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From Neutrino Factory to Muon Collider (MAP)
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Muon Ionization Cooling: why and how

awens Procueed wih arge phase space (emitance)as | Ag normal cooling methods are too
* Emittance must be reduced before injection into accelerator SIOW, need for novel method:

* Implications for performance (e.g. luminosity) & cost iOHiZClTiOﬂ COOI mg
* Lifetime of muon (2.2 us) requires ionisation cooling.

* Muons pass through material - lose transverse and

2 : 2
longitudinal momentum (p; & p,) dgn 1 dEu € 1 Bl ( 0.014 GeV)
 Accelerated in RF cavity - restores p, only. e 5 =
Initial motion Absorber Accelerated dZ B dZ E B 2E m X
5 wopEo
y A 7 y A . y A where:
V \/'7" \/’—?
Z> z> Z> * BUT - also get scattering in material:
Initial motion Absorber Accelerated

X-xp (cm-rad) ‘

v 7y A v
_ Accelerator acceptance R > > >
z z zZ

10 cm, x'~ 0.005 rad

* pescaled @ 200 MeV * Need to minimise mult_iple Coulomb scattering
: | * Energy loss « Z, atomic number
‘ * Scattering «< Z2
\ * Need low Z material:
t and 1) after « Liquid hydrogen (lig. H,) plus beryllium windows
; ; * Lithium hydride (LiH)
focalization + Also need powerful magnetic focussing
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MICE motivations

MICE goals:
« Demonstrate the feasibility of ionization cooling, in a variety of mode of

operations and beam conditions
* Measure material properties of potential absorbers (LiH and liquid H)

 Design, build, commission & operate a realistic section of cooling channel
(with RF)

Muon Cdlider
Conceptual Layout

ProtonDriver.  Neutrino

®>—Linac option B
| Ring option e Muon Decay
N X Ring
A 5
ik RO,
oo e Ao .
\ : SN
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@ o

=3
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° N\,
= Y
O S OO
—&— .

Linacto 0.8 Ga¥ {.3-2.3 GV RLA

Z 2.8~10 Ga¥ RLA ,

.. results will be used to optimize Neutrino Factory, Muon Collider
and future high brightness muon beam designs
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Muon ionization cooling

reality (simplified)

CRYO CONNECTIONS
TURRET

IPLASTIC EOOT
SHIELDING HE SAFETY VENT
TO He TANK (SOXLHEV>

/ | WACUUM JACKET TO TANK

HYDROGEN ABSORBER
FOCUSING MAGNETS

{ " _~He RETURN

{NERT GAS
re < THERMO SHIELD

LIGUID HYDROGEN
- 213 8 20K

He SUFPLY

W

A
.

' ROUGH WVACUUH FROM
VACUUM CHAMEER

HIGH WVACUUM FROM  “eoin mass suPPORT

EACH RF CELL

MAGNET MODULE

principle
@ reduce p;
and p
dE/dx
heating

multiple scattering

©,

re-acceleration

pt[ increase p,

B

Build a section of cooling channel long enough to provide measurable
cooling (10% ) and short enough to be affordable and flexible
Wish to measure this change to 1%
Requires high precision measurement of beam emittance into and out of cooling channel
Cannot be done with conventional beam monitoring device
Instead perform a single particle experiment:

»  High precision measurement of each track (x,y,z,px.py.pz.t,E)

*  Build up a virtual bunch offline

*  Analyse effect of cooling channel on many different bunches

= Study cooling channels parameters over a range of initial bean momenta and
emittances

11/09/2018
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Neutrino Factory (NF) a closer look

Neutrino Beam

Proton Driver:
¢—Linac option
Ring option

Muon Decay
Ring

755 m

Buncher
Phase Rotation

Target
Cooling

LO @ mEmEs

Linac to 0.8 GeV 0.8-2.8 GeV RLA

2.8-10 GeV RLA 0

B
& 9

® 2)
Linac to 1.2 GeV 1.2-5 GeV

RLA 5 10Gev
FFAG

0 Study 1 (US-Fermilab) [2000]
0 Study 2 (US-BNL) [2001]
O CERN NF study [2002]

O Study 2a (APS Neutrino Study) [2004]

O ISS (first international study) [2006]

O International Design Study for a Neutrino
Factory (IDS-NF) (arXiv:1112.2853) [2013]

heutrino factory:
accelerate muons and store to
produce neutrinos

+ i 17
U —e L-EL-J

* Flux known to 1% or better
 High energy electron neutrinos

Golden Channel:
long baseline oscillation manifests
itself by wrong sign muons:

ve—v, v+ N — u +X

Large (100 kton) magnetized iron
detector
Unique ability to test v, > v,

NF may be considered technology
ready: MERIT,MuCool, MICE, EMMA
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50.00

Muon Colliders
Lepton Colliders Figure of Merit: /
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aft®
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° Lumi no si '|'y Cr‘i 1-i Cal: ~4=ILC =m=CLIC =4=PWFA =g=Muon Colliders ==FCC(TLEP)
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Cooling requirements.

0 Cooling important to deliver Neutrino Factory performance
(increase by a factor 2-10), but needs only 4D (transverse)

0 Cooling essential for Muon Collider performances (a factor ~ 106
needed )
0 6D cooling via emittance exchange

Initial .S 8
—_— (=) )
Incident Muon Beam Incident Muon Beam E " _ = = % §
2 > = - Required for g 8 ©a
- 8 102 :_Te\/ Colliders O oo . o3 O Qo
Evacuated | Absorber-Filled c a <c c 5 — () 3 o
5 A o] T _— =
Dipole Magnet | | Dipole Magnet [~f=_ 2 =9 s =] © a2
: S8
(]
Aplp T;—E 10 - ©
¢ _g c
L | i .
‘E & < 2 Required for hD/IOEh 2013
Wedge S 10¢ Higgs Factory arch,
C L1l L1l L L]
Absorber [Figure courtesy Muons, Inc.] 10.0 102 10‘; 101
—— — Transverse Emittance (micron)

+ Ionization cooling is not directly effective for longitudinal emittance
« Two approaches to longitudinal cooling via emittance exchange

(cool €, exchange & & ¢ )
« A wedge shaped dE/dx absorber is introduced, to increase (decrease) ionization

losses for faster (slower) particles




Original MICE setup

Coupling Coils 1+2
Spectrometer || Matching Focus Focus coils 2 Focus || Matching || Spectrometer
solenoid 1 coils 1.1+1.2 || coils 1 coils 3 || coils 2.1+2.2 solenoid 2
l m i L/ U J. M i
= _ _E_ _ _ _i_ _ '_ == : ‘l
A ' T
1'\ / i = L L L LLL ‘A
— bl *
Beam PID
TOF 0 RF cavities 1 RF cavities 2
Cherenkov Dovwnsiream
TOF 1 Cools and measures about 100 muons particle ID:
TOF 2
Difh 1&2
nsers -
Liquid Hydrogen absorbers 1,2,3 Calorimeter
Incoming muon beam Trackers 1 & 2
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MICE Beamline

Proton |
Synchrotron |

/ . VS 2
' N e
“Target ¥ 3 T e S
.s“ﬂ 0 5 10 15m | e
/ L b ; |
/| i
@.—91
/g~ Pion channel
—a3 Diff
V/> Pion momentum uon cooling channel :
f“: \AA( Pion to muon deca SciFi Tracker SciFi Tracker i 4 -
/ 1 g |
/ Dipole 1 /s, .Muon momentum \. o A4t
/ (1) I i E@ N | = | I . -
R i s S ey :
/ Decay Solencid 5! HHH HHH i ‘— —}-—| s .
S Tl i

wl H|L|W IH‘._.%
Dipole2 Q4 Q5 Q6 Q7 Q8 Q9 MICE Experiment

(D2)
TOFO Ckov TOF1 TOF2 KL EMR
ol ]'_‘_I ohagy o s 5 paphs A |

Sespie B pen i

ldl . 5.
|
5 - 7

L Muon optics | ‘ ‘ e

. Spectrometer Focus  Spectrometer
MICE Muon Beam line (MMB) P Solenoid  Coil Sg\enoid

1 ISIS 800 MeV proton synchrotron at RAL
Q Titanium target, grazing ISIS beam

d n captured by quad triplet and momentum
selected by dipole (D1)

d Followed by 5T decay solenoid (DS)

[ Second dipole (D2) select muons momentum
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Beam PID instrumentation

\

@I

777

R * Kloe-light Calorimeter - KL
* Electron-Muon Ranger -EMR

.' :‘.‘l'. \»\\

£
11/09/2018

g1
Feie)

Upstream PID:

discriminate p. 7. U
* Time of Flight - ToFO & ToF1

* Threshold Cerenkov

BOOf—
=M

so0” |€

400=

3001

2005

100

:w\wwwlw
0725 a0

DU R
35 40 45
TOF0—1 (ns)

;,, Downstream PID:
& < reject decay electrons

* Time of Flight - ToF2
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MICE trackers

*Two trackers - before/after
*Measures x, Yy, X, Y', Z
5 stations/tracker

*3 stereo planes/station - U/V/W
*1400 350 um fibers/plane
*double Iayer, 7 ﬁbers/group

°470 p,m RMS'p05|t|on resolution
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MICE Science Goals: study factors that affect cooling

- Emittance:
- MICE Muon Beam optics and
diffuser settings
*  Material:
- Absorber change (LH,; LiH);

- p, E and p:

- Vary beam momentum, optics

Depends on upstream beam Depends on magnetic lattice

line (mostly diffuser)
lonisation Multiple
Lo YV — 5 l ........................................ g

det g, [dE\ B:(13.6 MeV)?
veswes st iBZE\dX[': 2B3Em,X,
change in esestennnnnnnnid EI :
emittance ... ‘ ................................... :
\/-P/

(e - ’
_-:B'E“ p2+mﬁ

E
=> depends on D2 selection

/ Depends on material

Time-of-flight Variable thickness 7th February 2015
hodoscope 1 high-Z diffuser Absorber/focus-coil
(ToF 0) module
¢ Upstream ¢ Downstream
spectrometer module spectrometer module
e T ctro
Beam ’ I ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
(MMB)
T T Liquid-hydrogen
Cherenkov ToF 1 absorber
counters Pre-shower
(CKOV) Scintillating-fibre (KL)
MICE trackers ToF 2
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« [mmi]

250 2000 4000 IUF‘UB(HJU 8000 10000 12000 14000

_L__
16000 18000 20000 KL z2000

Integrated Particle Triggers
[ [\ (5] [~}
= 33 =] @
S S S S

—
(4]
o

100

Integrated Exposure 2015-2017

Single-particle technique:

Powerful! Fully measure one
muon at a time:

Fast instrumentation,
matched to beam intenstity:
measure all 6D phase-space
coordinates of each muon
Build muon ensemble of fline:
calculate ensemble properties

10°

- & F EE E eg.

e m ) o |8 ") -9- T

r - - E - E

- g 2 2. &

; Table 2: Summary of data-taking over the Step IV period.

- User cycle Target Channel mode Motivation Triggers x 10°
- 2015/01 - No field Commissioning and development -

- 2015/02 - No field Commissioning and development -
_— 2015/03 Xe No field Commissioning / Initial data-taking 19
F 2015/04 Empty/LiH No Field Data-taking without decay solenoid 11.9
o 2016/01 Empty - Hall infrastructure development -

- s g g 2016/02 Empty No field Commissioning 17.9
= Ni=ES 2016/03 Empty/LiH Solenoid Data-taking 13.2
— u cllle § 2016/04 LiH Solenoid Data-taking 416
= o~

- 2016/05 LiH Flip Data-taking 20.4
Ciclbansaeer | TP L PR P P bl PR FETY Y Y P TR P 31 P e 2017/01 Empty No field Hall Infrastructure development 12.5
S EEEEE R R EEEREEERNEE F 2017/02 LH2 Mixed Data-taking 105.2
& os 3 ] FE IR R EEEEE R 2017/03 Li i i

EEEEE 55555 & 85558 5E5E588055858%8§&8 iH/LH2Z/Wedge Mixed Data-taking 107.2

11/09/2018
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e —
Multiple Coulomb Scattering

n= - . %
@ MICE preliminary —e— Raw Data - MICE Preliminary 140 MeV/c
E V= LiH. 172 MaVic. March 2016, MALIS v2. 5 C o
by 10 2 | rch v —_— GE.ﬂ:.NT-i Default MCS =F LiH, October 2016, MAUS 2.8 170 MeV/e
) o == Carlisle-Cobb @ [
2 F s C | ] 200 Mevic
£ T EL [[] 240 Mevic
L ol
3 8 |
o 1ﬂ_2 = | 9 :
o E T i e -
N T g -
bt T
i B el
t St
107 =
B P T TR RN SN TR NN AT TR TN NN T T TN N R RN SN N S T =
—0.0& —0.04 —-0.02 0 0.02 0.04 ) 0.06 » 5 o g T S i e, el
ABy (radians) g 5 10 15 20 25 30

Mnmentum |Lnss [MeV/irl

= Emittance is increased by multiple scattering

= Scattering in low-Z materials not well modelled in MCs

* First measurement of muon MCS in lithium hydride at 140-240 MeV/c
= Validation of Moliere scattering model and GEANT4

= Validation of energy loss model
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.,
Emittance and amplitude

p, [MeVic]

= 4D-phase space of particles: x,p,.y.p,
4
‘/Z
* Normalized emittance: a;% . 4D cov
matrix Y.4p

= Transverse single-particle amplitude; phase-
space distance of muon from beam core
A, =gu'2u with V=(x,p,,y,p,) and u=v-<v>

O Mean amplitude ~ RMS emittance
[ Tonization cooling reduces amplitude in the
core of the beam

10000
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Precise emittance measurement

Reconstructed Data

7}
= B Eniries 25305
% 34 Meanx 1977 | | ~]600
= B Meany 2845
© Std Dev x 2756
g [ S Devy 0641
E
30—
28 " :
t...
iy = = 20C
26 100
Y] PR P I I W 0

11 1111 1 11 1 11 1 11 1 11
0 50 100 150 200 250 300 350
IPI at Tracker reference plane (MeV/c)

Time-of -flight between TOFO

and TOF1 vs p measured in TKU.

Black lines border the events
considered muons.
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E 42— MICE Preliminary
~ |_  ISIS Cycle 2015/02

8 | Run 7469, MAUS v2.5

c
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I

|

:3'65 L |

Il Il ‘
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! L1
200

! L1
210

! L1
220

Il Il Il Il ‘ I
230

240 250
<Pz> (MeV/c)

Transverse normalized emittance
measured in upstream solenoid using
single particle method

= flat emittance vs p

= total error between 2 and 4 %
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Emlﬁ'ance evolu‘rlon: amplrruge cl!\cmge

= No absorber: decrease in number of core muons
= Absorber: increase in number of core muons (cooling signal)

No absorber LH2 LiH I
I ® || Upstream
MICE Preliminary MICE Preliminary MICE Preliminary
I 1515 User Runs 204702 and 201703 |—E—| DD‘WHS n-eam
- - — - - —_—
— - -~ 6-140
[ == | - ! —_—
!15; — -: = :ﬁ .
- - : aa [ -
é ] +i:r:'='=|-|+ ! N :_._‘m- R B T :_h;:FF‘:‘Iﬁ.:
E MICE Preliminary MICE Frefiminary | MIGE Preliminary
T s - - B =
i == - +++ | —— bl
: e - —— I .
I = . . e e
05 - - = - ¥10-140
[ - = [ =4
o a o = 3 - =
i - = 3 [ = ]
P RS N I='I'I=I|= P T NSRS N ::':'F'= AP R R . = =
20 40 20 40 20 40
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RAmp

Emittance evolution: ratio of
cumulative core densities

o Cumulative core density increase for LH2 and LiH absorbers
0 More cooling (R4yp>1) at higher input emittances

No absorber

LH2 LiH

MICE Preliminary : MICE Preliminary : MICE Preliminary
e : - /Cooling signal
1.2 I I /6-140 (RAmp > 1)
B e T T
i, R s s N
,,,,,,,,,, o
| MICE Preliminary MICE Preliminary MICE Preli ry a A?OWI‘]
1.4; I N O ni
1.2f L l 10-140 RAmp >
2 E o up
aAA,
n=1

11/09/2018

Reconstructed amplitude [mm]
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Study of emittance exchange

0 Data taken in 2017 for both nedent Muon e
direct emittance exchange (8L [ Dipole magnet |
decreases) and reverse emittance = [Wedgeabsorber] [~
exchange (et decreases) Ap/p

0 Reverse emittance exchange
lengthens bunch and increases

luminosity in MC
0 Polyethylene wedge absorber

Wedge installed in MICE
11/09/2018 M. Bonesini - Now 2018 21



Going !or'war'g: !emo cooling !esign s‘ru!y

Time-of-flight Variable thickness Primary
hodoscope 1 high-Z diffuser 201 MHz lithium-hydride 201 MHz
cavi

¢ spectrometer module

Cherenkov
counters
(CKOV)

lithium-hydride
absorber

cintillating-fibre Scintillating-fibre
MICE racker tracker

1 [l (|
|I il |l |l |l

11/09/2018

M. Bonesini - Now 2018

Possible next steps: add
acceleration to MICE
lattice, study 4D cooling
with acceleration.
Upgrade to DEMO fully
designed:

= Good performances:
“= 215 % (6%) at
140 (200) MeV/c to
be compared with
10% at 200 MeV/c
of proposal

= RF cavities tested
and constructed

= Power sources
available and tested

22



emo cooling performances

S 140 MeV/c|
W oeasl \ ——200 MeV/c | |
%o U:,“ —-—240 MeV/c ( . == -
10| ] U =5 - ' -
st PRAB 20 (2017) no.6, 063501 | & 1 MH y4 CGV”Y
ol " MTA FNAL
sb o N .
-10 c
MICE [simulation] -,
0 2 s 6 8 10 12 14
€1in |[mm]
| 100
= % o
[oH
Z’ 9% [
Z% 92 .
90
88 - B
---- 140 MeV/c : : :
%1 PRAB 20 (2017) no.6, 063501 —— 200 MeV/c | Des l.gn achieves PBgUIf‘Gd
o+ | MICE [simulation] ' ~— 240 MeVic] . cooling at large emittances:;
T But ... not funded
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For the impatient physicist: an entry
level NF

Front End Muon Source ) Acceleration Decay Ring

S« = § l Cartoon based on
5T £ 2 s o | IDS-NF design
£+ = S N T
o5 O 0o a o O |
o3 o S91 9 v 5 O I 562 m

el O S o o o
= S O] 3 & ©O S I 1%
a — n O 5 QO — |/
— ] (st dmmy i
| |
| |
| |
| |
@ Simplify | @ Skip | @ Shrink
| |
p—@0—r
Target 1 Muon Decay Ring Neutrino beam
SO o V
%"-’_/.u,ﬂ-,—* ,;__;‘-m'\,g‘
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nuSTORM is entry-level neutrino factory and can be realized now without any new
technology.

Up to m production: conventional neutrino beam

Store time 2 x T, ~ 160 us (87% of stored muons will decay)
0.008 u/POT

Delivers beams of v, v,,v,, v, from the decay of 3.8 GeV stored u*
Known flavour composition and <1% neutrino flux precision

Precise CP-conjugate beams from storing u* and u~

Can access all of these channels with % or better accuracy:

VoV, Ve = V, Vy = Ve Ve 2V,
VoV, Ve =V, V> Ve Ve =V
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The nuSTORM Triangle

m Defmmve measuremen‘rs of

Allow searches for eV
sterile neutrinos beyond

FNAL SBN

NF/HEP muon accelerator proving ground: first operational use of a

muon storage ring as a v source; testbed for 6D cooling experiment
beyond MICE (1019 u/pulse 100-300 MeV/c beam)



An example: v,->v  appearance search

10

100, 1% Sys

100, 5% Sys
99% C.L., 1% Sys
99% C.L., 5% Sys
99% C.L. App. Data
99% C.L. LSND+MB+SBL
99% C.L. Icarus

2

Am? [ev2]

0-1- =<y

0.001 0.01 0.1
$in°26,,

= Very good discovery potential
= 3+1 model for sterile neutrinos
= 102'POT + SuperBind detector

11/09/2018 M. Bonesini - Now 2018
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VY Cross-sections aTt nu

Negligible v, cross-section measurements at
accelerator energy regimes

P. Huber, M. Mezzetto, T. Schwetz

CI-S I T ' I | I I T TTTT | I I T TTTT
T [Eeow . T2HK CPV at 3c
(] [ vimest @ 105 une. e
o 1 - _ -
T) b oo I|_
= 4 sere A
£ |+ \ — constrainton & /G
NE 0.8 0.4 — |\ S
s ! . — 6}1 @ 1%
=) 0.6 - —_—— Ee @ 1% 1
Two [
c -
080.4— 0.3 — ]
2 - all systematics @ default
= [ -~
- FI. _ —
0.2_ m,_;
Gill‘.IIIIIIIIIIIIIIIIII\IIIlI\IIlIIIIIH\IIIIIIIIIH 0‘2_ .‘\ ,I, ]
0 05 1 15 2 25 3 35 4 45 5 R — - -
E, (GeV) NN == - i
L - i
v,7 cross-sections are essential for gPsensitivity it~ 01~ tatistice onl % |
appearance experiments statistics onty :
Only nuSTORM can provide 1% level of precision -
-  Intense v, source GLOBES 2007 1%
- We” known fluxes D | I I | | [ I | | | | I |
- v,V sources -3 -2
- voandv, 10 i 10 10
sin 20,
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nuSTORM AT CERN

= Blue solid lines existing
tunnels and transfer lines
serving CERN WA

= Black solid lines: transfer
line+storage ring location for
nuSTORM

= Principal issue: SPS spill is 10
us — FAST extraction

nuSTORM at CERN: exploratory

study including:

SPS requirements

Beam-line

Target complex

Horn

Siting

Civil engineering
Radio-protection implications

(similar studies also at FNAL)
11/09/2018 M. Bonesini - Now 2018
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Conclusions

The Muon Ionization Cooling Experiment (MICE) was constructed at RAL
and collected 350 million triggers to fully characterise ionization cooling
MICE is studying ionization cooling in detail: evolution fransverse
emittance beam amplitudes, multiple Coulomb scattering, energy loss,
reverse emittance exchange

All main technologies required for neutrino factory and muon collider have
now been demonstrated: ionization cooling (MICE), liquid mercury target
(MERIT), Fixed Field Alternating Gradient accelerators (EMMA)

NuSTORM will create a heutrino beam from a stored 1= [@8)2N
beam and will
» Allow searches for sterile neutrinos Sk coler
* Measure scattering cross sections at per-cent level -

* Represents the simplest implementation of the

Neutrino Factory concept & way to 6D cooling exp
after MICE
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Emittance evolution: demonstration of
ionization cooling via frac emittance

Fractional emittance is phase-space volume occupied by fraction o of beam
(0=9% is 1o of 4D phase space)

1.7

1.65

1.6

_1 2 De, 2De
ea = —(,UITK:@T) p— ~
2 e e
a T
Fractional (9%) emittance evolution 6 mm, 140 MeV/c, LiH, flip
c§ g == Truth MICE preliminary
2 2:_ # Simulation :Ji’sc:;f;fﬁm
21_953_ & Data MAUS v32.0
§ 1.9%— [
= Also shows
18F- ionization
175 cooling!

—_
=Y
—_
(%2
[=2]
—_
-~
—_
[s=]
©w
[h*]
o
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Performance with
nuSTORM

Without cross-section

measurements from
nuSTORM

With cross-section

measurements from
nuSTORM

SL&B@QE’H?G”‘S CIOSC in OYM Bonesini-lgl'gw 26&10

CKM-level precision

P. Coloma, P. Huber, J. Kopp & W. Winter, 2012
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