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HL-LHC-UK	

HiLumi-LHC	design	study	FP7	2011-2015	
  The	UK	hosted	the	HL-LHC	kick-off	meeting	at	Cockcroft	Institute	in	

November	2013.	
  Discussions	with	STFC	for	UK	project	followed,	with	early	SoI	for	LHC-UK	

SoI	(final	one)	submitted	early	2015	
  Proposal	submitted	in	March	2016	
  CERN	finance	approved	October	2015	
  STFC	finance	approved	March	2016	

CERN-UK	contract	signed	April	2017	
  7	UK	institutes	as	members	

  £8M	of	UK	and	CERN	funding	over	4	years,	with	institute	and	
university	money	combining	with	STFC	

  Main	UK	activities:	
•  WP1	:	Collimation	
•  WP2	:	Crab	cavities	
•  WP3	:	Diagnostics	
•  WP4	:	Cold	powering	
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Significant	Usability/Maintainability	Improvements	
 

•  Usability	
→	New	website	
→	Public	Github	repository		
→	Build/Install/IDE	use	guide	
→	Quick	Start	Guide	
→	Examples	and	Tutorials 		

•  Maintainability	
→	Developer/Coding	style	guide	
→	API/Class	library	
→	Growing	Test	suite	
→	Copyright	revision	to	GPL2+	
→	Standardized	code	style	
→	Update	of	legacy	code	to	C++11/14	
 

Aperture	Algorithms	

1	 2	
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Unhealthy	Inheritance	

CPU	Cache	Use	

Code	Complexity	
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Cyclic	Dependencies	

Design	Patterns	

MERLIN++	

Removed	if	possible	CHEP	proceedings	
S.Rowan@hud.ac.uk	



Current	Investigations/Roadmap	
 

•  Merlin++	5.02	Released!	
→ If	anyone	is	interested	we	are	happy	to	provide	support	

•  Future	Optimization/Scalability	
→ Hybrid	parallelism,	i.e.	MPI	+	threading	(C++17?)		
→ Explicit	vectorization,	guided	by	Intel®	Advisor	(make	use	of	modern	cores)	
→ Make	use	of	modern	highly-optimized	numerical	libraries	(LAPACK	etc)	

•  Future	Functionality/Simulations	
→ Development/implementation	of	composite	materials	code	
→ Validation/benching	of	composite	materials	code	against	SixTrack	etc	
→ Active	halo	control	with	transverse	damper 
Potential for… 
→ Crystal	collimation	studies	
→ Halo	control	through	Integrable	optics	:	IOTA	at	Fermilab	

MERLIN++	

S.Rowan@hud.ac.uk	



Collimator gap changes (2016) 

2016 Ramp then squeeze l  Studied proton losses in Merlin with 
radiation showers recorded by BLMs 

l  Use squeeze during 2012 and 2016 
l  Combined ramp and squeeze 2018 
l  Range of energies and optics 
l  Used for HL-LHC validation 

Analysis	of	run	2	data	

sam.tygier@manchester.ac.uk	

LHC 2016 6.5TeV IP1/5 β*=50cm. Ring and IR7 

Combined	ramp	and	squeeze	used	in	2018	



l  A	new	collimation	system	has	been	
introduced	for	the	high-beta	run	at	
injection.	

l  The	idea	is	to	reduce	the	background	
deposition	in	the	forward	detectors	(ALFA/
TOTEM	roman	pots)	which	have	half-gaps	
of	3	sigmas.	

l  It	is	based	on	a	two	stage	collimation	using	
tungsten	collimators	(single	previously)	

l  Primary	collimator	is	at	2.5	sigma.	
l  Secondary	collimators	at	2.7	sigma.	

Old 
scheme 

New scheme 

Collimation	system	for	Special	Physics	run	

hector.garcia.morales@cern.ch	
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Clear	
reduction	at	
RP	location	



l  This scheme was recently tested 
during the Special Physics run 

l    
l  Real success : showed a reduction 

in beam induced background 
similar to the one predicted by 
simulations. 

l  Experiments recorded more than 
1M events under very clean 
conditions. 

l  Crystal collimation was used for the 
very first time in an actual Physics 
run (only MD so far). 

Hit maps acquired by TOTEM during the test. One 
can clearly distinguish the central hot spot due to 

the elastic events. 

Important physics 
results very soon! 

Collimation	system	for	Special	Physics	run	

hector.garcia.morales@cern.ch	



l  RHIC	e-lens	test	

-  Electron	lens	is	foreseen	to	be	installed	in	
HL-LHC	for	increasing	the	diffusion	speed	
of	particles	in	the	tails.	

-  To	control	tail	population	

-  First	successful	tests	were	carried	out	at	
Tevatron.	Similar	tests	where	carried	out	
at	RHIC	in	May08.	

-  H.Garcia-Morales	spent	10	days	at	RHIC	
doing	tests.	More	details	in	Hector’s	talk	
on	Wednesday.	

-  https://indico.cern.ch/event/742082/
contributions/3085142/	

l  Colored	noise	
-  We	can	actively	control	the	halo	particles	

by	using	narrowband	or	colored	noise	
excitation	using	the	transverse	damper	
(ADT).	

-  Relying	on	the	detuning	with	amplitude,	
tail	particles	have	different	tunes	that	
particles	of	the	core.	

-  Precisely	selecting	the	excitation	frequency	
we	can,	in	principle,	excite	particles	in	the	
tails	while	leaving	the	core	unperturbed.	

-  This	technique	was	tested	in	two	different	
MDs.	The	analysis	of	the	data	is	still	
ongoing.	

Bunch by bunch losses in RHIC as a function of the 
electron beam radius for Gold ions at 13.5 GeV  

More details: CERN-ACC-NOTE-2018-0020 
 and a second note in preparation 

Active	halo	control	



•  Dose	in	LHC	arc	sections	measured	using	
RadMON	sensors	at	each	interconnect	

•  Luminosity	correlated	doses	appear	up	to	
10-100x	greater	than	baseline	for	certain	cells	
in	arcs	

•  Investigation	and	new	simulation	of	physics	
debris	from	IP1,5	&	8	for	2017	and	2018	optics		

•  Comparison	of	SixTrack	&	SixTrack-FLUKA	
coupling	ongoing	

331st LMC - R. Garcia Alia - R2E Project

input distributions: eleastic, FLUKA…….losses above

SixTrack tracking simulation predicted rate

Luminosity	drive	arc	doses	

Laurie.Nevay@rhul.ac.uk	

Radiation	counts	from	RadMON	detectors	in	
the	arcs	(specifically	selected	ones)	that	show	
a	correlation	with	luminosity	(as	opposed	to	
current)	
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•  Hollow	electron	lens	studies	for	HL-LHC	

ü  Preparation	of	technical	specifications,	covering	the	relevant	beam	dynamics	aspects	

ü  Participation	and	analysis	of	experimental	tests	at	RHIC	(invited	talk	at	HB2018)		

HOLLOW ELECTRON-LENS ASSISTED COLLIMATION
AND PLANS FOR THE LHC

D. Mirarchi⇤1, H. Garcia Morales2, A. Mereghetti, S. Redaelli, J. Wagner3

CERN, Geneve, Switzerland
W. Fischer, X. Gu, BNL, Upton, USA

G. Stancari, Fermilab, IL,Batavia, USA
1also at The University of Manchester, Manchester, UK

2also at Royal Holloway, Egham, UK
3also at Johann Wolfgang Goethe-Universitat, Frankfurt, Germany

Abstract
The hollow electron lens (e-lens) is a very powerful and

advanced tool for active control of di�usion speed of halo
particles in hadron colliders. Thus, it can be used for a con-
trolled depletion of beam tails and enhanced beam halo col-
limation. This is of particular interest in view of the upgrade
of the Large Hadron Collider (LHC) at CERN, in the frame-
work of the High-Luminosity LHC project (HL-LHC). The
estimated stored energy in the tails of the HL-LHC beams
is about 30 MJ, posing serious constraints on its control and
safe disposal. In particular, orbit jitter can cause significant
loss spikes on primary collimators, which can lead to ac-
cidental beam bump and magnet quench. Successful tests
of e-lens assisted collimation have been carried out at the
Tevatron collider at Fermilab and a review of the main out-
comes is shown. Preliminary results of recent experiments
performed at the Relativistic Heavy Ion Collider (RHIC) at
Brookhaven, put in place to explore di�erent operational
scenarios studies for the HL-LHC, are also discussed. Status
and plans for the deployment of hollow electron lenses at
the HL-LHC are presented.

INTRODUCTION
The present LHC collimation system [1] has achieved

excellent performance with cleaning ine�ciency of about
1 ⇥ 10�4 and ensured safe operation without quenches from
circulating beam losses with stored beam energies up to
270 MJ at 6.5 TeV [2–4]. Although this performance is very
satisfactory, further improvements are deemed necessary for
the High-Luminosity upgrade (HL-LHC) of the LHC [5–8]
that aims at achieving stored energies of about 700 MJ. In this
framework, the installation of hollow electron-lens (HEL) is
considered as a possible option to improve various aspects
of beam collimation. In particular, one of the main concerns
come from the estimated stored energy in the beam tails.
Various measurements have been carried out at the LHC,
which show overpopulated tails with respect to usual gaus-
sian assumption [9]. The scaling to HL-LHC beams lead to
an estimation of about 30 MJ of stored energy in the beam
tails. This large amount of energy can cause unforeseen
beam dump in case of orbit jitter and fast failure scenarios
related to crab cavities, due to the high losses that would
⇤ daniele.mirarchi@cern.ch

take place on primary collimators. Moreover, the deposited
energy during these events can lead to magnet quench on
beam loss peak around the machine, together with permanent
damages to collimators. Thus, a controlled and safe disposal
of overpopulated beam tails has been recommended by two
international reviews carried out in recent years [10, 11].

LHC COLLIMATION SYSTEM AND ITS
UPGRADE FOR HL-LHC

An illustrative picture of the working principle of the
present collimation system is given in Fig. 1. The present
LHC system [1, 2] is composed by 44 movable ring colli-
mators per beam, placed in a precise multi-stage hierarchy
that must be maintained in any machine configuration to
ensure optimal cleaning performance. Two LHC insertions
(IR) are dedicated to collimation: IR3 for momentum clean-
ing, i.e. removal of particles with a large energy o�set (cut
from �p/p ⇠ 0.2 % for zero betatron amplitude); and IR7
for betatron cleaning, i.e. continuous controlled disposal
of transverse halo particles. Each collimator insertion fea-
tures a three-stage cleaning based on primary collimators
(TCP), secondary collimator (TCSG) and absorber (TCLA).
In this scheme, the energy carried by the beam halo inter-
cepted by TCPs is distributed over several collimators (e.g.
19 collimators are present in the betatron cleaning insertion).
Dedicated collimators for protection of sensitive equipment
(such as TCTP for the inner triplets), absorption of physics
debris (TCL) and beam dump protection (TCSP) are present
at specific locations of the machine. A detailed description
of these functionalities goes beyond the scope of this paper
and can be found in [1].

The main upgrades of the present collimation system in
the present HL-LHC baseline [6] are the replacement of
one 8.3 T dipole in the IR7 Dispersion Suppressor with two
11 T dipoles and a collimator in-between, together with the
replacement of present collimator jaws with low impedance
material. Their aim is to improve the cleaning performance
of the system, while reducing its contribution to the resistive
wall impedance budget of the machine.

However, these upgrades go in the direction of improving
the passive nature of the system and do not allow for an active
control on overpopulated beam tails and their safe disposal.
Several experimental tests are on-going in the LHC to study
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Beam Instruments and Interactions

•  Investigation	for	a	possible	insertion	of	crystal	collimation	in	the	HL-LHC	baseline	

ü  Simulation,	experimental	test	at	the	LHC	and	operational	aspect	in	view	on	HL-LHC	
ü  Setup	of	the	first	operational	use	of	crystal	collimation	during	High	Beta	physics	run!	

ü  See	special	crystal	workshop	Friday	this	week	

Novel	collimation	schemes	

Daniele.Mirarchi@cern.ch	

RHIC	:	clear	enhancement	of	
diffusion	rate	is	experienced	by	the	
affected	train	when	reducing	the	
radius	



Aim:	 Various	 beam	 impact	 and	 loss	 scenarios	 can	 induce	 significant	 temperature	
gradients	 that	 cause	deformation	 in	 collimator	 jaws.	 This	 can	 lead	 to	 a	 reduction	 in	
beam	cleaning	efficiency,	which	can	have	a	detrimental	effect	on	beam	dynamics.	This	
has	led	to	the	development	of	a	new	Adaptive	Collimation	System	(ACS).	The	ACS	is	a	
re-design	of	a	 current	 collimator	already	 in	use	at	CERN,	 for	use	 in	 the	HL-LHC.	The	
ACS	will	incorporate	a	novel	fibre-optic-based	measurement	system	and	piezoceramic	
actuators	 mounted	 within	 the	 body	 of	 the	 collimator	 to	 maintain	 jaw	 straightness	
below	 the	100µm	specification.	These	 two	systems	working	 in	 tandem	can	monitor,	
and	correct	for,	the	jaw	structural	deformation	for	all	impact	events.		
Objectives:	

1.  Quantify	extents	of	jaw	deformation	under	different	scenarios,	including	
vibrational	frequency	and	amplitude.	

2.  Integrate	robust	active	measurement	system	and	dynamic	actuation	system	
into	existing	secondary	collimator	design,	ensuring	new	systems	can	
withstand	harsh	LHC	environment.	

3.  Manufacture	full	size	prototype	ACS	collimator	for	primary	validation	at	
UoH	and	future	trials	at	CERN.		

Adaptive	collimation	system	(task	2)	

T.Furness@hud.ac.uk	



Adaptive	collimation	system	(task	2)	
•  Prototype	Design	(D1.11	Oct	

2018)	
•  Status	–	Design	complete		

•  Prototype	Manufacture	(M1.14	
Mar	2019	–	On-track)	

•  Tank-	All	parts	in	
Production	

•  Drive	system	–	All	parts	in	
production	

•  Stand	–	Completed	
•  Jaws	–	Drawings	Produced	
•  Cooling	system	–	Drawings	

Produced	
•  	Key	out-sourcing	

•  Vacuum	system	–	received	
•  Cooling	System	–	received	
•  Jaw	Blocks	Ordered	
•  Glidcop	Blanks	–	TBO	
•  Actuation	system	–	In	

technical	review	at	Pi	
Ceramic	GmbH	

•  Front	Stiffener	and	Cooling	
Pipes	–	CERN	TBC	

Vacuum	
Tank	

Drive	
system	

Cooling	
system	

LH	jaw	

stand	

RH	jaw	

Fibre	services	

Electrical	
Services	

T.Furness@hud.ac.uk	



•  Actuation	System		
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Jaw	 scale	 model:	 to	 validate	
contro l	 and	 f ibre	 opt ic	
measurement	systems,	as	well	
as	 prove	 actuation	 design	
principles.	

Jaw	Design,	prototype	,Validation,	Simulation		

T.Furness@hud.ac.uk	
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'The	Big	Bang	Experience'	lecture	at	the	
Royal	Holloway	Science	Festival	2018.		
Repeated	at	this	year's	'Girls	into	
Physics	'	residential	for	GCSE	and	A-
level	students.	

Rob	Appleby	et	al.		-	UK	Collimation	Activities		-		HL-LHC	Madrid	2017	

@TactileCollider	

Outreach	

robert.appleby@manchester.ac.uk	



l  Merlin used to calculate loss 
maps for future LHC 
configurations 

l  Novel collimation options 
-  Hollow Electron lens 
-  Active halo cleaning 

HiLumi IP1/5 β*=15,20,25cm (2 TCLDs) Hollow electron lens 

Off 

AC 
Diffusiv
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Next steps 
l  Active halo control with 

transverse damps 
l  ATS optics 
l  Non-linear multipoles 

Studies	for	HL-LHC	



WP1: Collimation simulations 
l  LHC stored energy of 362 MJ per 

beam (675 MJ for HL-LHC) 
l  Multi-stage collimation system 

needed 
l  Particles scattered by collimators can 

travel many km along beam pipe 
l  Carbon primary collimators in IR7 sit 

closest to the beam 
l  Secondary collimators (carbon) and 

absorbers (tungsten) intercept the 
scattered particles 

l  Tertiary collimators (tungsten) protect 
the detectors and the inner triplets 

l  Accelerator simulation library 
l  Modular and extensible C++: easy to add new 

physics, tracking, element types 
l  40,000 Lines of code (+4000 of examples, +3000 

tests) 
l  Git revision control (github.com/MERLIN-

Collaboration) 
l  Advanced scattering models 

Merlin++ 
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Simulations 
Want study 
l  Loss distributions around ring 
l  Performance of collimator 

configurations 
l  Effects of optics changes, collimator 

materials and novel collimation 
schemes 



Code	base	thoroughly	profiled/significantly	improved	upon	
 

•  Static	Analysis		
→ Cyclomatic	Complexity	
→ Logical	Source	Lines	Of	Code	
→ Efferent	Coupling	

•  Dynamic	Analysis	
→ Runtime	Bottlenecks	
→ Memory	Leaks	
→ Speculation	Misses	

•  Architectural	Debt	
→ Design	Structure	Matrix	
→ Decoupling	Level	
→ Propagation	Cost	
→	Unhealthy	Inheritance	
 

Aperture	Algorithms	
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Unhealthy	Inheritance	
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Vibrational	Responce		

Induced	vibrational	response	
around	150Hz,	measurement	
system	captures	at	1kHz,	and	
actuation	rise	time	86µs	(1.1kHz)		

Jaw	design	and	validation	system	



Jaw	 scale	model:	 to	
validate	 control	 and	
f i b r e 	 o p t i c	
m e a s u r e m e n t	
systems,	 as	 well	 as	
prove	 actuat ion	
design	principles.	

Fibre	 coatings:	 to	
increase	 amount	 of	
reflected	 light	 in	 the	
system	 to	 increase	
sensitivity		

Surface	coating:	to	
ensure	actuation	
contact	regions	do	not	
wear	and	produce	
debris,	several	coatings	
are	going	to	be	trailed	
to	ensure	reduction	in	
wear	and	friction.		

Actuator		

Female	end	
cap	 Male	end	

cap	

Spring	
mounts	for	
preload	

Jaw	design	and	validation	system	



Task	1:	Simulation	and	novel	concepts:		

University	of	Manchester/CI/RHUL/Hudd/CERN	

•  Aim:	Explore	collimation	performance,	
develop	new	tools	and	create	novel	
collimation	schemes.	

->	Design	of	two-stage	collimation	schemes,	
active	halo	control,	tested	experimentally.	

->	Analysis	of	run	2	loss	maps	and	verification	of	
HL-LHC	collimation	scheme	performance	

->	New	code	development	:	MERLIN	(and	BDSIM)	
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Task	2)	Adaptive	collimation	system	
(ACS)	
University	of	Huddersfield	
§  Aim:	Develop	a	reactive	
Collimator	to	compensate	
For	thermal	jaw	deformation.	
->	Prototype	design	complete	
and	being	manufactured.	
Design	validated	in	full	
Simulation	suite.		
		 HL-LHC-UK	phase	2	
Manchester	and	RHUL	will	perform	
beam	related	measurements	in	run	
3,	tied	to	an	operation-focus	
simulation	programme,	and	develop	
the	novel	collimation	layouts	and	
hardware.		

HL-LHC-UK	WP1	:	Collimation	


