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Collider	parameters	
L_DS
L_sep

L_arc

Interac\on	Point	A	and	G	main	high	luminosity	experiments:	
	Goal	à	maximum	luminosity	with	good	life\mes		

Interac\on	Point	L	and	B	low	luminosity	experiments:	
	Goal	à	in	shadow	on	main	IPs	where	possible	à	Defined	luminosity	opera\on	

FCC-hh	
Baseline	

FCC-hh	
UlAmate	

Luminosity	L	[1034cm-2s-1]	 5	 20-30	
Background	events/bx	 170	(34)	 <1020	(204)	
Bunch	distance	Δt	[ns]	 25	(5)	
Bunch	charge	N	[1011]	 1	(0.2)	
Fract.	of	ring	filled	ηfill	[%]	 80	
Norm.	emih.	[µm]	 2.2(0.44)	
Max	ΔQbb	(for	2	IPs)	 0.01	(0.02)	 0.03	

IP	beta-func\on	β	[m]	 1.1	 0.3	
IP	beam	size	σ	[µm]	 6.8	(3)	 3.5	(1.6)	
RMS	bunch	length	σz	[cm]	 8	
Crossing	angle	[σ’]	 12	 Crab.	Cav.	

From	D.	Schulte	

352 Long-Range interactions 
For 4 Experiments 



FCC	Week	Amsterdam	12/04/2018																				 	 		T.	Pieloni,	Beam-Beam	Effects	FCC-hh	
	

Beam-Beam	Effects	

1	

2	

Due	to	strong	radia\on	damping	we	have	quite	some	
different	regimes	from	beam-beam	point	of	view:	
	
1.  LHC	beam-beam	dynamics	ξbb	=	0.06à0.015	

LHC	experience	and	long-range	effects	

2.  HL-LHC	Head-on	driven	dynamics	with	beam-beam	
parameter	ξbb	=	0.02à	0.03		plus	2	low	luminosity	
IPs		
LHC	experience	with	HL-LHC	experiments	

Very	difficult	to	address	studies	for	all	configuraAons	
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Beam-Beam	Effects	
Due	to	strong	radia\on	damping	we	have	quite	some	
different	regimes	from	beam-beam	point	of	view:	
	
1.  LHC	beam-beam	dynamics	ξbb	=	0.06à0.01	

LHC	experience	and	long-range	effects	

2.  HL-LHC	Head-on	driven	dynamics	with	beam-beam	
parameter	ξbb	=	0.02à	0.03		plus	2	low	luminosity	
IPs		
LHC	experience	with	HL-LHC	experiments	

1	

2	
We	focus	on	the	most	challenging	scenario	from	beam-
beam	point	of	view	à	Luminosity	highest	reach	and	
performances	(other	points	will/should	just	be	beTer)	
All	cases	with	25	ns	bunch	spacing	
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Ul\mate	case	Round	Op\cs	Berlin	results	
Dynamic	Aperture	from	beam-beam	effects	
larger	than	collima\on	aperture	to	do	not	
increase	the	par\cle	impact	on	collima\on	
system	due	to	BB	diffusive	mechanisms	
	
Dynamic	Aperture	larger	than	6.0	σ	with	all	
non	lineari\es	in	the	presence	of	beam-beam	
at	different	stages	of	the	opera\onal	cycle	

For	FCC-hh	case	TCPs	at	7.2	σ		
M.	Fiascari	et	al.	@IPAC2016	

Crossing	angle	of	200	µrad	at	IPA	and	IPG	proposed	
à S\ll	to	be	added	some	margins	for:	Landau	Octupoles,	High	chroma\city	opera\on,	

Magnets	imperfec\ons,Tunability	and	low	luminosity	experiments	

FCC	L*	45	meters	opAcs	2	IPs	and	H-V	alternaAng	crossing	

Collimators
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Ul\mate	case	Round	Op\cs:	New	op\cs	
•  New	InteracAon	Region	Layout	

L*	40	m	opAcs	
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•  New	op\cs	have	reduced	dynamic	aperture	àfewer	encounters	but	smaller	separa\ons	
•  Crossing	angle	of	200	µrad	at	IPA	and	IPG	proposed	allows	for	high	chroma\city	opera\onà	S\ll	to	be	

added	:	
	à	Landau	Octupoles	
	à	Magnets	imperfec\ons	
	à	Tunability	and	low	luminosity	experiments	
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TCP	Collimators	aperture	7.2	σ

Q’	=	20	units	
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Around 200 Long-Range interactions 
For 2 Experiments (LHC 60 encounters) 
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Dynamic	Aperture	goals	and	benchmark	to	LHC	

@IPAC	2017		THPAB056	

Long-range	bb	behave	like	scrapers	but	non	guiding	losses	for	larger	separa\onsà	interplay	of	all	non-
lineari\es	
Dynamic	Aperture	in	the	LHC	well	correlated	to	the	parAcle	losses		
Further	studies	on	par\cle	distribu\ons	and	implementa\on	into	models	on-going	to	understand	beher	
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Low	Luminosity	Experiments:	IPL	and	IPP	
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The	long-range	effects	of	IPL	and	B	will	
impact	bunches	differently	(no	passive	
compensaAon)	
	
To	have	them	not	perturbing	the	high	
luminosity	experiments	should	have	
angles	>	180	µrad	
	
Level	by	separaAon	the	head-on	
collision	to	avoid	strong	tune	shiqs		

•  Long-range:		crossing	angles	larger	than	180	µrad	(enough	aperture	from	M.	Hofer)	
•  Head-on	apply	separa\on	leveling	of	luminosity	=	limit	on	integrated	luminosity	per	year	of	run!	

		To	be	defined	with	tune	op\miza\on!	

Same	strategy	as	for	in	LHC	and	HL-LHC	



FCC	Week	Amsterdam	12/04/2018																				 	 		T.	Pieloni,	Beam-Beam	Effects	FCC-hh	
	

 0
 1
 2
 3
 4
 5
 6
 7
 8
 9

 10

 100  120  140  160  180  200

DA
mi

n,1
06 [σ

]

θ[µrad]

HV
HH
VV

Alterna\ve	Crossing	Schemes:	HV	versus	HH	and	VV	

AlternaAve	crossing	schemes	have	been	explored	and	show	larger	
flexibility	in	terms	of	dynamic	aperture	with	opAmized	tunes	
•  HH	Crossing	is	equivalent	to	HV	
•  VV	not	acceptable	at	the	(0.31-0.32)	working	point	due	to	strong	

impact	of	3rd	order	resonance	effect	à	Mirrored	tune	will	solve	the	
problem	
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Pacman	Bunches?	
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PACMAN	Bunches	

•  For	all	crossing	schemes	the	major	impact	of	long-
range	effects	are	on	the	nominal	bunches	

•  PACMAN	bunches	always	show	a	beher	dynamic	
aperture,	DA	is	defined	by	nominal	bunches	
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Room	for	flexible	configuraAons	if	needed	by	energy	
deposiAon	studies	

Tilted	crossing	schemes	also	under	study	
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Op\miza\on	based	on	dynamic	aperture	
Landau	Octupole	magnets	fundamental	for	beam	stability	(see	talks	O.	Boine-Frankheim	and	C.	Tambasco)		

	àthey	have	very	important	impact	on	dynamic	aperture	
	à	opAcs	opAmizaAon	as	to	be	applied	at	different	stages	of	collider	cycle	using	DA	

Strong	dependency	on	IPs	phase	advance	observed	with	beam-beam	

Beam-Beam	Effects	

Old	Phase	advance	

Beam-Beam	Effects	+	Octupoles	
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Op\miza\on	of	op\cs	based	on	dynamic	aperture	

Beam-Beam	Effects	+	Octupoles	Beam-Beam	Effects	

New	Phase	advance	beTer	for	opAcs	and	beam-beam	effects	alone	but	breaks	global	
compensaAon	with	octupole	magnets	(J.	Barranco	from	Eurocircl	2017)	

OpAmized	phase	advance	to	have	maximum	Dynamic	Aperture	with	beam-beam	is	not	
opAmum	in	presence	of	Landau	octupoles	

OpAmum	phase	advance	for	opAcs	(E.	Cruz	talk)	not	always	the	best	when	other	non-lineariAes	are	added	
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Global	compensa\on	with	Octupoles	

•  Octupole	magnets	are	used/needed	to	provide	tune	spread	for	Landau	damping.	
•  They	have	very	negaAve	effect	on	DA	if	not	used	with	care.	
•  If	installed	at	right	locaAon	they	could	help	compensaAng	long-range	effects!	

FCC-hh	will	be	op\mized	to	allow	for	global	compensa\on!	
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Landau	Octupoles	and	IP	phase	advance	

We	choose	to	have	Landau	Octupoles	powered	in	nega\ve	octupole	polarity		
	à	provides	larger	stability	for	single	beam	(see	C.	Tambasco	talk)	
	àallows	for	larger	DA	with	opAmized	phase	advance	thanks	to	compensaAon		
					(J.	Shi	et	al.,	CERN-ACC-NOTE-2017-036)	à	large	dynamic	aperture	margins	

Need	to	opAmize	the	opAcs	to	keep	compensaAon!	

Different	Phase	advances	at	different	stages	of	the	operaAonal	cycle	to	maintain	
compensaAon	

Beam-Beam	Effects	 +	Landau	Octupoles	-	Landau	Octupoles	
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Op\miza\on	of	op\cs	based	on	dynamic	aperture	
Beam-Beam	Effects	+	Octupoles	

Further	op\miza\on	of	phase	advance	with	beam-beam	and	octupoles	compensa\on	
à	Will	further	change	with	mul\polar	errors		

Phase	advance	between	IPs	changes	over	the	operaAonal	cycle	of	the	collider	to	have	
maximum	Dynamic	Aperture	
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Dynamic	Aperture	dependency	on	tune	

Define	robust	baseline	scenario	with	Dynamic	Aperture	above	6	σ	with	all	non-lineari\es		(magnets	errors,	Landau	
octupoles,	high	chroma\city	and	beam-beam	effects)	and	some	margins	for	parameter	fluctua\ons	(10%)	

Tune	opAmizaAon	to	find	op\mum	and	large	area	in	tune	diagram	(on-going	work)	
à	host	low	luminosity	experiments	contribu\ons	(tune	shiqs)	and	mul\polar	errors	
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Dynamic	Aperture	with	mul\polar	errors	
FCC	L*	=	45	meter	opAcs	only	one	seed	

Break	of	long-range	global	compensaAon	scheme	in	collision	à	need	further	studies	and	laace	opAmizaAon	
L*	40	meter	opAcs	under	study	with	full	seed	staAsAcs	

Long-range	BB	+	Errors	 Long-range	BB	+	Errors+	HO	
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Head-on	Limit:	Losses	and	Emihance	growth	

Head-on	beam-beam	can	result	in	losses	and	
emihance	growth.		FCC	pushed	to	beam-beam	
tune	shiqs	of	0.02-0.03	total.	
	
From	LHC	experience	head-on	losses	not	fully	
described	by	dynamic	aperture	model	as	for	
long-range	effects!	
	
Machine	Non-lineariAes	fundamental!	
	

M.	Crouch		
Manchester	Universisty	PHD	Thesis	2017	
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Head-on	Limit:	Losses	and	Emihance	growth	
Model	developed	for	FCC-hh	of	loss	rates	with	6D	
beam-beam	and	simplified	laYce!	
	
First	comparisons	to	LHC	losses	data	during	dedicated	
experiment	
	
•  Total	Beam-Beam	tune	shiq	of	0.02	
•  GPU	accelerated	6D	simula\ons	(CABIN)	

compared	to	measured	losses	in	the	LHC.	
•  Clear	impact	of	Piwinski	angle	to	loss	mechanism	
•  Good	qualita\ve	agreements	
•  Work	on	going	on	quan\ta\ve	es\mates	

(magnets	errors)	

DATA	

Poster	by	S.	Vik	Furuseth	
Strong	Head-on	Beam-Beam	InteracAons	



FCC	Week	Amsterdam	12/04/2018																				 	 		T.	Pieloni,	Beam-Beam	Effects	FCC-hh	
	

Head-on	Limit:	Losses	and	Emihance	growth	

Further	studies	needed	to	explore	possible	limitaAons	linked	to	head-on	beam-beam:	LHC	
data	benchmark	fundamental!		

Baseline	scenario	(total	beam-beam	tune	shiq	0.02)	shows	
no	limita\ons	
	
Ul\mate	(total	beam-beam	tune	shiq	0.03)	is	not	given!	
	
Working	point	op\miza\on	could	increase	the	beam-
beam	maximum	tune	shiq	reach	to	0.046	
	
Further	op\miza\on	between	dynamic	aperture	studies	
and	head-on	studies	are	foreseen	

Poster	by	S.	Vik	Furuseth	
Strong	Head-on	Beam-Beam	InteracAons	
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•  An	important	unexpected	contribu\on	from	IP5	(s=6665	m)	is	present	on	the	
ver\cal	measured β-bea\ng	plot.	

•  For	a	2	σ	oscilla\on	amplitude,	a	reduc\on	of	the	β-bea\ng	of	roughly	30%	is	
expected	leading	to	a	maximum		β-bea\ng	of	about	8-6%.	

•  A	20%	smaller	normalized	emihance	εn	provides	a	smaller	β-bea\ng	as	
expected	that	is	more	consistent	with	measurements.	

	

Head-on	Limit:	beta-bea\ng	
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ver\cal	measured β-bea\ng	plot.	

•  For	a	2	σ	oscilla\on	amplitude,	a	reduc\on	of	the	β-bea\ng	of	roughly	30%	is	
expected	leading	to	a	maximum		β-bea\ng	of	about	8-6%.	
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Head-on Beam-beam β-bea\ng	impact	on	aperture	

•  An	important	unexpected	contribu\on	from	IP5	(s=6665	m)	is	present	on	the	
ver\cal	measured β-bea\ng	plot.	

•  For	a	2	σ	oscilla\on	amplitude,	a	reduc\on	of	the	β-bea\ng	of	roughly	30%	is	
expected	leading	to	a	maximum		β-bea\ng	of	about	8-6%.	

•  A	20%	smaller	normalized	emihance	εn	provides	a	smaller	β-bea\ng	as	
expected	that	is	more	consistent	with	measurements.	

	

Impact	on	CollimaAon	aperture	of	maximum	0.6	σ	needs	further	study	to	address	and	idenAfy	possible	
limitaAons	
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Alterna\ve	solu\ons:	Flat	op\cs	versus	round	

Beam-Beam	long-range	and	head-on	behave	differently:	
•  Due	to	trains	and	braked	passive	compensa\on	à	tune	shiqs	(for	H-V	crossing	schemes)	
•  Head-on	beam-beam	creates	larger	detuning	with	amplitude	
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Flat	opAcs	introduces	some	unwanted	effects		

Flat	opAcs	H/V	xing		 Flat	opAmized	Round	opAcs		

Flat	opAcs	is	the	natural	back	up	soluAon	in	case	crab	caviAes	do	not	perform	as	expected.	
See	HL-LHC	project	TDR	and	J.	Abellaira	talk		
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Flat	versus	round	op\cs:	tune	shiq	correc\on	
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Study	case	beta	ra\o	of	4	and	H-V	crossing	scheme:	
-		Flat	op\cs	will	need	43%	more	separa\on	respect	to	round	
-  Correc\ng	for	the	tune	shiq	reduces	the	needs	but	s\ll	need	26%	larger	separa\ons	
-  Larger	aspects	raAos	of	betas	make	things	worse!	
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Flat	versus	round	op\cs:	beta	ra\os	

The	extra	separa\on	needed	from	dynamic	aperture	studies	with	a	DA	goal	of	6	σ	shows	
strong	dependency	on	the	beta*	ra\o	at	the	IPs	
Alterna\ve	crossing	schemes	become	even	more	difficultà	separa\on	up	to	factors	3-4	larger	
Studies	on-going	to	propose	a	back	up	scenario	for	the	CDR!	

For	H/V	crossing	schemes	
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Summary	

A	robust	baseline	scenarios	has	been	studied	and	beam-beam	separa\on	proposed	based	on	dynamic	
aperture	studies	for	the	FCC-hh	different	op\cs	and	more	challenging	beam-beam	scenario.	
	
Op\mized	op\cs	parameters	have	been	shown	to	allow	highest	dynamic	aperture	together	with	a	global	
compensa\on	scheme	using	Landau	octupoles	(see	C.	Tambasco	talk	for	stability	considera\ons)	
	
Newer	op\cs	L*	40	m	has	to	be	op\mized	further	with	mul\polar	errors	(on-going)	
	
Head-on	beam-beam	limit	seem	far	away	from	chosen	parameters	but	studies	show	op\mized	working	
points	in	parallel	to	single	par\cle	dynamic	aperture	studies	
	
Large	beta-beaAng	should	be	expected	(30	%)	and	needs	further	understand	of	implica\ons	
	
AlternaAve	scenarios	are	explored	to	allow	for	flexibility	in	the	presence	of	other	constrains	
	
ConAnuous	benchmark	to	LHC	data	is	fundamental	to	understand	predicAve	power	of	simulaAons	
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Thank	you!	
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Orbit	Effects		

@IPAC2017	THPAB042	
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What	have	we	learned	from	LHC	and	DA?	
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Head-on	colliding	bunch	and	nominal	have	
similar	losses	at	larger	angles	
For	separa\on	below	8.3	σ	long-range	effects	
take	over	 @IPAC	2017		THPAB056	

LHC	DATA	
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Head-on Beam-beam β-bea\ng	
First	measurements	in	LHC	and	tests	

•  An	important	unexpected	contribu\on	from	IP5	(s=6665	m)	is	present	on	the	
ver\cal	measured β-bea\ng	plot.	

•  For	a	2	σ	oscilla\on	amplitude,	a	reduc\on	of	the	β-bea\ng	of	roughly	30%	is	
expected	leading	to	a	maximum		β-bea\ng	of	about	8-6%.	

•  A	20%	smaller	normalized	emihance	εn	provides	a	smaller	β-bea\ng	as	
expected	that	is	more	consistent	with	measurements.	

	

Measurements consistent with expectation 
First attempt to correct, results under evaluations 

@IPAC2017		
WEOAB2,	TUPVA030	
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Head-on Beam-beam β-bea\ng	impact	on	Luminosity	

•  An	important	unexpected	contribu\on	from	IP5	(s=6665	m)	is	present	on	the	
ver\cal	measured β-bea\ng	plot.	

•  For	a	2	σ	oscilla\on	amplitude,	a	reduc\on	of	the	β-bea\ng	of	roughly	30%	is	
expected	leading	to	a	maximum		β-bea\ng	of	about	8-6%.	

•  A	20%	smaller	normalized	emihance	εn	provides	a	smaller	β-bea\ng	as	
expected	that	is	more	consistent	with	measurements.	

	

Impact	on	
Luminosity	marginal	
for	FCC	beam-beam	

parameters	


