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Recent activities on	high-energy muon collider

CERN
Muon 
Collider

MOPMF072,	IPAC18,	V.	Shiltzev

14	TeV cme

Coming soon:
• M.	Boscolo,	M.	Palmer	and	JP	Delahaye,	‘The	future	prospects of	muon collider	and	neutrino	factory’,	

in		Reviews of	Accelerator	Science	and	Technology	journal
• ARIES	Topical Workshop	on	Future	Muon Colliders,	in	collaboration with	the	WG	on	Muon Colliders

for	the	ESU,	Padova,	2-3	July 2018

N.	Pastrone,	INFN,	Italy,	chair,	M.	Diemoz,	INFN.	Italy,	A.	Skrinsky,	
BINP,	Russia,	K.	Long,	Imperial	College,	UK,	JP	Delahaye,	CERN,	D.	
Schulte,	CERN,	A.	Wulzer,	CERN,	B.	Mansoulie,	IRFU,	France	

Muon Collider	WG	for	
European Strategy Update:

MOPMF065,IPAC18,	F.	Zimmermann



Idea	for	low	emittance	µ beam
from	proton	on	target:	p	+	target→ p/K→	µ
typically		Pµ ≈ 100	MeV/c	(p, K	rest	frame)
whatever	is	the	boost	PT will	stay	in	Lab	frame	à very	high	emittance	
at	production	point		à cooling	needed!

from direct µ pair production:
Muons produced from e+e-→µ+µ- at √s around the µ+µ- threshold (√s ≈
0.212GeV) in asymmetric collisions (to collect µ+ andµ- )

NIM	A	reviewer	(2016)	:	“A	major	advantage	of	this	proposal	is	the	lack	of	cooling	of	the	muons….	
the	idea	presented	in	this	paper	may	truly	revolutionise the	design	of	muon	colliders…“

PR-AB	reviewer	(2018):	`I	believe this is an	important contribution to	the	literature on	
muon colliders as a	means of	delivering multi-TeV lepton-anti-lepton collisions.	It is also important
at this time	because it has re-initiated the	discussion of	a	muon collider	as a	potential route
to energy-frontier lepton-antilepton collisions in	advance of	the	update to	the	European Strategy
for	Particle Physics. .... Overall,	I	was impressed by	this paper and	am convinced that it should be	
published.’



LEMMA	scheme
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Goal:
@T	≈ 1011	µ/s		

Efficiency	≈	10-7 (with	Be	3mm)→
1018 e+/s	needed	@T	→	
e+ stored	beam	with	T	

to	minimize	positron	source	rate	
Goal:	mom.	aperture	+/-12%

lifetime(e+) ≈ 250	turns

6.3	km	45	GeV	storage	ring	with	
target	T	for	muon	production

e- on	conventional	Heavy	
Thick	Target	(TT)	for		e+e-
pairs	production.
Adiabatic	Matching	Device	
(AMD)	for	e+ collection	

from µ+ µ- production	to	collider
• produced	by	the	e+ beam	on	target	T	with					

E(µ)	≈	22	GeV,	g(µ) ≈	200	→ tlab(µ) ≈	500µs	
• AR:	60	m isochronous	and	high	mom.	

acceptance	rings		will	recombine	µ bunches		
for	~	1	tµ

lab ≈	2500	turns	
• fast	acceleration	
• muon	collider



Optics	design	positron	ring

M.	Boscolo,	Padova,	2	July	2018
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Optics	design	positron	ring
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low-b (bx,y =0.5	m)



M.	Boscolo,	Padova,	2	July	2018

e+ emittance	growth	controlled	with	proper	b and	D	values	@	target

σ%& =
1
2
	 𝑛	� σ%&, 	β

σ%&, = 25	µrad
𝑛 number	of		turns

multiple	scattering	contribution	also	explained	analytically: 
one	pass	contribution	due	to	the	target:	

Beam	dynamics	e+ beam	in	ring-with-target
More	details	in:	PR-AB	21,	061005	(2018)

After 40	turns
@Target	:	

linear	and	non-linear	terms
of	horizontal	dispersion	hx =0
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LEMMA	ring-plus-target		Test	at	DAFNE	after	
SIDDHARTA-2	run

• Beam	dynamics	study	of	the	ring-plus-target	scheme:
• transverse	beam	size	/	current	/		lifetime

• Measurements	on	target:
§ temperature	(heat	load)	/	thermo—mechanical	stress

GOAL	of	the	experiment:
• Validation		LEMMA	studies,	benchmarking	data/expectations	
• Target	Tests:	various	targets	(materials	and	thicknesses)

M.	Boscolo,	Padova,	2	July	2018

Ref.	M.	Boscolo,	M.	Antonelli,	O.	Blanco,	S.	Guiducci,	A.	Stella,	F.	Collamati,	S.	Liuzzo,	P.	Raimondi,	R.	Li	Voti
“Proposal	of	an	experimental	test	at	DAΦNE	for	the	low	emittance	muon	beam	production	from	positrons	
on	target”,		in	publication	in	IOP	Conf.	Series:	Journal	of	Physics:	Conf.	Series	(IPAC18)	also	LNF-18/02(IR).



DAFNE	Layout	for	the	LEMMA	Test

M.	Boscolo,	Padova,	2	July	2018
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The	target	will	be	placed	at	the	SIDDHARTA	IP	because:
§ low-b and	Dx=0	is	needed		(similarly	to	IP	requirements)
§ to	minimize	modifications	of	the	existing	configuration

Possible	different	locations	for	the	target	can	be	studied

SIDDHARTA-1	IR

Given	the	limited	energy	acceptance	of	the	ring	we	plan	to	insert	light	targets	(Be,	C)	with	
thickness	in	the	range	≈	100	µm.	Crystal	targets	can	be	foreseen	too.

For	the	preparation of	this experiment we need:
1. Full	design	of	vacuum chamber IR	and	target	insertion system
2. Target	design
3. Diagnostics for	target		thermo-mechanical stress	measurements
4. Beam diagnostics
5. Injection scheme (on	axis)
6. Optics and	beam dynamics



Diagnostics	for	the	test	at	DAFNE

• Beam	characterization	after	interaction	with	target,	
additional	beam	diagnostic	to	be	developed:
§ turn	by	turn	charge	measurement	(lifetime)

ü existing	diagnostic	already	used	for	stored	current	measurement		
ü need	software	and	timing	reconfiguration

§ turn	by	turn	beam	size
ü beam	imaging	with	synchrotron	radiation	
ü DAFNE	CCD	gated	camera	provides	gating	capabilities	required	to	measure	
average	beam	size	at	each	turn.

ü software	modification	and	dedicated	optics	installation	required.	

• Target	diagnostics:
§ Passive	Infrared	Thermography
§ Infrared	radiometry
§ Measurement	of	surface	deformation	

M.	Boscolo,	Padova,	2	July	2018



Year	of	the	Strategy	Input

Observation: Existing	SPS	and	LHC	rings	give	long-term	perspective	to	pursuit	of	
LEMMA	scheme
• LHC	tunnel	ideal	to	house	45	GeV positron	ring
• SPS	requires	much	more	installed	voltage	and	power
• SPS	tunnel	can	house	3+3	TeV muon collider
• LHC	tunnel	can	house	7+7	or	14+14	TeV muon collider
• LEP3	collider	in	LHC	tunnel	is	consistent	with	doing	muon production	studies,	spot	

on	for	Z	production

Considered	phased	approach:
• Phase	1:	eSPS would	be	entry	point	for	all	options
• Phase	2:	LEP3	or	CLIC	(use	to	test	and	develop	muon production)
• Phase	3:	Muon collider	in	SPS	or	LHC	tunnel
• Allows	to	develop	all	technologies	and	wait	for	physics	input	to	define	energy	

scales	and	choices

Thinking	strategy
L.	Evans,	S.	Stapnes,	D.	
Schulte

12



positron	source



Positron	sources	parameters	for	future	projects

SLC CLIC ILC	 LHeC LHeC LEMMA
E	[GeV]	 45.6 3000 250 140 60 45
gex 	[µm] 30 0.66 10 100 50 18
gey	[µm] 2 0.02 0.04 100 50 18
e+	[1014 	s-1 ] 0.06 1.1 1.9 18 440 100

• The	highest	positron	rate	has	been	achieved	at	the	SLAC	Linear	
Collider	more	than	20	years	ago

• The	future	Linear	Colliders	CLIC	and	ILC	design	foresee	a	positron	rate	
higher	than	SLC	by	a	factor	20	÷	30	and	much	smaller	emittances

• The	LHeC and	LEMMA	proposals	aim	at	extremely	high	rates,	about	
two	order	of	magnitude	higher	than	CLIC	and	ILC



Positron	loss	per	turn	due	to	target	interaction

0
0.5
1

1.5
2

2.5
3

3.5
4

4.5
5

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

DN/N	lost/turn	 	%

Be				 							3mm LI									10mm H2	lIquid				35mm

DP/Pmax		

Ring	energy	
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%
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3mm

	LI									
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H2	lIquid				
35mm

1 4.6 3.6 2.2
5 2.8 2.2 1.3
10 2.1 1.6 0.9
20 1.4 1.0 0.6

DN/N	lost/turn					%

The	percentage	of	particles	DN/N	with	an	energy	loss	larger	than	the	ring	
acceptance	(calculated	from	a	FLUKA	simulation)	are	listed	in	the	table	for	
different	values	of	the	ring	acceptance	and	for	3	different	targets

The	target	tickness has	been	chosen	to	have	the	same	number	of	muon	
produced		per	incident	positron FLUKA	simulation,		F.	Collamati

DN/N	lost/turn	%



Positron	source	requirements	for	LEMMA

To	evaluate	the	number	of	positrons	per	second	required	from	the	source	we	
assume	to	have	100 bunches with	3	1011 e+/	bunch	stored	in	the	ring	for	one	
beam	lifetime
The	drive	beam	power	is	given	by	the	number	of	positrons	accelerated	per	
secound up	to	45	GeV
One	of	the	objectives	of	the	studies	on	the	positron	ring	is	to	increase	the	ring	
energy	acceptance	in	order	to	reduce	the	requirements	on	the	positron	source
Present	ring:	 Dp/p	=	6%,	tau	=	40	turns,	e+/s	=	2.4e16,		P=	250	MW
Target: tau>	100	turns,	e+/s	<	1e16,	P	<	100	MW

Ring	energy	
acceptance				

%

e+ 	beam	
lifetime	
(turns)

DN/sec
P	e + 	drive	
beam	
(MW)

e+ 	beam	
lifetime	
(turns)

DN/sec
P	e + 	drive	
beam	
(MW)

e+ 	beam	
lifetime	
(turns)

DN/sec
P	e + 	drive	
beam	
(MW)

5 35 2.69E+16 277 45 2.11E+16 217 78 1.21E+16 125
10 47 2.01E+16 207 62 1.53E+16 157 107 8.86E+15 91
20 71 1.34E+16 39 99 9.53E+15 98 163 5.80E+15 60

Be				3mm 	LI			10mm H2	lIquid				35mm





Muon	accumulation









Positron	ring



HMBA	like	lattice	varying	number	of	cells	and	
lattice	length

C Cells ex Sext	K2	 D.A. M.A. Dpp*Dx Lifetime ac
damping Bunch	

length
U0

Km # nm T/m2 mm (hor.) %	(max) mm	(max) Turns@37% e-6 ms,	(HV-S) mm MeV

27 32 5.72 1.82 12.0 1.5 33 24 104 68-34 2.3 121

27 64 0.7 29.2 12.0 7.3 40 40 29.0 68-34 1.2 119

27 134 0.08 552 2.0 7.9 10 29 6.8 68-34 0.6 119

27 268 0.01 1e4 0.0 7.8 2.3 19 1.7 68-34 0.3 119

6.3 16 45.8 9.0 12.0 1.4 30 38 403 3.7-1.9 4.1 511

6.3 32 5.86 140 12.0 8.5 44 40 114 3.7-1.8 2.2 511

6.3 64 0.71 2260 2.0 7.6 10 29 30 3.7-1.9 1.1 509

Pa
ge	
2
7

l	Muon	collider	workshop	l	1-3	
July	2018,	Padova,	Italy	l	

S.Liuzzo

Common	parameters:
frf =	500MHz
Vrf =	3U0
Q	=	[0.7	0.8]
x = [	0	0	]
Df/2p (sext)	= 1.5/0.5 
Q = 2p

Dynamic	aperture	(D.A.)	and	
momentum	aperture	(M.A.)	
tracking	for	256	turns,	with	
circular	apertures	50mm

Current	
lattice

without	target	optics	
3mm	Be	@	RF

27km	lattice	with	64	cells	has,	
similar	lifetime	and	smaller:	
emittance,	sextupole’s strengths,	
U0,	bunch	length,	ac



Parameters	for	6.3KM	and	27km	lattice

• 27km	gives	potentially	
equivalent	muons	
beams	to	the	6.3km	
lattice,	with	less	
positrons	on	target	for	
a	shorter	time,	and	
longer	muon	
accumulator.

Pa
ge	
2
8

l	Muon	collider	workshop	l	1-3	
July	2018,	Padova,	Italy	l	

S.Liuzzo

e+ 45	GeV Units Parameters for	positron	ring	different	scenarios

C Km 6.3 6.3 27 27 27

N	cells # 32 32 32 64 64

ne (bunches) # 100 100 428 428 428

nµ (bunches) # 1 2 1 1 2

ex nm 6 6 6 0.7 0.7

Current A 0.24 0.24 0.24 0.24 0.14

Cm,acc m 63 126 63 63 126
Turns	for	accumulation # 25 12 6 6 3

Ne+	/	ne e+11 3 3 3 3 1.8

Nµ /	nµ e+7 3.4 1.2 5.3 5.3 0.8

Nµ^2		* nµ /	ex - 1	(ref) x 0.25 x 2.5 x 20 x	1.0

U0 GeV 0.51 0.51 0.12 0.12 0.12

Synch. power MW 122 122 29 29 16.8

tµ, store =	0.5ms	

tpos=	37	turns

sµ =0.	74e-7	mu/e+

3mm	Be	@	45GeV

Muon	lifetime	considered	only	
every	positron	ring	turn





target









WG1: accelerator design (M. Boscolo)
WG1	has	to	design	the	whole	accelerator	complex	and	to	determine	
the	ultimate	parameters	set	to	reach	the	required	brilliance	for	the	
muon	beams.
It	can	be	sub-divided	in	the	following	main	topics:
a) 45	GeV e+ ring,	
b) muon accumulator	rings
c) e+ source	and	injection
d) parameters	optimization



WG2:	target	design	(LNF,	RM1,	PoliTo)	

WG2	includes	the	issues	concerning	the	muon and	positron	
target,	and	required	efficiency.	Engineering	study	is	needed	to	
simulate	thermo-mechanical	stress	and	heat	load,	together	with	
mechanical	design	of	its	support.	

It	can	be	sub-divided	in	the	following	two	main	topics:
a) muon source	target
b) e+ source	target



WG3:	experimental	tests	
(F.	Anulli,	M.	Zanetti,	M.	Boscolo)

WG3	is	dedicated	to	experimental	tests,	it	is	strictly	connected	with	
WG1	and	WG2.
Proper	diagnostic	for	experimental	tests	must	also	be	studied.
It	can	be	sub-divided	in	the	following	two	main	topics:
a) CERN	tests	with	45	GeV	e+	(F.	Anulli,	M.	Zanetti)
b) DAFNE	test	of	ring-plus-target	scheme	(M.	Boscolo)
c) Additional	tests	(e+ in	SPS		?)	
d) Possibility	of	target	test	(LLi)	at	SARAF	(weizmann)



Finanziamenti

• 3	possibilita’:	
• PRIN LEMS:	Low	Emittance	Muon	Source	 PI	A.	Variola
• CALL	CSN5	SLEM:	PI	M.	Biagini,		deputy	M.	Boscolo
• CSN1	RD_FA

• Se	le	call	falliscono le	richieste a	CSN1	diventano effettive
• Ovviamente nel prin e	nella call	csn5	ci	sono i costi del	personale
• Per	le	attivita’	sperimentali occorre:

• Test	a	DAFNE
• 200	KEuro (iniezione,	diagnostica,	pipe)		PRIN,	CALL	G5
• 200	Keuro (termocamere ,targhette)		CALL	G5	

• Altre spese sono inferiori a	100	Keuro



Richieste call	gruppo 5	wp1-3



SLEM:	Source	of	Low	Emittance	Muons	(CSN5	call)
• R&D	to	produce	low	emittance	muon	beams	for	a	future	muon	

collider
• New	idea	based	on	45	GeV	low	emittance/high	energy	acceptance	

positron	beam impinging	a	target to	produce	low	emittance	muon	
pairs.	Muons	can	be	then	collected	in	two	large	acceptance	
accumulator	rings,	accelerated	and	finally	injected	in	the	collider	
rings

• SLEM will	focus	on	key	challenges	that	need	to		be	demonstrated	
to	prove	its	feasibility:
§ positron	ring	studies,	
§ positrons	and	muons	production	target	studies,	
§ tests	of	targets	at	DAFNE,	
§ collider	muon	decay	induced	background	studies

• LNF +	5	INFN	structures	(RM1,	PD,	TO, FE,	MI)	+	PoliTO involved
• Several	international	laboratories	interested	(CERN,	LAL/Orsay,	

SLAC)	a	proto-collaboration to	be	setup	soon



Work	Packages	structure

• The	proposal	is	structured	in	5	WPs
• PI:	M.E.Biagini (LNF),	deputy	M.	Boscolo (LNF)
• WP1 (M.	Boscolo,	LNF):	beam	dynamics	studies	of	muon	source
• WP2 (M.	Antonelli,	LNF):	positron	and	muons	production	targets
• WP3 (S.	Guiducci,	LNF):	plan	for	experimental	tests	at	DAFNE
• WP4 (D.	Lucchesi,	PD):	background	studies	from	muons	decay	in	

collider
• WP5 (N.	Pastrone,	TO):	evaluation	of	global	performance	and	

comparison	with	alternative	designs	



GANNT	chart






