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Presentations

• 3 plenary talks 

• 20 individual parallel session talks 

• 4 joint parallel session talks
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WG3 Parallel Sessions

1. Current beamlines and their upgrades 

2. Target and beam window 

3. Neutrino factories 

4. Future machines 

5. EuroNuNet 

6. MICE 

7. Muon beam facilities (joint w/ WG4)
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Highlight of Talks



• Operational Experience of J-PARC Neutrino Beamline                      
̶ Ken Sakashita 

• Upgrade of J-PARC Accelerator and Neutrino Beamline 
toward 1.3MW   ̶ Tetsuro Sekiguchi 

• Beam Delivery for the Fermilab Mu2e Experiment   ̶ 
Kevin Lynch 

• Status of the LBNF Beamline    ̶ Tristan Davenne

1. Current Beamlines and Their Upgrades
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Beam Power Upgrade 15

JFY2015             2017        2020        2022           2024          2026 

2019

� Magnet PS upgrade
2.48 à 1.3 s cycle

� Add Two 2ndH_RFs 
(FT3M)

� 1.3 à 1.16 s cycle

� RF anode PS upgrade

Target Power ~1.3 MW

� 10th and 11th FT3L cavity

Courtesy of T. Koseki

J-PARC Status and Upgrade
• Operation status 
• 470kW stable operation 
• 510kW trial performed 
• ν beam stability <1% & <1mrad 
• Beam window replacement 

• Future upgrade toward 1.3MW (~2026) 
• Accelerator upgrade 
• Cycle : 2.48 s → 1.16 s (PS, RF upgrade) 
• Intensity : 2.4x1014 → 3.2x1014 ppp (RF) 

• ν beamline upgrade 
• Beam monitor 
• Control/DAQ 
• Target 
• Horn current increase 
• Water/He cooling 
• Treatment of radioactive materials
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Accumulated POT and beam power

Accumulated 14.7x1020 POT for neutrino mode and  
7.6 x 1020 POT for ant-neutrino mode 

(total POT corresponds to 29% of the T2K approved POT)

(POT=protons on target)
470kW stable 
operation

Beam window 
replacement

Beam window replacement
•Since the beam window is 
activated, the replacement 
was performed with a remote 
maintenance scheme 
•Successfully replaced with 
a new beam window 
- from visual inspection, some 
damage on the old beam 
window was found. Further 
investigation on going

9 m�

new beam window

Old beam window
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K. Sakashita

T. Sekiguchi



Mu2e
• Pulsed muon beam 
• Extinction is key 
• 10-12 to be achieved by AC Dipole 

• Beamline construction ongoing 
• Proton transport line 
• Prototype AC Dipole 

• Schedule 
• Beamline commissioning 2020~2022

7

23

We’ll need a pulsed beam structure to reduce 
prompt backgrounds

Adjust the live window to “wait 
out” the prompt backgrounds 
from pions and beam particles

Muon occupancy in 
the stopping target

Primary proton 
beam pulse

Arrival time distribution 
for secondary beam at 
the muon stopping target

40

An AC Dipole extinction system significantly 
reduces out-of-time beam

38

Extracted beam exits the DR in a tunnel 
shared by Mu2e and g-2

Final Focus

Diagnos)c Absorber

Ex)nc)on system

LeA bend

Ver)cal split

Electrosta)c

Septum

MC-1 (g-2)
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Extracted beam exits the DR in a tunnel 
shared by Mu2e and g-2

Final Focus

Diagnos)c Absorber

Ex)nc)on system

LeA bend

Ver)cal split

Electrosta)c

Septum

MC-1 (g-2)

M4 (lower) and M5 (upper) beamlines as 

the exit the Delivery Ring enclosure.

45

Some very recent progress has included 
mounting magnets in the M4 line ...

M4 beamline (leA) and beamline to the 

diagnos)c absorber (right). Picture was taken 

with photographer’s back to the diagnos)c 

absorber.

46

… and prototyping of various components

Prototype AC Dipole being pumped down

K. Lynch
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The Mu2e apparatus separates the production of 
muons and our observations of their decays

4.5T
2.5T

2T
1T

1T

Production Solenoid

Transport Solenoid

Detector Solenoid

~25m



CFD and FEA 
indicate that with 
28kW heat load 
and 35g/s of 
helium operating 
temperature, 
pressure and stress 
OK 

2m+ target 
must 
remotely 
dock into a 
cooled 
downstream  
support 

RAL 1.2MW outline target design completed 

Replaceable target concept 
Improved version of T2K 

target   
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LBNF
• Design optimization 
• 3horns + long-target ⇒ flux improvement 

• Mechanical Simulation 
• New Horn design looks OK 
• Long target is also reasonably designed 

• Other design ongoing 
• Target pile 
• Decay volume 
• Absorber 

• Schedule 
• 1.2MW (2026) ⇒ 2.4MW (2032)
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Two different beamline designs under consideration  
2015 reference design & 2017 optimized design  

5 

T. Davenne

• Energy deposition 
significantly less for optimised 
beam 
 

• Optimised beam may allow 
for widening mask holes and 
elimination of sculpting of 
core blocks which would be 
beneficial for muon 
monitoring capability 

17 

 
• Horn must endure stress due to combined heat 

load of beam heating and Joule heating 
 

• Horn A is the critical horn for operational stress 
and expected service life 
 

• CFD has shown that the water cooled horn 
operating temperature is well within 
acceptable limits (max 40°C) 
 

• FEA of the magnetic forces and thermal 
stresses indicates reasonable safety factors on 
stress. 

 
 
 

9 
Cory Crowley 



2. Target and Beam Window
• Target and beam window challenges and limits   ̶ 

Tristan Davenne 

• RaDIATE Collaboration and Proton Irradiation 
Campaign at BLIP   ̶ Yongjoong Lee 

• HiRadMat facility experimental programme   ̶ Yacine 
KADI
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2. Target and Beam Window
• Design philosophy for high power targets 
• Many aspects should be considered 
• Challenges on heat transfer (i.e. cooling) and stress 

• For future neutrino beamlines (1~2MW) 
• Graphite target scheme can be adopted 
• Although some improvements on cooling are needed 

• Unknown factor is radiation damage 
• Necessity for radiation damage studies

10

Y.J. Lee

T. Davenne



RaDIATE: Radiation Damage Studies
• Material response depends on material properties 
• However, material properties also depend on radiation damage 

• Post Irradiation Examination (PIE) is really important 
• RaDIATE collaboration studies PIE w/ BLIP @ BNL 
• ~200MeV/c proton beam 
• Material properties after irradiation to be examined 
• Many samples (Ti, Be, Graphite, Al, etc) are studied
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Graphite	capsule Beryllium	capsule
Titanium	capsule

Aluminum	capsule

Y.J. Lee



HiRadMat
• A direct measurement of material 

response impacted by high intensity beam 
• Can reduce uncertainties of design 

• Dedicated experimental area @ CERN 
• 440GeV proton beam : 3x1013 ppp (max) 
• Many measurement instruments 
• Laser Doppler vibrometer to measure 

surface velocity 
• High speed camera 

• Many experiments performed/planned 
• W powder target
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Beam	monitors dump
Cool-down	zone

beam

3	test	stands	for	experiments
- Remote	installation	of	normed	support	 tables
- Standard	connections	 for	general	infrastructure

Fast	camera	 LDV

Y. Kadi



• ENUBET: high precision neutrino flux measurements in 
conventional neutrino beams   ̶ Fabio Pupilli 

• EMuS in CSNS   ̶ Guang Zhao 

• Accelerator R&D Toward Proton Drivers for Future 
Particle Accelerators   ̶ Ben Freemire

3. Neutrino Factories 13



• A pure and precise (O(1%)) νe source from Kaon-monitored ν beams 
• Project approved by ERC : 5 year program 2016-2021 

• Challenges 
• High rate ~500kHz/cm2 and rad. damage 

• Many progress on simulation and prototyping 
• Calorimeter performance tested w/ beam

Monitored neutrino beams
A direct measurement of neutrino fluxes based on conventional technologies

Kaon-based monitored neutrino beams can provide a pure and precise (O(1%)) νe source:

protons (K+, π+) K decays νe neutrino detector
e+

• Monitoring the decays in which ν are produced

• Get rid of systematics from PoT, hadro-production, beam-line efficiency

Traditional Monitored

• Passive decay region

• ν flux relies on ab-initio
simulation of the full chain

• Large uncertainties

• Fully instrumented decay region

• K+ e+ νe π0 large angle e+

• νe flux prediction = e+ counting

NUFACT 2017 - 26/09/2017 3F. Pupilli - ENUBET

ENUBET 14

The conceptual design: ENUBET

Reference parameters

9 Pk,π = 8.5±20% GeV/c
9 Θ < 3 mrad over 10×10 cm2

9 Tagger: L = 50 m, r = 40 cm

• Hadron beamline: charge selection, focusing, fast transfer of K+/π+

• Tagger: real-time, «inclusive» monitoring of K decay products

� Thanks to the short decay tunnel, muon
decay gives a negligible contribution to 
the νe flux that is dominated (~98%) by 
neutrinos coming from Ke3 decays

� Only kaon decay products are 
measured in the tagger, since pions
and muons decay at small angles

o Complete control on νe flux
o Tolerable rates / detector irradiation

(< 500 kHz/cm2 , < 1 kGy)

NUFACT 2017 - 26/09/2017 4F. Pupilli - ENUBET

Eur. Phys. J. C75 (2015) 155
Hadron 
dump

Proton 
beam

NUFACT 2017 - 26/09/2017 12F. Pupilli - ENUBET

Tagger

2) Integrated γ-veto

1) Compact calorimeter with 
longitudinal segmentation

Ultra Compact Module
3×3×10 cm3 – 4.3 X0

1) Calorimeter ("shashlik")

• Ultra Compact Module (UCM) 
(Plastic scint. + Fe absorbers)

• Integrated light readout with SiPM

→ e+/π±/μ separation

2) Integrated γ-veto
• Rings of 3×3 cm2 pads of plastic

scintillator
→ π0 rejection

First milestone: build/test a scalable
demonstrator consisting of a 3 m long section

of the instrumented tunnel by 2021

Static focusing

NUFACT 2017 - 26/09/2017 9F. Pupilli - ENUBET

Preliminary results:
competitive with respect to the horn-
based focusing in terms of secondary
meson yield (~ 1/4)

Momentum at the 
tagger entrance (MeV)

Polar angle at the  
tagger entrance (mrad)

tagger

• Used the same simulation machinery as in the horn option (FLUKA + G4Beamline+Transport)
• More promising configuration: Quadrupole triplet + Dipole + Quadrupole triplet
• Compact beam-line: ~28 m length

Preliminary

Preliminary

F. Pupilli - ENUBET NUFACT 2017 - 26/09/2017 18

Conclusions

σ(νe)• Flux systematics could be reduced by one
order of magnitude exploiting K → e+ νe π0

• In the next 4 years ENUBET will investigate 
the feasibility of this approach and of its
application to a new generation of cross 
section experiments at CERN, FNAL or 
JPARC providing σ(νe) at 1% with a detector 
of moderate mass (500 t)

• The intriguing possibility of a time-tagged
facility will be also studied

• 1st year of project: a rich simulation and 
prototyping program is giving very
promising results. Challenging open items
ahead. But no showstoppers so far

ENUBET

1% syst. + 1% stat. (104 νe
CC)  errors

Eur. Phys. J. C75 (2015) 155

A major breakthrough in 
experimental neutrino physics

NUFACT 2017 - 26/09/2017 14F. Pupilli - ENUBET

Calorimeter prototype performances with test beam data
• TB @ CERN-PS T9 beamline (Nov. 16)

• 56 UCM arranged in 7 longitudinal

blocks (~30 X0) + had. layer (coarse

sampling) at grazing incidence

(oriantable cradle)

• e/μ tagged with Cherenkov counters

and a muon catcher

Data/MC agreement reasonably good already→
GEANT4 simulation validated

A. Berra et al. IEEE TNS 64 (2017) 4

energy deposit (a.u.) 

Preliminary

Data: dots

MC: π- μ- e-

4 GeV beam at 100 mrad

F. Popilli



Layout	of	the	EMuS

9/25/17 Nufact	17 5

ü Neutrino	mode
ü Ref.	!" =	300-500	MeV/c

ü Surface	# mode
ü Ref.	!$ =	29	MeV/c	± 5%

ü Decay	# mode
ü Ref.	!$ =	100-200	MeV/c	± 10%

Target	station	(II)

q Proton	beam	&	target	tilted	in	respect	to	magnetic	axis,	θp	=	15o
q Facilitates	the	spent	proton	extraction	and	separation	from	muons	and	pions beams	&	increases	

the	surface	muon	flux	
q Limited	by	1st-coil	aperture

q Triangle	edge	shapes	defined	by	spent	proton	flux	contours	in	FLUKA	&	G4beamline
q Field,	no-field	accidental	case	studied	for	spent	protons	
q same	polar	angle	but	different	azimuthal		at	exit	->	shape	triangular	all	shields	over	the	azimuth

q W	shielding,	thickness	15->5	cm	->	limited	by	coils	apertures	&	spent	protons	direction

9/25/17 Nufact	17 9

Beam dump

15	deg

EMuS
• Experimental Muon Source from CSNS 
• MOMENT R&D, muSR, ν XSEC, Muon physics 
• Design, R&D supported : 2016-2020 

•  R&D progress 
• Target optimization 
• material, radius, length, beam angle, 

shape 
• Surface muon optimization 
• Radiation study

15

Target	optimization	(II):	Radius

9/25/17 Nufact	17 17

Surface	muon	yields	and	
polarization

q Yields	reach	maximum	for	r	
=	3-4	σb

q Polarization	is	stable

Pion	yields
q optimal	r	=	3-4	σb	for	the	

pion	production

Target	optimization	(III):	Length	and	tilt

9/25/17 Nufact	17 18

q Length	and	tilt	are	limited	by	the	aperture	of	the	coils
q Total	surface	muons	108 /	second
q Polarization	along	beam	axis	~	80-82%	

Absorbed	dose	(MGy/y)	(Al)

26

Max dose in CS: 1.0 MGy
Max dose in MS: 1.1 MGy

The	epoxy	used	to	bond	the	insulation	
to	the	superconducting	cable	can	
tolerate	a	maximum	of	7	MGy before	it	
experiences	a	10%	degradation in	its	
shear	modulus

9/25/17 Nufact	17

Radiation	Hard	Coils,	A.	Zeller	et	al,	2003

Pion yield vs radius Muon yield vs length

Absorbed dose (MGy/y) in Al

G. Zhao



26 September, 2017 B. Freemire - Accel. R&D Fut. Part. Accel. 16

IOTA 3D

Accelerator R&D
• Accelerator upgrade toward >2MW 

needed for LBNF/DUNE 
• Challenges 
• Reduction of beam loss is key ⇒ space 

charge effect is limiting factor 

• IOTA 
• Dedicated ring based accelerator test facility  
• To study performance increase & cost 

reduction 

• Schedule 
• Installation till summer 2018 
• Electron exp. 2018~2019 
• Proton exp. 2019~2020

16

26 September, 2017 B. Freemire - Accel. R&D Fut. Part. Accel. 7

Space Charge
● Space charge has been a limiting factor on the performance of particle accelerators

– Leads to particle loss

● Overcoming space charge is crucial for the next generation of high intensity 
accelerator

V. Shiltsev, NAPAC’16

FNAL 8 GeV Booster

26 September, 2017 B. Freemire - Accel. R&D Fut. Part. Accel. 29

Schedule
● Commissioning of 300 MeV 

electron beamline imminent

– ~2 month experimental 
program planned

● IOTA installation begun, expected 
completion of ring summer 2018

● Electron experiments 2018-2019

● Proton experiments 2019-2020

26 September, 2017 B. Freemire - Accel. R&D Fut. Part. Accel. 29

Schedule
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B. Freemire



4. Future Machines
• Update on MOMENT’s Target Station Studies   ̶ 

Nikolaos Vassilopoulos  

• Towards nuSTORM facility - overview of accelerator 
design   ̶ Jaroslaw Pasternak

17



MOMENT
• SC-based pion capture 
• Hg-jet target ⇒ optimization performed 
• W granular waterfall as other option 
• Simulation studies for optimization 
• Comparable muon yield can be adopted 

18
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N. Vassilopoulos



Optional 

Advanced FFAG 
By combining cells with 
different radius 
or arcs  with straight cells, 
long straight sections can 
be created and neutrino 
beam can be formed along 
them. 

• Motivation 
• Muon beams for precision neutrino physics 
• Sterile neutrino search 
• Accelerator&detector technology test bed 

• FFAG for muon decay ring 
• Larger momentum acceptance 
• Optics design studies ongoing 

• Aiming for implementation at CERN

nuSTORM 19Optional 

Advantage of FFAG: large momentum 
acceptance 

•FFAG can accept  �16% (triplet) or �19% total momentum spread. 
•FODO - �9% with 58% efficiency (67% with sextupoles) 
 

How to make straight cell? 

J-B. Lagrange’s thesis 

Discussions on a possible implementation of nuSTORM at CERN,  
I. Efthymiopoulos, PBC meeting at CERN, July 2017 

A very promising option was identified! 

A possible site @ CERN

J. Pasternak



5. EuroNuNet
• Status of the ESS Project   ̶ Mats Lindroos 

• The ESS Linac and Upgrades for the Neutrino Facility   ̶ 
Mohammad Eshraqi 

• The ESSnuSB Accumulator   ̶ Elena Wildner 

• The ESSnuSB Switchyard, Target Station, and Facility 
Performance   ̶ Eric Baussan

20



ESS Linac and Accumulator
• Linac upgrade needed for neutrino beams 
• 5MW beam (n) ⇒ 5MW (n) + 5MW (ν) 
• H- injection & stripping for ν beams 
• Increase RF frequency 14Hz ⇒ 28 or 56 Hz 

• Accumulator 
• Pulse length 2.8ms ⇒ ~1μs for horn ope. 
• Optics simulation performed 
• H- stripping 
• Foil stripping can be OK (temp. ~1700K) 
• Laser stripping under study

21

M. Eshraqi NuFACT 2017 Uppsala 2017 Sep 28

PULSE FREQUENCY

P PH- H-

P P
H- H-

28 Hz

H-

56 Hz

P P56 Hz H- H- H- H- H- H-

RF power

H- H- H-

P P28 Hz (rf) H- H- H- H- H- H-

Gap should be long enough for ring and target needs, 
but still much shorter than the filling time of cavities

28/9/17 Accumulator,	NUFACT17	Uppsala,	E.Wildner

Temperature	on	foil

Time	[ms]

Temperature [K]

Linac spot

Combined	linac spot	and	circulating	beam

Horst	Schönauer

4	batches	from	Linac 3	batches	from	Linac

M. Eshraqi

E. Wildner



Switchyard Driver 

Decay tunnel 
ν	

Configuration 1 Configuration 2 

Total length: 43.4 m 
Max. B-field: 0.65 T 
(25 kA turns / pole) 
Dipole length: 2 m 

Total length: 72.2 m 
Max. B-field: 0.73 T 
(29 kA turns / pole) 
Dipole length: 2 m 

Ø  Update of the switchyard preliminarily designed for EUROν with ESS beam parameters (Config.1) 
Ø  Other possible layouts currently being studied (Config.2) 
Ø  Selection criteria: number of magnetic elements needed + type of  operation (i.e. simple or bi-polar) 

+ prospective of beam dump requirements. 

IPAC’15 Proceedings: E. Bouquerel, “Design Status of the ESSnuSB Switchyard”, MOPWA017 

6 E. Baussan - IPHC/CNRS-IN2P3/UNISTRA 28/09/2017 

17 E. Baussan - IPHC/CNRS-IN2P3/UNISTRA 28/09/2017 

Horn Power Supply and Strip lines 

Conceptual design done 
• Switchyard 
• Divide into 4 beams 

• 4-in-1 magnetic horns 
• Each operated at 350kA/17.5Hz 
• Temp/stress analysis performed 

• Packed Bed Target 
• Ti sphere (d=3mm) 
• Each target receives 1.25MW beam 
• Max temp < 673℃ (M.T. 1668℃) 

• Target Station facility design 
• To be updated in near future

Switchyard, Target Station, Facility Performance
22

        Focusing System 

Decay tunnel 
ν	

Target concept: 
 

Ø Power 1.25 – 1.6 MW  
Ø Potential heat 

removal rates at the 
hundreds of kW level 

Ø Helium cooling 
Ø Separated from the 

horn 

Focusing system: 
 

Ø  4-horn/target system to accommodate the MW power scale 
Ø  Solid target integrated into the inner conductor : very good  
      physics results but high energy deposition and stresses on  
      the conductors 
Ø  Best compromise between physics and reliability 
 

7 E. Baussan - IPHC/CNRS-IN2P3/UNISTRA 28/09/2017 

(EUROnu WP2  Options) 

Packed Bed/Segmented  
Target 

Packed Bed Target 

28/09/2017 E. Baussan - IPHC/CNRS-IN2P3/UNISTRA 9 

Target        : 3 mm diameter titanium spheres 
Proton Beam   : 4.5 GeV, 1MW (SPL - Parameters) 
Beam width     : 4 mm 
Target  geometry radius/Length : 12 mm / 780 mm 
Coolant       : Helium at 10 bar pressure 
 

Titanium temperature contours: 
Temperature < 673°C (Melting temp =1668°C) 
 

=> Concept will be upgraded for ESSνSB 
 
 
 

Target concept studied by 
EUROnu WP2 

28/09/2017 E. Baussan - IPHC/CNRS-IN2P3/UNISTRA 10 

5.6. Transient mechanical model
The transient stress from the magnetic pressure pulse is significant mainly for

the inner conductors of the horn with small radius such as the inner conductor
parallel to the target and inner waist in the downstream region.

a) u
max

= 2.4 mm, t = 80 ms b) Von Mises stress s
max

= 30. MPa, t = 80 ms

Figure 16: Displacement field a) and von mises stress b) due to thermal dilatation with uniform
temperature T

horn

= 60�C

The displacement is maximum in the top part of the horn (dowstream region,
Fig.16). The displacement due to the magnetic pulse is quite low in comparison to
the thermal dilatation. The von Mises stress is the highest in the upstream corner
region. The magnetic pressure pulse contributes for about 20 MPa in the top part
of the horn region with r = 3 cm.

The thermal dilatation does not contributed to the radial stress but mainly to
the longitudinal stress S

z

as expected. The thermal static von Mises stress is about
2.5 MPa and the peak stress is 15 MPa. Because the inner conductor thickness
e = 3 mm is small compared to the inner radius r

i

= 30 mm the hoop stress
inside the inner conductor is approximately constant with a value of 19 MPa.

5.7. Cooling system
The heat sources are: electrical resistive losses from pulsed currents and sec-

ondary particles generated from the proton beam/target interaction. The heat
transfer coefficient depends on the two water phases, the flow rate, the geome-
try, and the disposition of the nozzles. Assuming a initial inlet temperature and
outlet temperature {T

i

, T
outlet

} = {20, 60}�C and a total power to removed of

31

Horn 

Design       : MiniBooNe-Like Horn  
Material     : Aluminum Al T 6061 – T6 
Geometry  : Length 2.4 m – Diameter 1.2 m 
Inner/Outer conductor thickness : 3 mm /10 mm 
Peak Current : 350 kA  
 

=> Concept will be upgraded for ESSνSB 
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Horn 

Design       : MiniBooNe-Like Horn  
Material     : Aluminum Al T 6061 – T6 
Geometry  : Length 2.4 m – Diameter 1.2 m 
Inner/Outer conductor thickness : 3 mm /10 mm 
Peak Current : 350 kA  
 

=> Concept will be upgraded for ESSνSB 
 
 

Power supply 
system for horns

E. Baussan



6. MICE
• The MICE Experiment : Status and Prospects   ̶ 

Jaroslaw Pasternak 

• Recent Results from MICE on Multiple Coulomb 
Scattering and Energy Loss   ̶ John Nugent 

• Recent Results from the Study of Emittance Evolution in 
MICE   ̶ Christopher Hunt 

• Measurement of Phase Space Density Evolution in MICE   
̶ Francois Drielsma

23



MICE Overview
• Muon ionization cooling for ν factory/muon collider 
• to reduce muon beam emittance before acceleration 

• Muon Ionization Cooling Experiment (MICE) 
• Emittance measurement 
• Multiple scattering measurement 
• LiH data taking ⇒ LH2 started 

• RF cavities and some upgrades 

24

What is Muon Ionization Cooling? 

 

z Energy loss in the absorber reduces both pL and pT 

z Scattering heats the beam 

z RF cavities restore pL only 

z The net effect is the reduction of beam emittance – 
cooling (strong focusing, low-Z absorber material and 
high RF gradient are required) 

Cooling  
Equation: 

dεn/ds is the rate of change of normalised-emittance within the absorber;β, Eμ and mμ the muon velocity, energy, and mass, respectively; 
β⊥ is the lattice betatron function at the absorber;  LR is the radiation length of the absorber material. 

Heating Cooling 

MICE:  
Muon Ionization Cooling Experiment 

• MICE Goals: 
– Design, build, commission, and operate a realistic section of cooling 

channel 
– Measure its performance in a variety of modes of operation and beam 

conditions 
– Measure material properties of potential absorbers (LiH and liquid 

hydrogen) 
 

     …results will be used to optimize Neutrino Factory,  
Muon Collider and future high brightness muon beam designs. •Upgrade to DEMO fully designed 

•Very good performance 
•RF cavities tested and constructed in the US 
•Power sources available and tested in the UK 
•Tracker support vessel, first build stage complete. 

•IHEP Protvino, Russia is potentially interested as a host laboratory 

MICE Step IV Upgrade 

The Detectors 

Trackers 

Time of flight: 
TOF0,1 and 2 

Electron Muon 
Ranger: 

EMR 

KLOE-Light: 
KL 

Cerenkov:  
CkoVa CkoVb 

J. Pasternak
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Results slide - deconvolution

Preliminary MICE result
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Measurement of scattering at each nominal momentum point
following the deconvolution proceedure - final value is a Gaussian fit
to the central -40 to +40 mrad
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� as a Function of Momentum
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Scan across the entire momentum range and measure scattering in
both projections in each bin
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Precise Measurement of Beam Emittance

• Time-of-flight counters used for primary
event selection,

• Upstream spectrometer used for
emittance reconstruction,

• Single-track events with a muonic time of
flight and a good reconstruction,

• Analyse beam in 8 MeV/c momentum
bins, twice the momentum uncertainty,

• Statistical and systematic errors evaluated
from all correlations in covariance matrix.
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Measurement of Emittance Evolution

Nominal 3mm Beam Nominal 6mm Beam

Consistent with emittance increase/heating.
Core density decrease.

Consistent with equilibrium emittance.
No change in core density.
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Phase space volume evolution
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J. Nugent

C. Hunt

F. Drielsma
Multiple scattering measurement

Emittance measurement

Phase space evolution 
measurement

Beam emittance
Emittance evolution via absorber



7. Muon Beam Facility (joint w/ WG4)

• The high-intensity muon beam line (HiMB) project at 
PSI   ̶ Andreas Knecht 

• muCool : A novel high-brightness low-energy muon 
beam   ̶ Ivana Belosevic 

• Muon Acceleration : Neutrino Factory and Beyond   ̶ 
Alex Bogacz 

• Low Emittance Muon Beams from Positrons   ̶ 
Francesco Collamati
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Muon Acceleration
• 5GeV Neutrino Factory based on multi-pass Dogbone RLA 
• Linac (255MeV-1.25GeV) Longitudinal compression 
• Delay/Compression Chicane - Transition from 325 to 650 MHz SRF 
• RLA (1.25-5GeV) 4 droplet Arcs and multi-pass linac 

• Optimized RLA scheme for Higgs Factory and beyond 
• RLA with multi-pass arcs (~63GeV) 
• TeV scale acceleration - Rapid Cycling Synchrotrons

27
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Low Emittance Muon Beams from Positrons 

• Muon beams from e+e-→μ+μ- 
• Low emittance, small energy spread, low background, reduced loss 
• Rate is small 
• Target choice (material, length) studied 

• Parameters 
• 45GeV e+, 3x1011e+/bunch, 6.3km ring 
• μ+μ- rate : 9x1010 Hz 
• Emittance : 40nm 

• First design done 
• Preliminary studies are promising 
• Optimization needed
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• Exploiting the interaction of  accelerated  
positrons on fixed target:
• Advantages:

• Low emittance possible:  
θμ is tunable with √s, and is very small close to the threshold

• Small energy spread: depends on √s, small at threshold (210MeV)

• Low background: low emittance allows for good luminosity with reduced muon flux

• Reduced losses from decay: asymmetric collision allows high boost (and both 
muons’ collection)

• Disadvantages:
• Rate: much smaller cross section wrt protons (μb vs mb)

Direct muon production

e+e� ! µ+µ�

e+ e-
45GeV

~22GeV

~22GeV

μ+

μ-

Lab. Frame

θμ

Novel Approach

5

CO
O

LI
NGX

Accelerator Scheme
• From e+ source to ring: 
• e- on conventional Heavy Thick Target (TT) 

for  e+e- pairs production  
• possibly with γ produced by e+ stored 

beam on T 
• Adiabatic Matching Device (AMD) for e+ 

collection 
• Acceleration (linac / booster) , injection

e+ ring: 
A 6.3 km 45 GeV storage ring with target T 
for muon production

From μ+μ- production to collider: 
Produced by the e+ beam on target T with  
E(μ)≈22GeV, γ(μ)≈200 ➝ τLAB(μ)≈500μs 
Accumulation Ring: 60m isochronous and 
high mom. accept. for μ recomb. (τμLAB~2500 
turns) 
Fast acceleration 
Muon collider

e+
	 Li
na
co

r	B
oo
st
er

to	fast	
acceleration	

AR
µ-

e+

Te+
TTAMD

(not	 to	scale)

e- gun
linac

AR
µ+

g

e+ ring parameter unit value

Circumference km 6.3

Energy GeV 45

bunches # 100
e+ bunch spacing 

= Trev (AR) ns 200

Beam current mA 240

N(e+)/bunch # 3 · 1011

U0 GeV 0.51

SR power MW 120
(also 28 km foreseen to be studied as an option) 8

F. Collamati



Questions



Questions from NuFact’16
• Target/Capture: 

• Will a fluidized or granulated target work? 

• Simulations are encouraging for granulated target (not as 
efficient as Hg jet, but more environmentally friendly). 

• Proposal for experimental studies to be submitted in 
2018. 

• Are systems envisioned for Muon Colliders still relevant? 

• Producing multi-MW beams and targets capable of 
handling them are still challenging (e.g. LBNF, J-PARC, 
MOMENT).
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Questions from NuFact’16
• MICE: 

• Do we understand how measurements of multiple scattering and 
emittance reduction in MICE factor into the design of a muon 
cooling channel? 

• Confirmation of scattering models looks good, and first 
emittance data collected. Improved scattering models allow 
more accurate simulation results, and confirmation of emittance 
reduction, i.e. demonstrating ionization cooling is an important 
milestone! 

• Is a muon cooling experiment after MICE needed, and what scope 
would such an experiment entail? 

• Current MICE scope does not include re-acceleration (i.e. full 
ionization cooling demonstration), so an extension/addition that 
would include 6D cooling is desirable.
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Questions from NuFact’16
• nuSTORM: 

• Is a nuSTORM-like ring with a wider momentum range 
possible, and what is the performance? 

• Momentum acceptance of FFAG concept larger than FODO 
concept; performance looks good. 

• How would you do nuSTORM at CERN? 

• Study ongoing for siting at CERN as part of the Physics 
Beyond Collider program; report planned ~2018.
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Questions from NuFact’16
• Other topics: 

• Should there be room to further improve slow extraction 
efficiency in high power synchrotrons, which is important for 
muon physics experiments and fixed target sterile neutrino 
searches (such as ShiP)? 

• No progress reported at this workshop; pass to next 
NuFact. 

• Are cooling schemes other than ionization cooling (e.g. e+e- 
annihilation) well enough developed to be convincing? 

• Preliminary studies of direct muon production from e+ on 
target (e-) are encouraging. Optimization studies of 
parameters underway.
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Questions for NuFact’18
• What is the status of accelerator upgrades for the major 

accelerator based neutrino experiments in the Americas, Asia, 
and Europe? 

• Can targets in the range of 5+ MW be made of solid materials, 
or are granular/liquid targets required? 

• Are requirements for target stations (handling, shielding, 
cooling, etc.) well understood and possible to fulfill? 

• How are measurements of flux progressing and contributing to 
ongoing/future neutrino experiments?
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Questions for NuFact’18
• How is the problem of space charge and beam loss in high 

intensity proton machines being addressed? 

• Is nuSTORM needed as a complimentary program to the future 
planned accelerator based neutrino facilities, and is the design 
deemed affordable? 

• What is the status of the accelerator upgrades needed to build 
a neutrino beamline at ESS? 

• Has MICE reached a satisfactory conclusion, and how do the 
results fit into the accelerator based neutrino beam landscape?
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