw Hybrid Pixel Detector Image Evolution of beam size & position during the full PS cycle

• Extract beam size & position from fit to 
beam profile.

• Continuous measurements at a rate of 
2kHz per bunch for an LHC-type beam.

Adiabatic Damping

S. Levasseur et al
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PS-BGI: turn-by-turn measurements of single bunch

14Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

Adiabatic Damping

Beam sigma/mean measured continuously at 2 kHz
Oscillations within a single cycle can be observed!

BGI-Timepix3 allows, for the first time, 
continuous non-destructive turn-by-turn 
measurement of the transverse beam 
profile of single bunches. 

Practical use case for beam diagnostics - transition crossing

Video of single LHC bunch in the PS as energy 
ramps from 2.1 GeV to 26.3 GeV
• Slowed down for viewing purposes

• Backgrounds from beam losses not removed

Sigma = width of the beam
Mean = beam centre

S. Levasseur et al
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Machine protection at HL-LHC:
novel collimation

15Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 
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LHC off-momentum halo cleaning studies

16Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

Simulation

Measurement

Simulation

• Can off-momentum losses be simulated?

• A new set of (SixTrack) simulation tools 
developed by H. Garcia-Morales et al:
– Off-momentum loss maps were acquired by moving 

the RF bucket during energy ramp.

– Off-momentum cleaning simulations show good 
agreement with measurements.

H. Garcia-Morales et al
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LHC active halo control studies

17Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

• How can we remove halo particles without affecting the core?

• Novel collimation techniques under consideration for HL-LHC:

H. Garcia-Morales et al

RHIC Elens
• Tune ripple:

– Need further studies

• Narrowband excitation

– Possible emittance blow up

• Hollow e-lens

– Promising
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IR design: triplet protection upgrade

18Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

• Is the triplet protection enough?
– Aperture reduction as an effective way of introducing errors

– Tracking simulations for different collimator settings

– Need additional protection to current TCT4 (TCT6)

H. Garcia-Morales et al
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Special physics run of LHC

19Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

• Is it possible to obtain clean data for forward physics experiments (ATLAS-ALFA and TOTEM)?
– New collimation scheme with primary collimator at 2.5 sigma.

– Tungsten collimators in tightest hierarchy ever (0.5 sigma)

– First time crystals used for physics

• Real success: More than 1 Million events recorded in both experiments

H. Garcia-Morales et al

Before After
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Diagnostics for HL-LHC

20Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 



Stephen Gibson – Introduction to Optics – CAS Beam Instrumentation, 6 June 2018 21

Electro-Optic Beam Position Monitor: SPS prototype

21Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

 Aim: rapid intra-bunch measurement of crabbed bunch shape & 

instabilities, by replacing BPM pick-ups with ultrafast eo-crystals.

 EO-prototype observed first SPS beam signal in Dec 2016;  tune 

successfully measured in 2017 with electrode pickup.

 Beam signals match well with CST simulations and with results 

from optical bench tests. See A. Arteche’s thesis, 2018.

to detector from laser 

SM fibre 
splitter 

Grin lens 

EO 
crystal 

Grin lens 

EO 
crystal 

bunch 

beam pipe 

(b)	

12 

Modified Mechanical body at SPS for 

prototype zero: 

• 5 mm length crystal 

• 66.5 mm radius 

• 780 nm wavelength 

E L E C T R O - O P T I C A L  B P M ,  R OYA L  H O L LO WAY.  O C TO B E R  1 3 T H ,  2 016  

Pickup 1 

1.- Isolated electrode used as an “attractor” 

to enhance the modulating field ELNB. 

2.- The electrode is not neatly charged but 

electrically polarised. 

3.- 9mm long crystal. 

4.- A signal increase factor ~8 is expected 

as a synergy of the crystal enlargement and 

the field enhancement. 

 

8 

LNB 

ELNB = 2.8kV/m 

ELNB 0.65kV/m ELNB 2.8kV/m 

5mm 9mm X1.8 

X~4.3 

Field–focusing  

effect 

A. Arteche, S. Bashforth,, A. Bosco, I. Penman, S.M. Gibson, RHUL
M. Krupa, T. Levens, T. Lefèvre, CERN
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Electro-Optic BPM: interferometric design

22Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

 Beam signal enhanced by a compact, fibre interferometer design: 

results presented at IPAC 2018.

 Simulations show improved 

sensitivity with modified pick-

up design.

 After SPS run; focus now on 

RHUL bench tests of LHC 

compatible design, with >10x 

field improvement at crystal.

`````````

````````` `````````

Motivation
An	Electro-Optic	Beam	Position	Monitor	(EO-BPM)	is	being	developed	to	
measure	the	transverse	shape	of	a	proton	bunch	in	a	single	pass.

• Developed to monitor bunch rotation by crab-cavities at the HL-LHC.
• Measure intra-bunch perturbations before and after crabbing, and track

any instabilities in subsequent turns.
• High bandwidth electro-optic crystals replace electrodes in conventional

BPM and readout optically; no electronics in accelerator tunnel.
• Aim to measure the mean transverse displacement of particles along a

4σ=1ns, nominal 1.15 × 1011 proton LHC bunch at 6-12 GHz bandwidth.

ENHANCED	BUNCH	MONITORING	BY	INTERFEROMETRIC	
ELECTRO-OPTIC	METHODS	

WEPAL073, 2 May 2018

On	interfering	with	light	that	bypasses	the	crystal	
the	phase	modulation	is	enhanced	by	a	factor:

Acknowledgement:	Work	supported	by	UK	STFC	grants	ST/N001583/1,	
John	Adams	Institute	at	Royal	Holloway	University	of	London	and	CERN	

Conclusion and Outlook
A new design of electro-optic pick-up based on interferometry has
observed first signal in response to nominal bunches in the SPS.
The sensitivity of the flange mounted, compact setup is enhanced
compared to earlier studies and demonstrates the expected
variation with interferometer phase.
In future an improved low noise, high bandwidth photodetector
and amplifier will be tested at the SPS and a dual crystal
interferometer will be characterised with short electron bunches
at CERN’s CLEAR facility to assess the timing resolution

Compact	fibre	interferometer

The	single	EO	pick-up	that	was	first	tested	
interferometrically was	an	early design	with	only	
a	small	5	mm	length	crystal	and	no	electrode,	
nonetheless	a	reasonable	signal	amplitude	in	
response	to	the	longitudinal	bunch	profile	was	
observed	in	September	2017:	

S.	M.	Gibson*	,	A.	Arteche,	S.	E.	Bashforth,	A.	Bosco	-
John	Adams	Institute	at	Royal	Holloway,	University	of	London,	UK

M.	Krupa,	T.	Lefèvre - CERN,	Geneva,	Switzerland

*stephen.gibson@rhul.ac.uk

Bench	Tests	and	Electromagnetic	Simulations:	

Free-space	Interferometer
• A pair	of	fibre-splitters	was	used	to	create	an	

interferometer	around	one	EO-crystal	as	shown.
• Alternatively,	as	interferometer	between	opposing	

EO-pick-ups	allows	direct	optical	measurement	of	
the	beam	position	difference	signal	
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4.3. Elect ro-magnet ic simulat ions

Figure 4.20: Heatmap of the Coulomb field propagat ion over the pipe sect ion for pickup

one. In the CST simulat ion, the instant t= 2.45 ns corresponded with the bunch density

peak, that is, the maximum value in the t ime-profile.

Figure 4.21: Coulomb field t ime-profile curve inside the LiNbO3 sample for pickup one

(radial posit ion = 68.5 mm).

the force lines density from the inner part facing the proton bunch to the outer part in

contact with the crystal (fig. 3.8(b)). Thereby, the elect rode design is capable of gathering

moreelect ric field lines that polariseelect rically theelect rode itself, delivering thecollected

field into the crystal with more compacted force field lines, leading to an increase above

the shape factor. This coupling factor was already int roduced in the equat ion 4.2 as µC ,

where here EL N B (r0) = Ebunch (r 0) · µC / ✏z, and Ebunch is the analyt ical predict ion at the

radial posit ion r 0. Therefore, for pickup one, µC = 3.36.

78

4.3. Elect ro-magnet ic simulat ions

(a)

(b) (c)

Figure 4.18: Relevant screenshots of the pickup one in the CST user interface.

vert ical blue line unt il the edge of the crystal corresponds to the elect rode, and thereby,

the elect ric field is zero. Whereas in pickup zero the field was dropping along the crystal,

one can observe in Table 4.5 that the peak-field is kept more constant in the propagat ion

through the dielect ric sample. This e↵ ect is caused by grounding of the top electrode,

which fixes the elect ric field di↵ erence and thus makes the strength field lines be more

uniform and parallel in between the elect rodes, in the same fashion as described in Figure

3.8(b). In contrast , the lack of a grounded top elect rode in pickup zero leads to a decay

in the propagat ing peak-field crossing the crystal.

Table 4.5: Analyt ical predict ion for a shape factor µS= 1, and the numeric result for the

peak field at di↵ erent radial posit ions inside the crystal under on-centre nominal SPS

bunch condit ions for pickup one.

Posit ion [mm] 68.0 68.5 69.0 69.5 70.0

Analyt ical predict ion [kV/ m] 0.87 0.86 0.86 0.85 0.85

Modulat ing Field Peak EL N B [kV/ m] 2.93 2.86 2.80 2.76 2.77
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Interferometric	electro-optic	concept

Robust	optics	setup	at	SPS

Optical	response	of	the	compact	interferometer	to	an	average	SPS	bunch	as	the	laser	frequency	is	scanned.	

When	light	is	incident	at	45o to	the	z-cut	MgO:LiNO3 crystal	axis,	the	
electric	field	from	a passing	relativistic	bunch	results	in	an	electro-
optic	retardation

Ø Compact	mechanics	fit	within	a	standard	
114	mm	diameter	LHC	BPM	flange.

Ø Reflective	fibre	collimators	supported	on	
miniature	translation	and	rotation	stages	
provide	6	DoF adjustment	per	collimator.

Response	of	the	free-space	EO	interferometer	to	an	
average	SPS	bunch	when	the	laser	frequency	was	
set	at	positive	and	negative	working	points.	

An	enhanced	signal	was	observed	in	
first	SPS	beam	tests	of	the	compact	
interferometric	setup	in	April	2018.
The	new	EO-pickup	demonstrates	the	
expected	variation	in	signal	amplitude	
as	the	laser	frequency	is	set	to	scans	
through	2p in	interferometer	phase. Installed	on	top	flange	of	EO-BPM	at	SPS Mounted	for	bench	tests

On interfering with light that bypasses the crystal the result-

ing phase modulation is enhanced compared to the robust

caseby a factor of
n3

e r33

n3
e r33−n3

o r13
for the sameapplied electric

field. To benefit from this enhancement the SPS prototype

wasmodified in Sept. 2017 by placing two polarizing beam

splitters in front of one EO-pickup, as depicted in Fig. 1,

such that light traversing the crystal was horizontally polar-

ized, in the z-direction, while vertical polarization bypassed

the crystal. The combined beams were analysed and the

intensity modulation was recorded by a fast photodetector.

Figure 1: Free-space interferometer optical concept.

Alternatively apair of fibre-splitterscan beused to create

an interferometer aroundonecrystal asshown inFig. 2. Note

the simple arrangement presented here is for one pick-up

only, however, in principle theconcept isextendable to an

interferometer that hascrystalson oppositesidesof thebeam

pipe in each arm of the interferometer, as proposed previ-

ously [2], to measure directly the difference signal between

the two opposing pickups.
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Figure 2: Compact fibre interferometer concept

A third interferometric concept is to house two parallel

crystals in one pickup, with thesecond crystal inverted so

the sign of the electro-optic response is reversed to create

a push-pull Mach-Zehnder interferometer. Similar to an

electro-optic modulator, such a design doubles the effective

phase modulation signal for a given length of crystal. A

pick-up of this type has been manufactured and is intended

for future beam tests at the CERN CLEAR facility.

MECHANICAL DESIGN

Free-space Interferometer Design

The original robust layout of the optical breadboard adja-

cent to one EO pick-up is shown in Fig. 3, including remote

controlled optics to reconfigureand analyse the polarization

states and optimise thefibre-coupling. The layout was mod-

ified as shown in the photographs to create the free-space

interferometer concept sketched in Fig. 1.

5.1. Opt ical setup

(a) (b)

Figure 5.3: Example of the OB trajectory when the knife-edge prism is ret racted (a) and

placed in the final posit ion (b) for setup A.

P in the figure, the prism is moved forward to intercept the OB and send it towards the

pickup (fig. 5.3(b)). The KEP orientat ion is finely adjusted with the stage in order to

align the OB at the same spot measured in the CCD camera when the KEP was ret racted.

Furthermore, the distance covered by the incoming beam from the collimator to the input

face crystal is the same for the outcoming beam from the output face of the crystal to

the lens held by the 3d stage. The CCD camera also provided the diameter size of the

collimated beam, which is approximately 4σ ≈ 900 µm. With that beam size, the opt ical

power applied into thecrystal input facenever reached above10 mW, or equivalent ly about

∼ 10 kW/ m2, which is significant ly below 8 MW/ m2 that corresponds approximately to

the power required to produce opt ical damage by inducing photorefract ive effect at 780

nm in lithium niobate [62].

Table 5.2 shows the ext rapolated opt ical power decay from an init ial 1 mW along

the whole opt ical path for each of the points depicted in Figure 5.3(b), based on the

experimental readouts during the alignment process. The est imated efficiency limit of

both PM and SM fibres was found to be approximately ∼ 75% (1 → 2 and 7 → 8), and

the crystal absorpt ion is roughly ∼ 9% and ∼ 12% for the 9 mm long and the cubic 5 mm

crystals installed in setup A and B, respect ively.

In Figure 5.3 a perimeter in a discont inuous white line has been superimposed over

the image that represents the posit ion of the enclosure walls shown in 5.2(a). Since setup

A is located in the inner side of the SPS ring next to the t ransport path of the accelerator,
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Figure 3: Robust optical layout of EO prototype at SPS [7]

andmodificationwithbeam-splitterstogenerateafree-space

interferometer around the EO-crystal.

Compact Interferometer Design

Theconcept in Fig. 2 was realised by acompact mechani-

cal design in Fig. 4 that fits thefibre-coupled optical beam

delivery system entirely within theouter dimension of astan-

dard LHC BPM flange of diameter 114mm. A custom sup-

Figure4: Mechanical design of compact interferometric EO

pick-up with fibre-coupled optics, mounted for bench tests,

and installed on the top flange of the EO-BPM in the SPS.
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Abstract

A prototype Electro-Optic Beam Position Monitor has

been installed for tests in the CERN SPS to develop the con-

cept for high-bandwidth (6-12GHz) monitoring of crabbed-

bunch rotation and intra-bunch instabilities at the High Lu-

minosity LHC. Thetechniquerelieson theultrafast response

of birefringent MgO:LiNO3 crystalsto optically measurethe

intra-bunch transverse displacement of a passing relativistic

bunch. Thispaper reportson recent developments, including

anew interferometric electro-optic pick-up that wasinstalled

in theCERN SPSin September 2017; infirst beam testswith

nominal bunch charge, acorresponding interferometric sig-

nal has been observed. The interferometric arrangement

has the advantages of being sensitive to the strongest po-

larization coefficient of thecrystal, and thephase offset of

the interferometer is controllable by frequency scanning of

the laser, which enables rapid optimisation of the working

point. Novel concepts and bench tests for enhancements

to the pick-up design are reviewed, together with prospects

for sensitivity during thefirst crab-cavity beam testsat the

CERN SPS in 2018.

INTRODUCTION

Motivated by the need to monitor bunch rotation induced

by crab-cavitiesat theHigh Luminosity LHC [1], an Electro-

Optic Beam Position Monitor (EO-BPM) isbeing developed

to measure the transverse shape of aproton bunch in asin-

gle pass [2]. The aim is to determine the mean transverse

displacement along a 4σ ⇠ 1ns, nominal 1.15⇥ 1011 pro-

ton bunch, to detect the intra-bunch perturbations before

and after the bunch crabbing and track the evolution of any

residual instabilities in subsequent turns. The technique

relies on the high bandwidth electro-optic (EO) response

of MgO doped lithium niobate crystals, that essentially re-

place the electrodes in a capacitive button BPM. The phase

and/or polarization state of light transmitted through each

crystal is altered by theelectric field of thepassing proton

bunch. By illuminating and reading out the EO-crystals via

single mode fibres, the beam signal is conveyed optically

to a fast photodetector in the rack room, thus dispensing

with the bandwidth limiting hybrid electronics associated

with electrostatic BPMs in the accelerator tunnel. The tech-

niquetargetsoperational bandwidthsof 6−12GHz to access

higher order modes of intra-bunch perturbation.

Project Status

A prototype EO-BPM was installed in the 4th sextant of

the CERN Super Proton Synchrotron (SPS), as described in

⇤ stephen.gibson@rhul.ac.uk

earlier studies [3,4], and was placed adjacent to the existing

Head Tail monitor [5]. First beam signals from the EO

pick-ups of the proton bunch were observed in December

2016 using a robust configuration of the remote controlled

analyzer optics [6,7]. In 2017, an improved design of the

pick-up demonstrated sensitivity to transverse displacement

of thebunch viameasurementsof thevertical and horizontal

SPS tunes [6]. In addition, coasting beam measurements

have since demonstrated that a single pick-up signal is well

correlated with deliberately induced lateral offsets of the

beam position during dedicated tests at the SPS [7].

This paper reports on the design and implementation of

a free-space interferometric pick-up that was installed in

Sept. 2017 and a subsequent compact, fibre-interferometric

design that was installed in Feb. 2018 in the vertical plane.

The concepts of these new designs are presented, alongside

electromagnetic simulations and analytic estimates of the

expected signal enhancement based on prior beam and bench

test results. Thefirst beam signals from the interferometer

are reported, together with prospects for sensitivity during

beam tests in 2018, following the recent installation of a

prototype crab-cavity in the SPS.

INTERFEROMETRIC EO CONCEPTS

Previous EO-BPM results [6, 7] were obtained from a

robust optical configuration of theEO pick-up in which light

incident on the xz faceof the z-cut MgO:LiNO3 crystal was

linearly polarized at 45◦ to the x and z-directions. When the

electric field Ea (t) from the passing relativistic bunch is in

the z-direction, the resulting electro-optic retardation is

Γ(t) =
2⇡

λ
(ne − no)l +

⇡

λ
(n3

er33 − n3
or13)l Eaz(t)

wherene and no aretheextraordinary andordinary refractive

indices of acrystal of length l in the propagation direction,

with linear electro-optic coefficients, r33 and r13. Thefirst

term is thestatic natural birefringenceof thecrystal, while

the second term is the electro-optically induced birefrin-

gence and is proportional to the electric field. Note that

the constant of proportionality depends on the difference

between thecubeof therefractive indicesmultiplied by their

corresponding EO-coefficients. The retardation results in a

polarization changeof light emerging from thecrystal which

is converted to an intensity modulation after an analyser.

If instead the light incident on the crystal xz-face is lin-

early polarized in the z-direction, then the light remains

linearly polarized as it propagates along the crystal and sim-

ply experiences a phase shift:

φ(t) =
2⇡

λ
nel +

⇡

λ
n3

er33l Eaz(t)
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pick-ups of the proton bunch were observed in December

2016 using a robust configuration of the remote controlled

analyzer optics [6,7]. In 2017, an improved design of the
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SPS tunes [6]. In addition, coasting beam measurements
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beam position during dedicated tests at the SPS [7].
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wherene and no aretheextraordinary andordinary refractive

indices of acrystal of length l in thepropagation direction,

with linear electro-optic coefficients, r33 and r13. Thefirst

term is thestatic natural birefringence of thecrystal, while

the second term is the electro-optically induced birefrin-

gence and is proportional to the electric field. Note that

the constant of proportionality depends on the difference

between thecubeof therefractive indicesmultiplied by their

corresponding EO-coefficients. The retardation results in a

polarization changeof light emerging from thecrystal which

is converted to an intensity modulation after an analyser.

If instead the light incident on the crystal xz-face is lin-

early polarized in the z-direction, then the light remains

linearly polarized as it propagates along the crystal and sim-

ply experiences a phase shift:

φ(t) =
2⇡

λ
nel +

⇡

λ
n3

er33l Eaz(t)To	benefit	from	the	enhancement,	two	polarizing	
beam	splitters	select	light	to	traverse	the	crystal	
that	is	horizontally	polarized,	while	vertical	
polarization	bypasses	the	crystal.

The	combined	beams	
were	analysed and	the	
transmitted	intensity	
modulation	was	recorded	
by	a	fibre coupled,	distant	
fast	photodetector

If	instead	the	incident	light	is	linearly	polarized	in	the	z-direction,	the	
light	propagating	along	the	crystal	simply	experiences	a	phase	shift:	

The	EO	pick-up	signal	was	validated	by	test	bench	
measurements	in	which	a	voltage	modulation	was	
applied	directly	to	the	electrode,	or	the	pick-up	
was	in	an	electric	field	generated	by	a	coaxial	line.
Test	bench	and	earlier	beam	tests	were	all	found	
to	be	in	good	agreement	with	the	prediction	from	
electromag- netic simulations	and	analytic	model.

Compact design Bench tests Installed in SPS, fibre readout

 Sensitivity of SPS prototype was 

initially limited by installed design 

and detection system:

 Final tests with upgraded electronics 

now being analysed (S. Bashforth).
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HL-LHC Beam Gas Vertex Detector

23Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

• 2018 Measurements
• Beam size available in online display
• Average resolution down to 3 µm
• Operational measurements during both 

proton and ion run
• Being used for emittance studies

R. Kieffer et al

CERN-RHUL Doctoral student soon to start in 2019.
Slide courtesy, R. Jones 
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HL-LHC Luminosity Monitor

24Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

M. Palm et al

Aluminum 

mirror

• Cherenkov in air
– 80% loss in light yield for first 55 fb-1 in 2018

– Not a feasible option in current state
• Fused Silica Rods after 1-2 

years of LHC operation

– Loss in UV-region but 
visible region intact

– Promising candidate for 
final solution
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Machine-induced

Backgrounds at ATLAS
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BDSIM model of LHC collimation

26Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

• BDSIM automatically builds a 3D, Geant4 model, from generic accelerator components.

Example halo distribution

• LHC stores unprecedented energy in beams: 350 MJ  (80kg of 
TNT) stored per beams at design energy.

• Halo efficiently cleaned by collimation system

• LHC model developed to simulate collimation and energy 
deposition. Requires 1:106 precision

B1 4TeV energy deposition map

straight sections
ATLAS

beam 1

losses in cryogenic section

betatron collimation

S. Walker, L. Nevay et al
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LHC model: optics validation and energy deposition

27Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 
27

BLM

BDSIM

SixTrack

• Excellent agreement between 
BDSIM and MADX.

• Energy deposition with BDSIM: full tracking of secondaries:

S. Walker, L. Nevay et al
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Background particle spectra reaching ATLAS

28Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

• Non-Collision Backgrounds studied for LHC experiments

Azimuthal rate for different species Azimuthal rate for different muon energiesOverall particle spectra at interface plane

Being applied to NCB for ATLAS 
upgrade: High Granularity Timing 
Detector - H. Pikhartova

Accelerator upstream of 
ATLAS modelled with BDSIM 
– S. Walker:



Stephen Gibson – Introduction to Optics – CAS Beam Instrumentation, 6 June 2018 29

Future Circular Collider

29Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 
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Future Circular Collider design study:

30Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

LHC

27 km, 8.33 T

14 TeV (c.m.)

FCC-hh (alternative)

80 km, 20 T
100 TeV (c.m.)

FCC-hh (baseline)

100 km, 16 T
100 TeV (c.m.)

“HE-LHC”

27 km, 20 T
33 TeV (c.m.)

Geneva

PS

SPS

LHC

parameter FCC-hh HE-LHC HL-LHC LHC

collision energy cms [TeV] 100 27 14 14

dipole field [T] 16 16 8.33 8.33

circumference [km] 97.75 26.7 26.7 26.7

beam current [A] 0.5 1.1 1.1 0.58

bunch intensity  [1011] 1 1 2.2 2.2 1.15

bunch spacing  [ns] 25 25 25 25 25

synchr. rad. power / ring [kW] 2400 101 7.3 3.6

SR power / length [W/m/ap.] 28.4 4.6 0.33 0.17

long. emit. damping time [h] 0.54 1.8 12.9 12.9

beta* [m] 1.1 0.3 0.25 0.15 (min.) 0.55 (0.25)

normalized emittance [mm] 2.2 2.5 2.5 3.75

peak luminosity [1034 cm-2s-1] 5 30 28 5 (lev.) 1

events/bunch crossing 170 1000 800 132 27

stored energy/beam [GJ] 8.4 1.3 0.7 0.36

hadron collider parameters 
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beta* [m] 1.1 0.3 0.25 0.15 (min.) 0.55 (0.25)
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peak luminosity [1034 cm-2s-1] 5 30 28 5 (lev.) 1
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stored energy/beam [GJ] 8.4 1.3 0.7 0.36

hadron collider parameters 
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Contributions JAI to FCC-hh Design Study

31Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

● Design of an alternative IR (L. Van Riesen-Haupt and J. Abelleira)

- A triplet optimised for length/cost

- Developed using triplet optimisation code and done iteratively with energy deposition studies

- Designed to accommodate both round and flat beams

● Study stability of different lattices designs (baseline, different *, alternative, flat) (E. Cruz)

- Study impact of linear and non-linear errors on interaction region

- Analyze dynamic aperture for different lattice

- Draw line when non-linear correctors in the interaction region are needed. 
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JAI FCC-hh design examples: Alternative IR

32Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

● Iterative process to find the optimal triplet

Scan of parameters
(L.Van Riesen-Haupt)

Check Energy deposition 
studies (J. Abelleira)

Resulting alternative triplet (down) 
compared to nominal (up). 4 m shorter

● New triplet validated in optics and energy deposition for both round beams (𝛽*=30 cm) and flat 
beams (𝛽*=1.2 x 0.15 m) 
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FCC: stability – dynamic aperture studies

33Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

• Explore different options of β* for the baseline design (β*=0.15, 0.2, 0.3, 1.1 m)

• β*=1.1 m ok even w/o non-linear correctors

• Increase of 5-10σ for other cases when using (sextupolar 

a3/b3 and octupolar a4/b4) non-linear correctors.

• Non-linear correctors crucial to get acceptable DA for cases 

β*=0.15 and 0.2 m.

• Final results w/non-linear

correctors:

- DA > 20σ for β*=0.3 and 1.1 m

- DA > 10σ for β*=0.15 and 0.2m

E. Cruz Alaniz
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FCC: stability – dynamic aperture studies

34Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

● Study dynamic aperture for the alternative design 

o Round case (β*=0.3m) really stable

- DA=16.4σ w/o non-linear

- DA=25.4σ w/ non-linear

▪ Flat case lower DA but sill stable:

- DA=12.2σ w/o non-linear

- DA=20.4σ w/ non-linear

Dynamic aperture studies show similar (if not higher) values 

for DA. Together with optics and energy deposition studies 

this proves the feasibility of the design for both round and 

flat beams. 

E. Cruz Alaniz
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FCC-hh ion collimation

35Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

• For ion operation in the LHC, the collimation cleaning inefficiency limits the intensity:
– Ions can undergo nuclear fragmentation and electromagnetic dissociation inside the collimators, resulting 

in secondary cold losses.

– Detailed studies of collimation cleaning performance for ion beams in the FCC-hh are featured in the CDR.

• Studied cleaning efficiency for betatron and momentum collimation at injection and top energy for the 
horizontal and the vertical planes using the SixTrack-FLUKA active coupling framework. 

• No show-stoppers found, even for the most critical cases of momentum cleaning at injection and betatron
cleaning at top energy. The dispersion suppressor collimators are effective for intercepting ion losses.

• The dispersion suppressor collimators are found to be effective for intercepting ion losses.

• Further energy deposition studies are necessary to fully characterise the collimation system performance.

A. Abramov et al

Loss map for betatron cleaning insertion (IRJ), 
For beam 1 in the horizontal plane 

Mostly light fragmets seen in cold losses –
collimation successfully removes heavier species



Stephen Gibson – Introduction to Optics – CAS Beam Instrumentation, 6 June 2018 36

HE-LHC ion collimation

36Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

• High-Energy LHC (CoM = 27 TeV) has collimation system designed under stringent space 
constraints and differs in layout to the one used in the LHC. 
– Crucial to characterise the performance of the new collimation system design for ions as well as protons.

• First studies performed of the HE-LHC collimation system in ion beam operation
– Large losses are observed in the dispersion suppressor of the betatron collimation insertion for the nominal 

collimator settings.

– Currently investigating the sources and mitigation strategies for those losses 

A. Abramov et al

Loss map for betatron cleaning insertion (IR7)  of the HE-LHC for Beam1 in the horizontal plane
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Partially Stripped Ion Collimation

37Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

• Partially stripped ion (PSI) beams in the LHC are studied by 
the Gamma Factory collaboration. 

• First PSI beams tests with 208 Pb81+ in the LHC were 
performed in 2018 and the collimation performance 
observed during the tests was very poor.

• Working with the CERN LHC Collimation Group to identify 
the reason and study mitigation strategies.

• The main driver of the losses was  found to be the stripping 
action of the collimators in combination with the rising 
dispersion in the dispersion suppressor.

• An overview of PSI collimation was authored for the Gamma 
Factory Yellow Report.

• In addition, a Geant4 process to handle stripping of PSI in 
matter is under development.

MADX trajectories for PSI stripped by the primary collimators (top) 
agree well with measured losses in the machine (bottom).

Measured loss map credit: N. Fuster-Martinez

A. Abramov et al
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International Linear Collider

38Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

• Higgs factory e+e- collider for precise measurements of Higgs & top ++, complementary to LHC
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International Linear Collider

39Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

• EU strategy 2013: ‘There is a strong scientific case for an electron-positron collider, 
complementary to the LHC, that can study the properties of the Higgs boson and other 
particles with unprecedented precision and whose energy can be upgraded.’ 

• ILC TDR complete, mature technology.

• XFEL at DESY essentially a 20 GeV prototype:

Phil Burrows 
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International Linear Collider

40Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

• Early optimism from Japan to host ILC.

• Proposed staging of 250 GeV CoM, 
Higgsstrahlung (saves ~40% cost).

• ICFA Meeting 7 March 2019.
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International Linear Collider

41Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

• Early optimism from Japan to host ILC.

• Proposed staging of 250 GeV CoM, 
Higgsstrahlung (saves ~40% cost).

• ICFA Meeting 7 March 2018.
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International Linear Collider

42Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

• Early excitement on Twitter due to leaked news:
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ILC press conference today

43Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

ICFA chair, Prof. Geoff Taylor “MEXT: not yet ready to being host of ILC, 
there’s still a process that they must go through, but the statement did 
not say that they would not go through this process.”
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Compact Linear Collider: CLIC

44Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

45 

UK institutes contributed to design; Phil Burrows – CLIC spokesperson

• Drive beam technology demonstrated at 
CTF3, CERN, acc. gradient upto 150 MV/m.

• Operation 100 MV/m, 135 MW at 12 GHz.

• Project staging to multi-TeV e+e-

– 380 GeV, 1.5 TeV ,3.0 TeV

• Design report as input to EU strategy.
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UK institutes contributed to design; Phil Burrows – CLIC spokesperson

• Drive beam technology demonstrated at 
CTF3, CERN, acc. gradient upto 150 MV/m.

• Operation 100 MV/m, 135 MW at 12 GHz.

• Project staging to multi-TeV e+e-

– 380 GeV, 1.5 TeV ,3.0 TeV

• Design report as input to EU strategy.
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CLIC Cavity BPMs at CLEAR 

46Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

• Demonstrator for CLIC main beam cavity BPMs
• High spatial (50 nm) and high temporal (50 ns) 

resolution needed for beam based alignment, 
wakefield-free steering and online dispersion correction.

• 3x 15 GHz low-Q (fast decay) position cavities
• Downconversion to a lower frequency for digitisation
• Transverse movers for calibration and alignment

A. Lyapin, M. Cargnelutti (I-Tech)

Current system resolution limited to 2 mm
Cavity performance very good -> redesign electronics

Development in collaboration with 
Instrumentation Technologies 
(Slovenia)
• Same single-stage downconverter 

concept, but no excessive gain, 
linearity important

• Proof of principle: modular “RF 
Lego” approach for prototyping, 
then PCB.

Online standalone system by Nov 2019
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Proposed Circular Colliders in China

47Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

Easy access

300 km from Beijing 

3 h by car

1 h by train 
Yifang Wang 
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Physics Beyond Colliders

48Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

• P42+K12 and T10 beamlines at CERN, 
implemented in BDSIM

• Optics implemented and compared to 
MADX results

• Energy deposition studies on Target 
area, in P42+K12

T10 beamline in BDSIM 

Energy Deposition Analysis in the IP of P42+K12 

G. L. D’Alessandro et al

• New CERN-RHUL PhD student starting BDSIM and 
MADX studies of CERN North Area beamlines for 
Physics Beyond Colliders programme:
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Summary

49Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 

• HL-LHC major UK effort with JAI making leading contributions to Collimation and Beam 
Diagnostics work packages: now preparing HL-LHC-UK II bid.

• Excellent progress with new collimation techniques, and operational tests of accelerator 
models + machine induced backgrounds at ATLAS.

• FCC-hh: JAI contributing EuroCircCol studies to inner triplet layout, energy deposition, 
dynamic aperture.

• Ion collimation: studies applicable at FCC, HE-LHC, and Gamma Factory.

• Leading contributions to CLIC & ILC: stable final beam delivery, and CBPM diagnostics.

• JAI is making key contributions to future colliders!
Thank you! 
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The Queen at Princes Gate this morning

50Stephen Gibson et al – Future Colliders – JAI Advisory Board - 7.3.2019 


