the muons are cool, man
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Neutrinos WARWICK
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» Lightest fundamental fermions

» Do not fit easily into the Standard Model of Particle Physics
» they have mass, but we don’t know how they get it

» are linked to some of the major questions in Particle Physics |
» e.g why is there more matter than antimatter in the Universe?
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Neutrino Osclillations  warwicx

Neutrinos can change flavour as they travel from point to point.
Neutrino Flavour Oscillations

The nature of these oscillations can give us information which
will help elucidate these big questions

So we want to study these oscillations.



Neutrino Oscillation
Experiments

WARWICK

THE UNIVERSITY OF WARWICK

1. Make a beam of neutrinos which is
100% pure flavour . at a neutrino beam

Sanford Underground
Research Facility

Fermilab

2. Allow them to travel to a
detector many hundreds of kilometers away

3. Detect a fraction of these neutrinos as
a different Flavour B



Making Neutrinos WARWICK

Target nucleus
e.g. Be, Al, C

p°%c
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Making Neutrinos WARWICK
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Making Neutrinos WARWICK

p+target > x> u+v,



Making Neutrinos WARWICK
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Engineering WARWICK

THE UNIVERSITY OF WARWICK
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» Can't count the number of neutrinos in the beam

» N(v;E,0,)<N(m;E,,0,)

» Can't count the number of pions either so we need to simulate the flux
» Number and distribution of pions arises from hadronic fragmentation
» Strong interaction physics — very hard to model

» Uncertainty in the p-target interaction generates an uncertainty in the
number and energy of neutrinos of around 5-10%
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Making Neutrinos WARWICK




Neutrl no Facto ry WARWICK

» proton-nucleus interactions are hard to understand
» ...but muon decay is very precisely known
u->ev, v,
» Instead of taking the neutrinos from the pion decay, why not

accelerate the muons to a single energy, let them decay and get
the neutrino from the muon decay?

-
P Vil

Very schematic layout:
. {f,:.u -

Target e, W »Beam is very clean
I / / » Extremely high neutrino
. S flux
T | - ions  Neuin » Precise and predictable

energy spectrum



Neutrino Factory

WARWICK
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) .

layout of a
neutrino factory

http:// muonstoragerings. web. cern.

: f lonization
ch/ muonstoragerings cooling

Linac = 2 GeV

Recirculating
Linacs 2 < 50 GeV

2000005 146 ¥ Petar Gruler, CERN-PS

v
< vbeam to far detector

A pDSSiblE H" linac 2 GeV, 4 MW Accumulator

horn capture

Decay ring -
= 2000 m circumference

ring + bunch
COMPIessor

Magnetic

Target

Phase rotation

v beam to near detector

W
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Umm....
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Can’t build this

2000005 146 ¥ Petar Gruler, CERN-PS

!

A possible
layout of a
neutrino factory

http:// muonstoragerings. web. cern.

ch/ muonstcragerings/

Recirculating

v
¢ vbeam to far detector

Linacs 2 & 50 GeV

| b \ T
H- linac 2 GeV, 4 MW  Accumulator
ring + bunch
COMpPressor -
Magney
horn captu
Target el
[onization ¥
cooling BT
Phase rotation
Linac & 2 GeV
Decay ring — 50 GeV -
= 2000 m circumference *
-_‘__h
Se— v beam to near detector +
qhhmq‘¥1
e -
L J




Umm.... ot build thie WARWICK

15 ¥ Petar Gruler, CERN-PS

OO -

’ , |

A pDSSiblE H" linac 2 GeV, 4 MW A-:-:umglatotxl'
ring + bunc
lﬁygut le da compressor
neutrino factory Or this Magned
horn captu

http:// muonstoragerings. web. cern. Target

: f lonizatio
ch/ muonstoragerings cooling

Phase rotation

Linac = 2 GeV

Recirculating
Linacs 2 < 50 GeV

Decay ring — 50 GeV
= 2000 m circumference

-
-
-
——

v
¢ vbeam to far detector

T
1

A+

W
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Umm....

15 ¥ Petar Gruler, CERN-PS

OO -

!

A possible
layout of a
neutrino factory

http:// muonstoragerings. web. cern.

ch/ muonstcragerings/

Recirculating
? Linacs 2 & 50 GeV

Or this .

v
¢ vbeam to far detector

WARWICK

THE UNIVERSITY OF WARWICK

Can’t build this

Accumulator
ring\ + bunch
COPressor

H linac 2 GeV 4 MW

Or this

T
1

M+

Phase rotation

Linac = 2 GeV

Decay ring -
= 2000 m circumference

W




Umm.... ot build thie WARWICK

15 ¥ Petar Gruler, CERN-PS

OO -

| ] \ T
A pDSSiblE H" linac 2 GeV, 4 MW  Accumulator
ring\ + bunch
lﬁygut le da compressor a
neutrino factor i de ik
y O r th I S horn cﬂag[:{ﬁ:
http:// muonstoragerings. web. cern. Target =l
; Ionizatio +
ch/ muonstcragermgs/ cooling BT
Phase rotation
Linac & 2 GeV
Recirculating
Linacs 2 < 50 GeV
Decay ring — 50 GeV N
= 2000 m circumference E
Tl 5 v beam to near detector +
R e e §
\ 16
,« vbeam to far detector s




Neutrino Factory

WARWICK

THE UNIVERSITY OF WARWICK

) | ,

A pDSSiblE H- linac 2 GeV, 4 MW  Accumulator
ring + bunch
lﬁygut le da COMpressor a
neutrino factory Magnetic
h¢rn capture
http:// muonstoragerings. web. cern. Target B
1 I ti ; 3
ch/ muonstcragermgs/ > cooling |__Drify =

Phase rotation

Linac = 2 GeV

Recirculating
Linacs 2 < 50 GeV

Decay ring — 50 GeV
= 2000 m circumference

v beam to near detector

2000005 146 ¥ Petar Gruler, CERN-PS

v
< vbeam to far detector

W
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e.g. largetry WARWICK
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Energy per pulse on target is on the order of 2 MJ, delivered In

an area of 0.1 cm?in less than 2 ns every 20 ms or so.

This leads to a temperature rise of more than 1000 degrees

In the target per ms. Huge damage to target and surrounding material.

Hg-jet target
(MERIT)

2011 target system concept

. Superconducting magneu/,._

tungsten-carbide beads + water
| | f-j= tungsten-carbide beads + water

1 1

proton beam and mercury jet / \ |

' mercury peol proton dump
beam window '

2. Load Hopper

3. Pressurise Hopper
4. Powder Ejection and Observation

Mercury Jet Powder Jet Rotating Disc




Superconducting magnets

to focus secondary pions - IARWICK
forward UNIVERSITY OF WARWICK

Mercury Jet and
Proton beam

Mercury collection and return
pool
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MERIT Experlment
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Beam

e — / Window




WARWICK
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2000005 146 ¥ Petar Gruler, CERN-PS
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A possible
layout of a
neutrino factory

http:// muonstoragerings. web. cern.

ch/ muonstcragerings/

Recirculating
Linacs 2 < 50 GeV

EMMA

v
¢ vbeam to far detector

[ }

H linac 2 GeV 4 MW

ring + bunch
COMpPIessor a
M '
M U CO O L horn caag[:ﬂ(&lig
M I C E Target E

TONT L LIonT
coodn

Accumulator

Drift MERIT

T+

Phase rotation

Linac = 2 GeV

Decay ring — 50 GeV
= 2000 m circumference

-
-
-
——
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Accelerator R&D .,
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» MERIT
» Demonstrated principles of high -
/ power proton targetry Pt © _CCO o
P EMMA il \

» Demonstrated fast acceleration
+  using Fixed-Field Alternating
Gradient (FFAG) accelerators

» MUCOOL
» Cavity R&D for ionisation cooling
P Demonstrated operation of

cavities at high voltage in magnetic
fields

» MICE
» lonisation Cooling
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Beam Cooling WARWICK

f {

/
Proton w/ |

» Beam cooling is a process whereby the size of the beam is
squeezed in order to make it fit into smaller, later section of an
accelerator system

» There are a few different techniques to cool a beam
» They are all very slow

» Muons decay - for a neutrino factory we need to do the cooling
quickly before all the muons vanish

» Only one method known : ionisation cooling



Beam Size

o
e
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o
elements o
in the
beamline EE—
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WARWICI(
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Particles on edge
of aperture don't
make it through

Particles with large
transverse
momentum don’t
make it through
either

» Particles in a beam exist in a 4-D space (x,y, p , py)

» Beam size : volume of this space occupied by beam particles

» Known as “emittance” of the beam

24
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MICE preliminary
IS15 Cycle 2017102
Run setting 7
MAUS v3.2.0
; ianat.
- .:'f E . Lol ’:i _:
.H"'h.‘;:_ = .“ > ‘L
_;'. ) .kﬁ-‘h

s0 100 -100 -50 0 50 100
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A ([mm]
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lonisation Cooling

5

0,

dE/dx

9,

multiple scattering

» Lose energy and
momentum going
through stuff

» Tends to decrease

s
N

THE UNIVERSITY OF WARWICK

re-acceleration

» Accelerate particle
longitudinally to
replace lost
momentum

the size of the beam ). particle can undergo

multiple scattering
» Tends to increase the
size of the beam &

» As long as the effect of (1) is greater than that of (2) we can cool the beam
»If (2) is greater than (1) then we blow the beam up, heating it.



lonisation Cooling

5

0,

dE/dx

9,

multiple scattering

» Lose energy and
momentum going
through stuff

» Tends to decrease

s
N

THE UNIVERSITY OF WARWICK

re-acceleration

» Accelerate particle
longitudinally to
replace lost
momentum

the size of the beam ). particle can undergo

multiple scattering
» Tends to increase the
size of the beam &

Best choice of stuff : liquid hydrogen






MICE

Muon Ionlzatlon Coollng Experlment

MICE was designed to demonstrate ionisation cooling
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MICE wARWICK

Rutherford Appleton Laboratory

.,_..-I-

'4" ' *' ' . : _::,-:J'.'

» Over 100 collaborators in 30 institutes in 10 countries
» Used the ISIS proton synchrotron at the Rutherford Appleton
Laboratory
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MICE WARWICK

» MICE goal is to verify emittance reduction from ionization cooling

Upstream Spectrometer Downstream Spectrometer

Absorber Module

Beam In # + Beam Out | @ITOF2
> ‘II | |— - ‘ A

TOFO Cooling
Magnet Coils
CKOV TOF1 9 ! Cell Downstream

Upstream PID
PID

» Generate muons from proton-Ti interactions in the ISIS accelerator at RAL
» Pass single muons through the channel

» Particle ID detectors (CKOV/TOF/EMR) make sure that the particle is a
muon

» Construct a beam later on in software

» Measure the size of the muon beam upstream and downstream of the
absorber

» Change in size of beam is indicative of ionisation cooling
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MICE WARWICK

» MICE goal is to verify emittance reduction from ionization cooling

Downstream Spectrometer

Absorber Module
+ Beam Out TOF2
EM

Upstream Spectrometer

Beam In

R
TOFO Coollng
Magnet Coils
CKOV TOF1 9 ! Cell Downstream
Upstream \ A /\_‘ A _} PID
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.E. o \ L ] 5Im+lated measurem*nt

S = F
© 505
O E’E.BEZ
o 2 -
S i
Y— %5.35:—
o E L
O z 58
N -
n 5.75— + v

5,?3—

5|EEEI_I|IIIIIIIIIIIIII|IIII|IIII|IIII|IIII

=3 -2 | 0 1 2

E
mean{ z } [m



U

- = A - WY
pstream spectrometer = = = =
solenoid and tracker T

= —_—

M I C E WARWICK

Focus module containing
absorber

< HIP
.
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THE UNIVERSITY OF WARWICK
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Results WARWICK

No LH2 in beamline LH2 introduced

ey [mm]

1 9' MICEPretiminary .0l
: ISIS Cycle 2017/03 i

-+ [RUn setling 7
MAUS v3.20

14 15 16 17 18 19 20 14 15 16 17 18 19

1.8

zZ[m Z [m]
Distance along the channel T

The muons are cool !
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Accelerator R&D .,
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» MERIT
» Demonstrated principles of high -
/ power proton targetry Pt © _CCO o
P EMMA il \

» Demonstrated fast acceleration
+  using Fixed-Field Alternating
Gradient (FFAG) accelerators

» MUCOOL
» Cavity R&D for ionisation cooling
P Demonstrated operation of

cavities at high voltage in magnetic
fields

» MICE
» lonisation Coolin
V4 g




Can we build 1t?

WARWICK

THE UNIVERSITY OF WARWICK

146 ¥ Pedar Gruler, CERN-FS

2UNC=0=

’ | }

A pDSSiblE H- linac 2 GeV, 4 MW Accumulator
ring + bunch
lﬁyﬂut Df a COMpPressor

neutrino factory igaeiia

horn capture

http:// muonstoragerings. web. cern. Target
; / Ionization
ch/ muonstoragerings cooling
Phase rotation
Linac 2 2 GeV
Recirculating
Linacs 2 < 50 GeV
Decay ring — 50 GeV
= 2000 m circumference
T el a— W o near detector

F
< vheam to far detector

¥ Bob

" Biiilder Sa8
Yes'We Can!
=




Summary WARWICK

» High precision neutrino experiments may require different
methods of making the neutrinos

» The neutrino factory is the ultimate neutrino machine
~precisely understood neutrino flux
~lots and lots of neutrinos

» Needed R&D to validate ideas for cutting-edge engineering

» The MICE experiment tested the last step of the design — beam
cooling

» It looks like it works, and can be built!

» ...but will we...? o
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Backups
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» Accelerators were First built in the | WAR|C|<

1920's/30’'s to accelerate protons/ions and
electrons for fundamental research
» Now accelerators have many uses
P Hadron accelerators
» Discovery machines e.g. LHC
» Messy hadronic environment
» Medical isotope production
» Hadron beam therapy etc etc
P Lepton accelerators
» Precision machines e.g. LEP
» Possible “Higgs factories”
P Secondary particle accelerators

» pions, kaons, neutrinos e.g. NUMI



WARWICK
Circular Machines SRR e

v Accelerate beam in many turns
v/ Can use a single injection many times

X are limited by synchrotron radiation losses
particularly for lepton machines

4

E
AEoc(—
m

Linear Machines

v~ Almost no radiation loss

X Have to achieve energy/
luminosity in a single pass

X Limited by available power



natomy o

accelerator

» Beam arrives through a transfer
line and is injected into the main
ring via "kicker” magnets

» Beam is accelerated over many
turns

» Beam is extracted (more kicker
magnets) and sent to
experiment or later acceleration
stage

» Beams are usually made of
bunches of particles, rather than
continuous beams

all

WARWICK

THE UNIVERSITY OF WARWICK

Qection transfer line

Focusing Beam pipe
magnets or . IHJECt-IOIl (V&C'Ll'l.lﬂ].)
accelerating magnets

cavities .
Beam
circulates in
this direction

Bending magnets
Extraction transfer line

Extraction

. ma.gnets
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Beam Concepts WARWICK

Injection transfer line

¥ Particle motion is controlled

by magnetic fields N
Focusing ' Ul ' ~  Beam pipe
» A single particle will typically e S Injection ¥/ (vacuum)
i ; . elerating \, ,/
oscillate around an idealised R O iy magnets

*

reference orbit

circulates in
this direction

Extraction

magnets ' '
[

/ Extraction transfer line

Reference orbit

_’,./'
Bending magnets
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Beam Concepts WARWICK

Injection transfer line

¥ Particle traces out an ellipse in
phase space (x,dx/ds) or (x, p )

Focusing ' | . ~ _ Beam pipe
. L/ (vacuum)
» In stable beams the particle s el \ ./ S '

traces the same ellipse over cavities
and over again

*

circulates in
this direction

Extraction

magnets ' '
[

/ Extraction transfer line

=X _’,_/
Bending magnets
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Beam Concepts WARWICK

» Different particles will trace out different oscillations around the
reference orbit

X Many particles = beam envelope




Beam concepts WARWICK

p, » RMS ellipse of all particles is the machine
x ellipse
Xeremax = = |Efy » Defined by the Twiss parameters
| Ip K il ~a - related to beam tilt
| R| Fremax == /g B - related to beam shape and size
& ~ € = emittance of the beam
g X
Area = me = = J-L-RlRZ
Xxr=0 =ﬁ

Yot = VB ~volume of the beam in phase space

~ conserved quantity
~variously defined as we are
measuring an ensemble of particles



Beam ellipse WARWICK

) - D D -

» The machine ellipse rotates and changes shape as the beam moves
through different accelerating structures

» However the area of the ellipse — the emittance —is constant if the beam
is only acted upon by conservative forces

» This is a consequence of something called Liouville's theorem
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Beam concepts WARWICK

» £ - emittance of the beam
P € - transverse emittance — area

of beam in transverse space:
----- Xl ] ]
- g (*x.y,P,qP)
| / VA # Prtransverse emittance changes with
| momentum so we generally talk
about the normalised transverse

Area = me

emittance
X=o = [%fy
el > EJ_,N -& BV

» independent of beam
momentum for conservative
Forces
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Beam concepts WARWICK

¥ Different parts of an accelerator have
different apertures which only particles
within a certain volume in phase space will

J/; _____ enter
* NS s ]
%' max = VEV e . | - — —aﬁ ¥ If emittance is larger than the aperture

volume then particle are lost from the

| beam
Area = me P Act of squeezing the beam emittance to
‘ J; maximise transmission through the beam
Y |
T

channel is called beam cooling

» A number of different cooling techniques
are available, but they are too slow for

. . - muons which decay quickly

» MICE was designed to test the concept of
/ jionisation cooling for muons



MuScat Nucl. Phys. Proc. Suppl. 149 (2005) 99-103
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» Energy loss and Multiple Coulomb Scattering underlie emittance reduction
» Critical to know whether our models reproduce these processes
» MuScat showed that, in 2005, GEANT 3 modelled MCS in high-Z materials well,

but fFailed to model MCS for low-Z materials

» MICE is validating the models included in GEANT 4 for LH_ and LiH materials



Multiple Scattering v

MICE Preliminary
LiH, October 2016, MAUS 2.8

MICE preliminary —e— Raw Data
LiH Absorber, MAUS —+— GEANT4 Default MCS
v2.5 —=— Carlisle-Cobb
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» Preliminary and on-going work; systematics are still being evaluated

» Plan to measure scattering distributions for LH2 / LiH absorber at
different momentum settings

» Studies to validate energy loss models are also underway (but less
developed)
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Beam Emittance WARWICK

» Single particle emittance determination : create virtual beams by forming
ensembles of single particles
» Recreate the (x,px,y,py) phase space

X

Pt (Ma W)

E B B b B o wepB E
 Holoieh Sl el el it Rl fpikedi |

» Time of flight used for
event selection o2,

» Single track events with
TOF consistent with muon

» Beam dispersion i
introduced by momentum o2 . k:
selection in upstream -
magnets

1 MS 2

4 o e

€ N:_\/det 24D = -
b} m F .__'-
u MICE Data -
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Beam Emittance

» Single particle emittance determination : create virtual beams by forming
ensembles of single particles

» Input beam emittance
measured in upstream
spectrometer only

» Normalised transverse
emittance should be flal
with momentum

» Beam scraping on the
aperture of the diffuser
decreases emittance at
low momentum

» MC does not describe
beam perfectly

= 4

E 39

=

< 3.8
3.7
3.6
35
34
3.3
3.2F
3.1

3

WARWICK

THE UNIVERSITY OF WARWICK

1 l 1 1 L 1 I 1

E_ + Reconstructed Data

- A Reconstructed Monte Carlo
- MICE

E ISIS Cycle 2015/02

— Run 7469, MAUS v3.2

I L1 1 | I 11 | L I L1 1 | I [ . [ I l 1

190 200 210 220 230 240 250

p at Tracker reference plane (MeV/c)
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Emittance Reduction  warwice

» Transverse single-particle amplitude

~~ Distance of a muon from the
beam core in phase space at
- closest tracking plane to absorber

— T v—1

V:<X’px:y’py) u:V_<V>

500
o F
c
@]
:400
=
3+

300 -

» Mean amplitude is proportional to
RMS emittance

» lonization cooling reduces
amplitude in the core of the beam —
migration of particles to low
amplitudes

ra
=
TT

g

=




Transverse Amplitude vwarwicx

Upstream

Downstream

4 nmm input emittance
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o [ =8 Cooling +
g ! = = Beam Scrapi
- be o
e 05 = il
2 ~ - b e
i e s
3t
20 40

Reconstructed Amplitude (mm)



E——
Cumulative Amplitude v

N o Preliminary
R (N)= 2, [Amp”") No absorber ~ EmptyLH2  Full LH2 LiH
amp N .
2. (Amp”) Beam. scraping— = _
N 1.4 and heating -
» Cooling : increase IS i ________ o e 3-140
in the number of n.aw..--"“"' ;_*__-u*"‘ b o™ h__...-"‘"
muons in the core — e . .
at low amplitude I ;
1.2k L b 3
» Cooling : Ramp > 1 1%""“%’*}5-'“:%—*‘.% e ST A=15
0.8 :- 2
::E o s Beam- ¢ooling——
- | 14 Beam! scraplng ﬁ/ %’
P lonisation cooling st o e d 64140
observed ‘
20 40 —T20 40 20 40 20 40

P Agrees broadly with

expectation Reconstructed amplitude [mm]



Fractional Emittance
Evolution

E@tional emittance:

Emittance occupied
the central a% of
particles in the core of
the beam.

a=9%is 10 0of 4D
transverse phase space

Also shows expected
ionisation cooling effect
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[ MICE pretiminary
k1518 Cycle 201703
[+ Run satting 7

- MALSv3.2.0

14 15




The Futre of MicE T

The Future of MICE  warwick
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MICE Goals WARWICK

P Essentially a technology demonstrator

~~ Can we safely operate liquid hydrogen absorbers?

N

.~ Can we operate a tightly packed lattice?

~With high field magnets + liquid hydrogen?

—~ With high field magnets + liquid hydrogen + RF?

Do we see the expected emittance change?

NN BN

.~ Do we see the expected transmission?
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everse emittance

el
exchange

» Longitudinal cooling requires momentum dependent path length through an

absorber
> — |
—
—

» MICE can't study longitudinal cooling, but
it can demonstrate longitudinal heating

-
-
]
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N\

exchange

everse emittance

WARWICK

THE UNIVERSITY OF WARWICK

» Longitudinal cooling requires momentum dependent path length through an

absorber

Yyvyy

» MICE can't study longitudinal cooling, but
it can demonstrate longitudinal heating

» wedge absorber introduces a correlation
between momentum and transverse
position whichcan couple to transverse
emittance

» longitudinal heating leads to transverse
cooling through reverse emittance
exchange

=
-
—
—

density [MeV/c mm]~—2
N

0

w

[

4

ae

—— downstream
—— upstream

Simulation

0 50 100 150 200
volumel4 [MeV/c mm]*/2
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4D Cooling lattice  warwics

» Cooling for a neutrino factory 75 SC Coi
» Compact lattice 5 / \ S
i _ - -
.~ RF adjacent to magnets 3 . = -
. . - 25 Cavity : LiH
~~ LiH/LH2 absorber adjacent to RF Vﬁmsorbel
» Intermediate field magnets 0
0 25 50 75 100 125 150
~28T z [cm]
0.025 T T T . =
350 mm radius aperture \ e
. . 0.02F -=-ICOOL, u*
» High gradient RF 5 e —— --1CoOL 4
~15-20 MV/m @ 201 MHz g oonef
§ 0.01F
= Transverse Longitudinal lonisation
Target 0.005r Capture capture cooling
0

0 50 100 150 200 250
z [m]
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No absorber Empty LH2 Full LH2 LiH

2HTTEE andl 20T

3-140

4-140

B, [mm]

6-140

10-140
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lonisation Cooling WARWICK

0, 9,

multiple scattering
Emittance change as a function of distance along the beam

5

re-acceleration

e B

S~

The Emittance Equation:

de, —en<dE>+Bt(13.6MeV)2
dz B°E\dX| 2B°Em,X,
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lonisation Cooling

9,

multiple scattering

4~

0,

THE UNIVERSITY OF WARWICK

re-acceleration

AN
7
JL

g

S~

Emittance change as a function of distance along the beam

The Emittance Equation:

Energy loss in material

L
de |—¢ |ldE +Bt(13.6MeV)2
dz |B’E\dX|| 2B°Em, X,

Cooling



E——
lonisation Cooling WARWICK

0, 9,

multiple scattering
Emittance change as a function of distance along the beam

5

re-acceleration

1
|
S

pLI

e B

The Emittance Equation:

2 Transverse width of
de, _ —en<dE >+[:’>t(13.6MeV) bearm
dz B°E\dX|| 2f°Em, X,
Heating

(Multiple Scattering)
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lonisation Cooling WARWICK

0, 9,

multiple scattering
Emittance change as a function of distance along the beam

5

re-acceleration

1
|
S

pLI

e B

The Emittance Equation:
Radiation length in the material

dEHN—€n<dE>+[:’>t(13.6MeV)‘
dz B°E\dX|| 2f°Em, X,

Heating
(Multiple Scattering)




B
lonisation Cooling WARWICK

0, 9,

multiple scattering
pI i

4~

s
N

» for cooling we require muons to

2
de, &, < dE >+ Bt(13.6MeV) go through a material with

dz @°E\dX| 28°Em, X,
~high dE/dx
~low densities
- large absorber X

~minimal other material in the
beam
» low B, — tight beam focus
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Analysing magnets  warwcx

Upstream Spectrometer Downstream Spectrometer

i eam » 400 mm bore, 5 coil assembly
|II » Nominal 4T (run at 3T for data-taking)

CKOV Ce" Downstream

e » 4K core temperature
¥ Focus coil contains absorber, provides
Not to final focus field and can run in solenoid or
SEAE flip mode
e e » Match coil in downstream solenoid failed

during commissioning

AV

beam axis




BRSNS

Absorbers WARWICK
|

Upstream Spectrometer Downstream Spectrometer

Absorber Module
Beam In Beam Out
|||—>|—>m = T —
TOFO

CKOV TOEL MagnetCols Cell Downstream

Upstream PID
PID

_—

» 65 mm thick LiH absorber disc
P 350 mm thick LH_ absorber

~ LH_ vessel terminated by two 180 micron Al windows

P Polyethylene wedge absorber designed for longitudinal emittance studies
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Diffuser WARWICK

Upstream Spectrometer Downstream Spectromete

Absorber Module
Beam | +Bamot Tore
|||—>| mE AR
EMR
TOFO

Qov  TOFL = Magnat Cois mwem B POSIitioned at the upstream entrance of the

Upstream PlD

upstream solenoid

» Artifically inflates the emittance of the input beam

» 4 irises made of brass and tungsten

» Add upto 3 X into the beam, in 0.2 X steps

» Irises opened and closed using a pneumatic
system, as motors would not work in the solenoidal
magnetic field

de —e< > B,(13.6 MeV )’
dz p@’E\dX| 28 Emu‘
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Trackers WARWICK
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Upstream Spectrometer Downstream Spectrometer

/\ Absorber Module /\
Beam In| Beam Out TOF2
- - . - iti ‘II | m : ‘I
» Scintillating fibre planes positioned 1070 ] Cooling

Magnet Coils
TOFL 9 Cell Downstream

upstream and downstream of the absorber Upstrar PID
P 5 stations per tracker

P 3 planes per station at relative 120° rotation

P Contained within the 4T fields of the
spectrometer solenoids

Track position 470 micron
resolution
a(p,) 1-2 MeVic

a(p,) 3 -4 MeVic



TOF Detectors WARWICK

b 3 Ti m e-o F‘ Fli g h t S ta ti O n S Upstream Spectrometer Absorber Module Downstream Spectrometer

2 planes of fast scintillator H!I _";#:+m o
-~ Double ended readout F N i ey "I

Magnet Coil
CKOV TOF1 9 s Cell Downstream

» 50-60 ps hit time resolution bpen
» provides PID and p, check

7000

MICE

ISIS Cycle 2011/04

6000

5000

4000

3000

2000

1000

ATTTT T I T T T I T[T T T T[T T T T[T TTT [ TTTT[TTTId
| | | | | | |

=]

36
TOF (ns)




_—
Cerenkov / KL WARWICK

Upstream Spectrometer

Downstream Spectrometer
Absorber Module

Beam In Beam Out

-1 | || : [l | | —>
e —

. Cooling
Magnet Coils Cell

TOF1

CKOov

Upstream
PID

» Upstream threshold Cerenkov counters oo
» Twin aerogel slabs with n = 1.07 and 1.12

CKOV-A  CKOV-B » Sampling calorimeter made from
n=1.07 n=1.12 interspersed lead foils and scintillating
p < 200 MeV/c fibres

» preshower for the EMR

P Enables rejection of electrons from
downstream measurement

200 <p <240 Muons

p > 240 MeV/c Pions Muons
Pions
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EMR WARWICK

Upstream Spectrometer Downstream Spectrometer

Absorber Module

» Electron-Muon Ranger

» Totally active scintillator detector ‘II"' C:g'— g
CKOV TOF1 Magnet Coils %oehlr Dow
» 48 plans of 60 MINERVA-style opseam
triangular scintillator bars readout by
MAPMTSs
» Electron tag efficiency : 98.6% only
usina EMR
Y Projection ) Y Projection
3 p Im
: . 4 44 LR ”“_:
4u_ et 16 a0 ‘1;9“5 l fad
NS AN T | } EE
: W] s e
o H—e€ 5 o Incomlng electrop'l
e e s e e e z’n”'.fll" 10 15 2 25 a0 5 40 48

Plana 1D
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MICE Muon Beamline warwicx

» 800 MeV protons hit custom-
. made Ti target in the ISIS
h-lll }; D = Dipole bending magnet Q = Quadrupole magnet b e a m li n e

il
8/ /)
/)

Target &/ Ckov = Cherenkov detector KL = KLOE Light detector
— TOF = Time of Flight . . .
ISIS | | | BPM=Beam Profile Monitor ~ DS = Decay Solenoid b P IONS Fro m th ese Iin te ra ctl ons
e |

*x | / .-'; DSA = Decay Solenoid Area LM = Luminosity Monitor . R . .
LM A - are siphoned into extraction line
£ f <————QI1-3 D2 Q4-6 BPM2 Q7-9 MICE Channel at Step IV

| » pions decay to muons in the line

» 120 MeV/c < p, < 260 MeV/c

T
/

» Muon emittance between 2 n
mm.rad and 10 n mm.rad

BEML “TOED Kkowsh  T5IF » Pion contamination in muon

beam is less than 1%



TL - High Power Target
Specimen # 29754
Equivalent SNS Power Level = 2.5

Radiation damage of surrounding
shielding due to neutrons could
make the superconducting magnets
that surround the target region
guench - i.e. become normally
conducting.

Same thing happened to LHC
magnets after first switch-on

200

WARWICK

THE UNIVERSITY OF WARWICK

Cavitation of Target wall
by flying mercury droplets.

This could erode the entire
thing over period of use

Deposited Power (MGrayl/year)

150 —

100 —

30

-200

o
HE- - 1e+06
1
—[ OkW ! 10000
i :‘-' i 100
I nkw
ey |
- 0.01
. ] 0.0001
e S e S A
I ] II L
r i § ]
100 144 R
[
150 —-5 -
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