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LHC	collimation	system

Multi-stage	cleaning	with	about	50	collimators	per	beam,	

Circulating
beam

Primary	halo

Secondary	halo
Tertiary	halo

+	hadronic	shower	

Protection
Devices
(TCD)

Primary
Collimators

(TCP)

Secondary
Collimators
(TCSG)

Absorbers
(TCLA)

Tertiary
Collimators

(TCT)

Bottleneck

IPArcInsertion

two	dedicated	insertions	

WarmCold Cold

Movable	collimators:
ensure	required	performance	along	the	entire	cycle

At	6.5	TeV:	~2	mm	gap	with	5	µm	resolution!

Beam



LHC	collimation	performance

Excellent	performance	of	the	present	collimation	system	
with	stored	beam	energies	up	to	300	MJ	at	6.5	TeV

Stored	energy	in	2018	physics	fill

Never	experience	magnet	quench	
due	to	collimation	losses

IR8
IR1IR1

IR2

IR3

IR4
IR5

IR6

IR7Beam	1
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in the DS, the rest of the cold machine experiences losses that are more than one order of magnitude 
smaller. 

 
Figure 2: Collimation cleaning measured at 4 TeV with β*=60 cm in IR1/5 in case of horizontal beam losses. Courtesy 
of B. Salvachua for the collimation team [9]. 

 Figure 3: Local IR7 losses from the graph in Figure 2. Courtesy of B. Salvachua for the collimation team [9]. 

In Figure 4, the achieved cleaning inefficiency as a function of time is given for the different loss map 
campaigns carried out in 2012 [9]. These are validation tests performed regularly during the run to 
monitor the system performance by generating on purpose high losses on the primary collimators in 
controlled conditions. The highest (worst) inefficiency measured at cold locations is given for each 
plane and beam. This defines the system performance reach in terms of its capability to protect cold 
magnets from quenches. Highest losses are always recorded at the DSs around IR7, consistently with 
the simulation predictions. The cleaning inefficiency is very stable throughout the year and remains 
typically below a few 10-4. 
It is important to note that this performance was achieved with one single beam-based alignment per 
year for the collimators in IR3 and IR7. This is a major achievement for a large and distributed system 
like the one deployed at the LHC. This result was achieved thanks to the excellent stability of the 

Figure 4.4: Zoom of the collimation insertion in IR7, of the complete loss maps
shown in Fig. 4.3 [5].

The measured local cleaning ine�ciency is defined as:

⌘i =
BLMi

BLMTCP

, (4.4)

where i is the BLM index, which is normalised to the BLM with the highest

signal at the TCP location (about 3600 BLMs are present throughout the

whole LHC ring). This is because, to first approximation, the BLM signals

can be considered as proportional to the number of particles intercepted by

any aperture restriction. Thus, the signal at the TCP is proportional to the

total number of particles intercepted by the system at that location. The

relative signal of other BLMs indicates the number of intercepted particles

lost at any other location of the ring. As can be seen from Fig. 4.3, the

limiting location for the whole LHC is the dispersion suppressor (DS) in IR7

where a local cleaning ine�ciency of about 10�4 is observed. A zoom of the

only collimation insertion in IR7 is shown in Fig. 4.4. The possible influence

of this performance on HL-LHC operations is discussed in section 4.2.2.

72

• Cleaning	performance:
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HL-LHC	collimation	upgrade	baseline

Solid	baseline	to	improve	the	passive nature	of	the	system!

Any	possibility	for	an	active	control	of	overpopulated	beam	tails?

Cleaning	perf.:
11	T	dipoles	+	DS	coll.

logo 
area

S. Redaelli, 7th HL-LHC meeting 

First HL hardware seeing LHC beams

11

Main collimation works in EYETS2016
1. Low-impedance prototype (TCSPM)
2. 2 wire collimators for long-range BB 

compensation studies (TCTPW)
3. 2 bent crystals on beam 2 (4 in total)
4. 1 new primary with BPM (CONS)

MoGr jaws with three surfaces for 
impedance checks (MoGr, Mo and TiN)

TCTPW for beam-beam compensation studies

Compression 

Tertiary collimator 
with embedded wire 

for LRBB MDs

Goniometers 
for bent 
crystals: 

completely 
new 

installation 
for B2 (h+v)

Low	impedance
high	robustness	TCSGs

(coated	MoGr)

logo 
area

S. Redaelli, 7th HL-LHC meeting 

Collimation upgrade baseline

3

Ion physics debris:  
DS collimation

Cleaning: DS coll. + 11T  
dipoles, 1 unit per beam 
 

Low-impedance, high 
robustness secondary 
collimators: coated MoGr

Completely new layouts  
Novel materials: TCTs in CuCD  
IR1+IR5, per beam: 
     4 tertiary collimators 
     3 physics debris collimators 
     3 fixed masks

New	TCTs	layout	
and	material	(CuCD)

logo 
area

S. Redaelli, 7th HL-LHC meeting 

Collimation upgrade baseline

3

Ion physics debris:  
DS collimation

Cleaning: DS coll. + 11T  
dipoles, 1 unit per beam 
 

Low-impedance, high 
robustness secondary 
collimators: coated MoGr

Completely new layouts  
Novel materials: TCTs in CuCD  
IR1+IR5, per beam: 
     4 tertiary collimators 
     3 physics debris collimators 
     3 fixed masks

Ion	physics	debris:
DS	collimator
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Possible	concerns	for	HL-LHC
• Present	system	designed	to	handle	up	to	360	MJ,	HL-LHC design	stored	energy	~700	MJ

• How	much	of	this	energy	is	in	the	tails?

Halo	population	probed	by	means	of	collimator	scans

BLM	signal	calibrated using	BCT	signal

Orbit	jitter
Crab	cavity	phase	slip	

Fast	failure	scenarios:

Magnet	quench
Permanent	damage	to	TCPs

Possible	consequences:
HEL Review - 06/10/2016                                                       G. Valentino - BE/ABP

Physics beam: halo population

15

2076b:

300b:

Scaling	to	HL-LHC	parameters:
~33.6	MJ	in	the	tails!

Around	5%	of	the	beams	in	the	tails	(>3.5	s)	
while	0.22%	if	Gaussian	

G.	Valentino
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Hollow	e-lens	assisted	collimation
Working	principle: hollow	electron	beam	surrounding	the	proton	beam	as	additional	hierarchy	layer

Primary	halo

Secondary	halo
Tertiary	halo

+	hadronic	shower	
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FIG. 2. Layout of the hollow electron lens for HL-LHC. (Courtesy of CERN EN-MME mechanical engineering group.)

FIG. 3. Illustration of the hollow electron beam charge distribution
(blue), of the magnitude of the transverse kick experienced by the
proton beam (red), and of the position of the primary collimators
(gray).

II. HOLLOW ELECTRON LENS FOR HL-LHC

A. General overview

Electron lenses are based upon continuous or pulsed low-
energy, magnetically confined electron beams [14–16]. The
electron beam is generated in an electron gun, guided and con-
fined by strong solenoids and finally dumped in a collector.
As an example, the conceptual design of the HL-LHC HEL is
shown in Fig. 2.

The circulating beam (protons in the LHC case) is affected
by the electromagnetic field of the electron beam. For the
application of active halo control, the electron beam needs
to generate an electromagnetic field only at the location of
the halo particles. This field distribution can be achieved,
for instance, by using a hollow charge distribution in radius
r =

p
x2 + y2, uniformly distributed between inner radius R1

and outer radius R2 (Fig. 3). In this case, the circulating proton

TABLE II. HL-LHC design parameters at top energy [4] and param-
eters relevant to the HEL. Optics parameters at the HEL are based
on a position of �40 m for Beam 1 (B1) and +40 m for Beam 2
(B2) from the interaction point IP4, using HL-LHC optics V1.3 with
b ⇤ = 0.15 m [12].

Beam parameters Value Unit
B1 B2

Beam energy, Ep 7 TeV
Number of bunches, nb 2748
Bunch population, Nb 2.2⇥1011

Normalized emittance, eN,x/y 2.5 µm
Bunch spacing 25 ns
Optics parameters at HEL (B1)a

bx at HEL 197.5 280.6 m
by at HEL 211.9 262.6 m
Dispersion Dx at HEL 0.0 0.0 m
Dispersion Dy at HEL 0.0 0.0 m
Proton beam size sp,x at HEL 0.26 0.31 mm
Proton beam size sp,y at HEL 0.27 0.30 mm
Scale of scraping positions

sp = max(sp,x,sp,y) 0.27 0.31 mm

a As the Twiss parameters at IP4 do not change during the entire squeeze of
the optical functions, and IP4 and the HEL are only separated by a drift
space, the Twiss parameters stay constant also at the HEL during the
squeeze.

beam experiences the following radial kick q(r):

q(r) = f (r)
(r/R2)

·qmax, (1)

where f (r) is a shape function with

f (r) =

8
>><

>>:

0 , r < R1,
r2�R2

1
R2

2�R2
1

, R1  r < R2,

1 , R2  r

(2)

Increased	diffusion	speed	
and	depleted	halo	population

em-field	acting	only	
on	halo	particles

D.	Mirarchi,	HB2018,	18th	June	2018 8



Outline

I. LHC	Collimation	and	HEL for	HL-LHC?

II. Fermilab experience

III. Brookhaven	experience

IV. LHC	plans

V. Conclusions

D.	Mirarchi,	HB2018,	18th	June	2018 9



Fermilab experience

Two	e-lenses	in	the	Tevatron collider

First	test	stand		that	demonstrated	halo	scraping	
with	hollow	electron	beams!

Characterization	as	a	function	of	
magnetic	field	in	the	main	solenoid	

and	cathode-anode	voltage

• Fundamental	requirement	to	avoid	effects	on	the	core:	symmetric	hollow	e- beam

Electron lens (TEL-2) in the Tevatron tunnel

Electron gun Superconducting solenoid

CollectorLong	range	beam-beam	compensation	and	abort	gap	cleaning

Giulio Stancari | Design and characterization of the CERN hollow electron gun CERN | ColUSM | 17 Mar 2017

Profile vs. beam current and magnetic field (HG1b)
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Profile vs. beam current and magnetic field (HG1b)
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HL-LHC	e-gun	prototype	under	test:
operation	parameters	successfully	reached!



Halo	scraping	tests	at	Fermilab
Two	milestones	achieved:

• HEL	acting	only	on	one	train

• Main	observables: IN=
$%&'
$()*+

LN=
'%&'
'()*+

Increased	halo	loss	rate

G.	Stancari

Halo	depletion

• HEL	acting	only	on	one	train

• Main	observables: Losses	at	collimators	
during	scraping

~300	µm	difference	between	first	spikes

from control and affected train

Effects	on	core

If	-$.
-+
< 0 and	-'.

-+
< 0
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Halo	scraping
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Brookhaven	experience

Two	e-lenses	are	installed	in	the	RHIC	collider

none	of	the	112	stores	was	aborted	due	to	
equipment	failure

head-on	beam-beam	compensation	for	p-p	operations	

• sPHENIX detector	upgrade	on-going

only heavy ions are	used in	operation

do	not require head-on	beam-beam compensation

• Changed	the	e- gun	of	one	e-lens	to	provide	an	hollow	electron	beam

unique	opportunity	to	explore	different	operational	scenarios

Sol.
e- gun

Coll.

D.	Mirarchi,	HB2018,	18th	June	2018 13



Collimation	tests	at	Brookhaven
• Similar	test	as	done	at	Tevatron but	with	100	Z	GeV	Ru	and	13.6	Z	GeV	Au	beams

• Two	trains	injected	in	each	ring	and	HEL	acting	only	in	one	of	them	(Yellow	ring)

• Main	observables:	normalized	bunch-by-bunch	losses	at	collimators
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Preliminary	results:

e- beam	radius	(r)	scan e- beam	current	(I)	scan

Detailed	tests	and	analysis	on-going	to	probe	effects	on	beam	core	and	non	linearities
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Thermal	and	structural	verification	
performed	by	means	of	
numerical	simulations	

Final	design	ready!

All	superconducting	magnets

Cryogenic	jumper

Current	leads

D.	Perini

HEL	for	HL-LHC
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Figure 6: (top) Normalized bunch by bunch losses vary-
ing inner electron beam radius and (bottom) electron beam
current.

of back-scattered electron for di�erent vertical positions. In
principle, this operation should be repeated also for di�er-
ent angles of the main beam. However, this procedure was
skipped for these first tests due to the significant time needed
and good confidence obtained by varying the beam angle
for fixed transverse positions.

Similar measurements as done at Tevatron were repeated
with 100 Z GeV Ru and 13.6 Z GeV Au beams. In particular,
two trains of 28 Ru bunches were injected in the two RHIC
rings, with the e-lens acting only on one train in the Yel-
low ring [35]. First the electron beam inner radius (r) was
changed with a fixed electron beam current (I), while moni-
toring bunch-by-bunch losses and integrated loss rate in the
two beams. As second test, r was fixed and I was changed.
Measured bunch-by-bunch losses were integrated for each
train and losses from the a�ected train were normalized with
respect to the witness one. Normalized bunch-by-bunch
losses during the two measurements are shown in Fig 6. As
clearly visible a 1/r trend is observed in the losses while
changing r , while a linear trend as a function of I is observed
when varying I.

Similar tests were performed with 13.6 Z Au beams [36],
in which scans of octupoles and chroma were also performed
with fixed radius and current of the electron beam. Moreover,
bunch by bunch luminosity were also available allowing to
study e�ects on the circulating beam core. Encouraging
results were observed on-line, the detailed o�-line analysis
is on-going and a detailed report of all the tests done at RHIC
can be found in [37].

Table 1: Design parameters for the HL-LHC HEL [40].

Parameter Value or range
Magnetic field main solenoid [T] 5
Magnetic field cathode [T] 0.2 - 2
Inner radius electron beam [mm] 0.9 - 5.67
Outer radius electron beam [mm] 1.8 - 11.34
Inner diameter cathode [mm] 8.05
Outer diameter cathode [mm] 16.10
Nominal current cathode [A] 5

LHC PLANS

Di�erent international review [10, 11] were carried out
to asses the need, cost and readiness for the installation of
the HEL in the LHC tunnel, in particular for operations in
the HL-LHC era. Although they are not yet part of the HL-
LHC baseline, their installation was recommended and final
integration studies are on-going.

HEL design

The candidate locations for the HELs installation in the
LHC tunnel are at both sides of the interaction region IR4.
This location provides the required distance between the
two beams and the longitudinal space. The main require-
ments are: compact design, reasonable magnetic fields in the
solenoids, smooth and high magnetic fields in the transition
regions, technically feasible dimensions and current density
of the cathode, adjustable inner radius of the electron beam
to be adapted to the beam size for di�erent energies. The
present design [38] that fulfill all these requirements is shown
in Fig. 7 and functional specifications are reported in Tab. 1.
The main components are the main solenoid that ensures 3 m
of overlap between the circulating and electron beams, two
bending solenoids for the injection and extraction of the elec-
tron beam, electron gun solenoid to adjust the inner radius
of the electron beam. Several corrector coils are also present.
All the magnets involved are superconducting and the “S”
shape of the entire assembly allow to self-compensate edge
e�ects. Thermal and structural verification were performed
by means of numerical simulations for all the components,
from the electron gun to the collector [39].

Cryogenics

As described above, all the magnets in the HEL are su-
perconducting. Thus, a solid connection to the cryogenic
system is required. Upgrades of the cryogenic system in
IR4 are foreseen in the framework of HL-LHC, aiming at
providing cooling capacity and distribution to match the
needs with e�cient solutions without making it the weakest
sector, allowing to connect future users such us the HEL.
The present concept could be integrated to the cryogenic
system of the LHC without any showstopper [41].

Main	design	requirements:

Ø Compact	design

Ø Reasonable	magnetic	fields	in	the	solenoids

Ø Adjustable	inner	radius	of	the	electron	beam	

Ø technically	feasible	dimensions	and	current	
density	of	the	cathode

Operational	specifications

16



17

Integration	in	the	LHC	tunnel
Main	requirements:

Ø Available	space

HEL(B1i) HEL(B2e)

M.	Gonzalez de	la	Aleja
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Integration	in	the	LHC	tunnel
Main	requirements:

Ø Available	space

Ø Favorable optics conditions	(i.e.	round	beams)

HEL(B1i) HEL(B2e)

M.	Gonzalez de	la	Aleja
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Table III. β -function and β -function ratio for the two HEL positions at ±40 m and ±88.6 m. The Twiss parameters

at the HEL are the same for all scenarios considered in this paper as the Twiss parameters at IP4 are matched to the

same value for all scenarios and the HEL is only separated by a drift space from IP4. For the ratio βx/βy the larger

value is always ivided by the smaller one. The best ratios are indicated in bold.

pos [m] βx [m] βy [m] ratio βx/βy Dx [m] Dy [m]

beam 1 beam 2 beam 1 beam 2 beam 1 beam 2 beam 1 beam 2 beam 1 beam 2

-40.00 231.64 194.57 211.94 356.79 1.09 1.83 0.00 0.00 0.00 0.00

40.00 138.73 280.60 264.02 262.58 1.90 1.07 0.00 0.00 0.00 0.00

-88.60 336.44 177.55 210.32 441.84 1.60 2.49 -0.06 0.06 0.00 0.00

88.60 130.65 368.11 325.67 233.17 2.49 1.58 -0.06 0.06 0.00 0.00

IR4 is shown in Fig. 1 with both HEL locations indicated by dashed lines.

Figure 1. Optics in IR4 for flat top scenario with β ∗(IP1/2/5/8)=6.0/10.0/6.0/3.0 and Beam 1 (left) and Beam 2 (right).

The different HEL locations are indicated with dashed lines and IP4 with one orange point.

IV. HALO REMOVAL RATES FOR THE DIFFERENT HL-LHC SCENARIOS AND DC OPERATION

In order to estimate the halo removal rates for the different HL-LHC key scenarios identified in Sec. II,

tracking simulations with LifeTrac [9] with the following parameters have been performed:

• distribution: uniform distribution in x and y between 4−6 σ and x′ = y′ = 0 with

– ∆p
p0

== 0 for all particles in order to study the behavior of on-momentum particles

– Gaussian distribution in (z,δ p) cut at 6 σ in order to study the effect on off-momentum parti-

cles

7

Table III. β -function and β -function ratio for the two HEL positions at ±40 m and ±88.6 m. The Twiss parameters

at the HEL are the same for all scenarios considered in this paper as the Twiss parameters at IP4 are matched to the

same value for all scenarios and the HEL is only separated by a drift space from IP4. For the ratio βx/βy the larger

value is always ivided by the smaller one. The best ratios are indicated in bold.

pos [m] βx [m] βy [m] ratio βx/βy Dx [m] Dy [m]

beam 1 beam 2 beam 1 beam 2 beam 1 beam 2 beam 1 beam 2 beam 1 beam 2

-40.00 231.64 194.57 211.94 356.79 1.09 1.83 0.00 0.00 0.00 0.00

40.00 138.73 280.60 264.02 262.58 1.90 1.07 0.00 0.00 0.00 0.00

-88.60 336.44 177.55 210.32 441.84 1.60 2.49 -0.06 0.06 0.00 0.00

88.60 130.65 368.11 325.67 233.17 2.49 1.58 -0.06 0.06 0.00 0.00

IR4 is shown in Fig. 1 with both HEL locations indicated by dashed lines.

Figure 1. Optics in IR4 for flat top scenario with β ∗(IP1/2/5/8)=6.0/10.0/6.0/3.0 and Beam 1 (left) and Beam 2 (right).

The different HEL locations are indicated with dashed lines and IP4 with one orange point.

IV. HALO REMOVAL RATES FOR THE DIFFERENT HL-LHC SCENARIOS AND DC OPERATION

In order to estimate the halo removal rates for the different HL-LHC key scenarios identified in Sec. II,

tracking simulations with LifeTrac [9] with the following parameters have been performed:

• distribution: uniform distribution in x and y between 4−6 σ and x′ = y′ = 0 with

– ∆p
p0

== 0 for all particles in order to study the behavior of on-momentum particles

– Gaussian distribution in (z,δ p) cut at 6 σ in order to study the effect on off-momentum parti-

cles

M.	Fitterer
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Integration	in	the	LHC	tunnel
Main	requirements:

Ø Available	space

Ø Favorable optics conditions	(i.e.	round	beams)

Ø Infrastructures (i.e.	cryogenics,	space	for	control	electronics)

HEL(B1i) HEL(B2e)

mm
UA43 UL44

Jumper

Service	
module

M.	Gonzalez de	la	Aleja



Beam	instrumentation
Beam	instrumentation	concepts	based	on	experience	in	FNAL	and	BNL

Absolute	alignment	
of	p	and	e- beams	

Beam	position	
monitors	

Requirement Detector

Beam	loss	monitoring Ionization	chamber	

Characterization	of	e- beam	
and	relative	alignment	w.r.t.	p	beam

Gas	jet	curtain
monitors
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Operational	aspects
Several	aspects	studied:

Round	pipe	
of	60	mm	radius• Avoid	issues	in	terms	of	available	aperture	for	the	circulating	beam

• Linear	coupling	due	to	solenoidal	fields Simulations	show	a	negligible effect

Proper	interlock strategy	is	needed• Missing	dipole	kick	in	case	of	quench

• Contribution	to	the	impedance budget	of	the	machine Simulations	show	a	negligible impact

• Effects	on	beam	core	from	the	two	electron	beam	crossings

Self-compensated thanks	to	the	“S”	shape

Dipolar	kicks	from	bending	solenoids	add	up

Dedicated	orbit	corrector	is	present	

Negligible	in	DC	mode

Studies on-going to	find	feasible	pulsing	operational	mode

• Effect	on	beam	core	due	to	imperfections	on	the	bends	or	electron	beam	profile
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HEL	Pro	and	Cons

Main	operational	gains:

• Loss	spike	free	operation	in	the	case	of	orbit	jitter	and	bunch	rotation	due	to	crab	cavities	phase	slip

• Increased	of	impact	parameter	on	TCPs	improving	cleaning	performance	

• Tighter	collimator	settings	to	improve	b*	reach
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Possible	drawback Possible	solution

Loss	of	Landau	damping

Detection	of	unusual	loss	rate

Tuneable	radius	of	e- beam	

Witness	bunch	trains



Outline

I. LHC	Collimation	and	HEL for	HL-LHC?

II. Fermilab experience

III. Brookhaven	experience

IV. LHC	plans

V. Conclusions
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Conclusions

• Detailed	operational	scenarios	and	pulsing	strategies	being	studied	in	simulations	and	experimentally

• HEL	identified	as	most	promising	solution,	also	in	light	of reliable	operations	in	other	machines

Recommended	by	different	reviews,	in	the	process	of	adding	them	to	the	baseline	
Looking	for	collaborators	interested	to	contribute	and	make	this	possible

• The	design	of	the	HL-LHC	lenses	is	mature	and	essentially	ready	for	launching	production

• Solid	collimation	upgrade	baseline	for	the	HL-LHC

Recent	assessment	of	large	tail	populations	might	require	active	halo	control
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Outline

Thank	you	for	your	attention!
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