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Outline

MICE works.

Why its necessary.
The collaboration.

e The beam.

 The hardware.

e The headlines!

See the other three MICE talks today for more
detalls.
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Muon lonization Cooling
Experiment MICE

lonization cooling Is the process of reducing the
pbeam emittance (phase space) through energy loss
IN Ionization as particles cross absorber material
combined with restoration of the longitudinal
momentum of the beam through re-acceleration.

» Necessary for a Muon Collider or neutrino factory.

 Short lifetime of muon means that

— traditional beam cooling techniques which reduce
emittance cannot be used.

— Ionization cooling is the only practical solution to preparing
high intensity muon beams for use in these facilities.
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IS Muon lonization Cooling?;

muon beam loses both transverse and longitudinal <%
omentum by ionization when passed through an absorber’

he lost longitudinal momentum is then fully/partially
restored by RF cavities.

e The result Is a beam of muons with reduced transverse

- Longitudinal mom “ > —
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g  MMomentum - Hydrogen | zq":n:g?:t'j‘r;ergse | accelerating ~ momentum ;
e Cylinder ~lonising reduced - Cauvities _partially restored
EE ~ Absorber ) . o o

« MICE physicé program

- Demonstrate the feasibility of ionization cooling
- Study and validate the cooling equation

- Energy loss and scattering of muons (material physics)
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I IS Muon lonization CoolingZ2 V.«

n cooling can be characterised by the rate of change
e normalised emittance (phase space occupied by
the beam), approximated by:

de,, 1 [dE,\ €, . 1 8.(0.014GeV)?

P —

/ b

ds >\ ds | E, p° 2E,m,Lg
Cooling Heating

de /ds is the rate of change of normalised-emittance within the absorber;p, Eu and m the muon velocity, energy, and
mass, respectively; B is the lattice betatron function at the absorber; L is the radiation length of the absorber material.

« Energy loss, dE, /ds, reduces both p, and p;
« Scattering heats the beam as 1/L,, must minimize L,

« RF cavities restore p, only
* The absorber must be placed at a focus for best cooling performance

re-acceleration

dE/dx multiple scattering |
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Motivation

uon colliders and neutrino factories are attractive options ,
r future facilities aimed at achieving the highest lepton-antilepton”
llision energies and precision measurements of parameters of the
ggs boson and the neutrino mixing matrix.

uons are produced with large emittance as they are tertiary particles.

Performance and cost depends on how well a beam of muons can be
“cooled”.

lonization cooling is the only viable technique to reduce the emittance of
a muon beam within their lifetime (~ 2.2 us).

Cooled muons are essential to achieve the luminosity required by a Muon
Collider and will significantly improve physics potentials of future facilities
such as a Neutrino Factory.

MICE is currently the only experiment studying ionization cooling of
muons.

Recent progress in muon cooling design studies nourishes the hope that
the building of such facilities can be begin within the next 20 years.
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MICE: Muon
ation Cooling E




Over 100 collaborators rom >1O coun rnes anc

- ~30 Institutes.
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The Beam

/ Target

/ A
/ D ma—

c. === * ISIS 800 MeV proton beam.

Z : « delivering 4 pC of protons
= =£=" . ° .intwo 100 ns long pulses
\A/x«&, e With mean current of 200 pA.
G AT i@%% fo . ;I'Sltlasn:;lm target Is dipped into
B eamline.

* Pions (11") produced in target decay to muons of lower momentum.

« Beam can be prepared as a 1t beam or y beam with momenta
between 140-450 MeV/c.

 Dip rate: 1 dip/1.28s

 Max Particle rate:

e u" ~120 p/dip
e U ~20 y/dip
* Final y beam: 3ms wide spill in 2 100ns long bursts every 324 ns.
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MICE Beamline

ISIS
Proton
Synchrotron

0 5 10 15 m MICE

9th October 2015

Diffuser Secondary LiH
Absorber

SciFi Tracker | Primary LiH | SciFi Tracker
Absorber

Dipole 1 ﬁt L
o e[ {[i =]
= | - @
= 3

pd

TOF2 KL EMR

MICE Muon Beamline (MMB)

Spectrometer 201 MHz  Spectrometer
Solenoid Cavity Solenoid

Decay Solenoid to enhance the initial pion to muon decay process, dipoles for
momentum selection and quads for beam focusing.
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e trade off
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(left) Change in emittance, and (right) beam transmission (both in percent), vs. input emittance.

* The effect of the heating & cooling terms is an equilibrium emittance

€nea*B./BX, (dE,/ds ) Dbelow which the beam cannot be cooled.

 However, as input emittance increases, beam scraping results in increased loss.

« MICE will study this in order to obtain a complete experimental characterisation of
the cooling process.

* (Since a typical cooling channel will employ dozens to hundreds of cooling lattice
cells, the precision with which even the tails of distributions can be predicted will
have im&ortant consequences for the performance of the channel.)
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MICE Step IV

hodoscope 1 high-Z diffuser Absorber/focus-coil
(ToF 0) module
Upstream Downstream
spectrometer module spectrometer module
MICE Electron
Muon Muon
Beam )
(MMB)
T qumd -hydrogen
Cherenkov absorber
counters Pre-sh ower
(KL}

(CKOV) Scintillating-fibre

| trackers ToF 2

* Includes the two solenoidal spectrometers (5 colls each), an absorber
focus coil (AFC 2 coils) and an absorber (liquid-hydrogen, lithium-
hydride etc);

e Detectors: Time Of Flight, 2 cherenkov counters, a downstream
calorimeter and 2 scintillating fibre trackers.

 allows normalised emittance change of beam passing through an
absorber to be measured (before and after the absorber by the
Trackers),

e over a range of momenta and under a variety of focusing conditions.

 Data taking well underway and many papers In progress!!!
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gle Particle Experiment

a single-particle experiment, i.e.

no “beam” as such, instead, particles go down the beam line
e by one

each DAQ cycle, a single particle track is recorded

rticle tracks are bunched at the analysis level from which the
ittance Is computed.

* First direct measurement of emittance of muon beams by a scintillating
fibre-tracker

0 TOF1 TKU Abs T T M

x [mm]

MICE Preliminary

Simulation
MAUS v2.5

4
3
‘IIH‘IIII

BT
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The Detectors “fge % Vi
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Ceenkov: o Trackers KLOE-Light:
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The Detectors
me Of Flight: TOFO, TOF1 and TOF2

precise timing and time of flight measurements.
lectron Muon Ranger: EMR
to separate muons from decay electrons in collaboration with the..
« KLOE-Light: KL
— based on the Kloe calorimeter design
* Cerenkov: CkoVa CkoVb
— Threshold Cerenkov counters
» Trackers

— 2 Tracker detectors upsteam and downstream of cooling section, each
Immersed in a uniform magnetic field of 4T.

- Measure the normalised emittance reduction with a precision of 0.1%
(beam emittance measured before and after cooling).

* Provide 1t/p separation up to 300 MeV/c.
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/ b

trackers, one upstream, one
downstream of the cooling
channel.
e Each within a spectrometer
solenoid producing a 4T field.
e Each tracker is 110 cm in
length and 30 cm in diameter.
5 stations
e varying separations 20-35
cm (to determine the muon
P.)-
« 3 planes of fibres per station
each at 120°.
e LED calibration system.
« Hall probes.

« Position resolution 470um.
COOQOL 2017 18



Track points in tku station 5 (Data)
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Track points in tku station 4 (Data)

Track points in tku station 3 (Data)
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Tracker Reconstruction

Track points in tku station 2 (Data)
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Space point distributions in both trackers.

Track points in tku station 1 (Data)
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The stations are ordered from the most upstream to the most
downstream, i.e. from 5 to 1 upstream and from 1 to 5 downstream.
The red arrows denote the stations nearest to the absorber
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s of MICE Phase Space
Reconstruction
7th October: SSU(E-C-E) 4T

EMR xx' beam elipse

512195

TOF2 xx' beam elipse 2 0 0

€gpt 0.51
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The  Two Spectrometer solenoids.
* Produce a 4 T magnetic field.
* 5 colls in each spectrometer solenoid:
agnets « Central coil which covers the Trackers.
» 2 end colls either side of the central coill.
e 2 matching colils nearest the absorber.
* All coils wound onto the same bobbin.
e Core temperature 4 K.
* Operating pressure 1.5 bar.
» Absorber focus coil (surrounding absorber).
e flip/non-flip mode, from 2 coils.

i i A 4

IR

<

= = K- —————

radiation shield radiation shield

insulating vacuum isulating vacuum




Beam Optics in Cooling Channelsixy4..
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Beam incoming from beam line, optimised for transmission, passes through variable thickness high-Z diffuser
to increase emittance above the equilibrium value in a controlled way at the entrance to the Channel.

* Optics of the channel assumes matched beam (a=0) in both upstream and downstream
solenoids.

* To maximise transmission.
« To minimise emittance growth due to mismatch.

* In practice this condition is met only approximately, but a matched beam sample can be
selected with sufficient statistics.

« Small beta waist is created with the help of Matched Coils and AFC at absorber (centre).

« Solenoid and flip modes are proposed and used for data taking.

« Optics can only be approximately symmetric due to energy loss and large momentum spread.
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m Optics: Data Taking

uring training caused one of the Matching Coils in SSD to be

/ Y
beam mismatch and a decrease in transmission, which could be partially
pensated.

Compensation required operation with reduced field in SSs (4T-3T)
As an effect the optics is non-symmetric

the downstream solenoid, the second match coil (M2D) was not operated as a
caution.

« Operation with M2D on is foreseen in October.

» The flexibility of the lattice has allowed the optics to be tuned such that a cooling signal is
expected.

1600

B with M2D switched on

1400

1200

1000

B without both
downstream
Matched Coils

800

600

400

200

L Beta function in flip

1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1 1 1 1 1
-3000 —-2000 -1000 1] 1000 2000 3000

0
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Emittance Calculation

D nbrmalised RMS
erse emittance iIs
efined as 1

€p — —— Vdet 2
my,

here m, the muon mass and 2 the covariance

matrix: (72 (72 (72 (72

oz 2P 2y 2Py
I
v Jpénw Jpéz:p:c Jp2my Jpénpy
A L L
O O o O

Py PyPx Pyy PyPy
And a2, = <> — <>)> the covariance of I and |.
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Ittance Measurement
Irst Direct Measurement

easurement only in Upstream Tracker: to measure the beam at the
put to Step IV channel demonstrating the power of the technique.

ta taken in October 2015

upstream spectrometer powered for the first time at its designed current.
- 200 MeV/c positive muon input beam

- 70 minutes of data taking

- 19076 good muon tracks acquired

 This run was used to characterise the MICE muon beam and
validate the tracker reconstruction.

Absorber/focus-coil

module
Upstream Downstream

spectrometer module spectrometer module

le—— | |

Beam -

Direction

Imperial College oN
London B OFF Scintillatingfibre

trackers
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mittance Measurement
Beam Selection

Reject time-of-flights below threshold (e*).

Keep only particles that hit every TOF and
tracker stations.

 Remove particles that scraped the apparatus
(magnet bore, diffuser).
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MICE Prelimina
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0O 120 140 160 180 200

Imperial College ,....... e
London

220 240 260
IPI at Tracker (MeV/c)

COOL 2017

280 300

e
Total muon
momentum and
time-of-flight
between TOFO0
and TOF1.

The absence of
other populations
Indicates selection
of a pure muon
sample.

The (red) dotted
line is the
trajectory of a
muon that loses
the mean
momentum (20
MeV/c) between
TOF1 and the
Tracker.
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First Direct
surement of Emittance

€ 42 MICE Preliminary
— ~ ISIS Cycle 2015/02
9 —  Run 7469, MAUS v2.5
| e -
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GEJ : ——
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= B
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See My Talk this afternoon for:

Recent results from the study of
emittance evolution in MICE
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See Dimitrije Maletics talk this
afternoon for:

Measurement of phase-space
density evolution in MICE
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ng With Liquid Hydrogen LV

ystem installed

nd commissioned
Ith Neon.

Illing for data taking
started yesterday!!

« Data taking with LH,
starts Wednesday!

- Exciting publications SSrare
in preparation and to & ELA SIS g
comel I} ~wtias |1 i3 |

Absorber module
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Multiple Scattering Results

alms to measure emittance reduction and scattering
W-Z absorbers e.qg. liquid hydrogen and lithium hydride.

50N VAG

MICE

ltiple scattering is not well modelled for low-Z absorbers in
dard simulations and hence must be improved.

- 0.02 —
o] — @© = MICE preliminary ® 172MeVic
© — MICE preliminary ® 172 MeVic ‘é 0.018 [ LiH. March 2016, MAUS v2.5
= | Zero Abs.. Muon Beams, February 2016, MAUS v2.5 O 506 eV o ) C 0 200 MeV/c
g 0.025(— g 8L 0.016F A 240 MeV/c
_ - C
2 C s £ 0014
— _ H C
& 002 a % 8 o0.012F 5
8 - o o0 2 - By
e - | - A
& 0015 2 Fis o 0.01¢ A B
; T, G 0.008F o P uf%%
” ® 0 - Ep'%u@
0.01~ fhedy o 0.006(— 480 ¢ . &
B ay s ' C A Lo e o.& [
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-0.06 -0.04 -0.02 0 002 004 0.0 —0.06 -0.04 —0.02 0 002  0.04 0.06
AB, (radians) A8, (radians)

Scattering distributions from data taken at three momenta with a null/empty
absorber (left) and lithium hydride absorber (right).

Empty absorber data scatter. measurement resolution and scattering in
windows, tracker planes, etc
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cattering Data vs Models:

?_! MICE preliminary _
E1071 200 Mevre, Feb.-March 2016, MAUS v2.5 ¢ LiHData
% - Empty Absorber Data
=S 8 ——— GEANT Default Model
= "
3 o 00,0 o
©10° sose s O
+¢f ’f,ﬁ
E ) s
ik t H+
; NS VY SN S T SRR RUNNT NN N DAY T R TN NN T T T L4 l HEK
0 0.01 0.02 0.03 0.04 0.05 0.06

i - B, (raC
Scattering data plot showing: o \VERIANS)

» the GEANT model of scattering in lithium hydride (red),
* the data collected with the empty focus coll used in the convolution (blue) and

 the scattering data (black) collected with the lithium hydride absorber in the
focus coll.
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Probability per 1 mrad

MICE preliminary
LiH, 200 MeVic, March 2016, MAUS v2.5

—e&— Raw Data
—t— GEANT4 Default MCS
—=— Carlisle-Cobb
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PR TR E TR |
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Scattering angle distribution
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LIH Scattering Results

Il:ll

MICE preliminary
LiH, 200 MeW/c, March 2016, MAUS v2.5

| |
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1
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002 004 006
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Scattering angle projected on yz plane
» The projection of the scattering angle distributions (left) and angle on the yz plane (right)

* from selected muon events from the 200 MeV/c muon beams
« from the March 2016 lithium hydride absorber data

« with the convolution between the zero absorber data and the GEANT4 prediction of scattering in
lithium hydride and the convolution between the zero absorber data and the Cobb-Carlisle (a
Monte Carlo implementation of the Wentzel scattering single-particle cross-section (as opposed to
the Rutherford cross-section which is used in the original Moliere theory) prediction of scattering in

lithium hi/dride.
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See Dimitrije Maletics talk this
afternoon for:

Recent results from MICE on
multiple Coulomb scattering and
Energy Loss
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All Step IV
Milestones Met So Far...

Alignment data taken and analysis complete.
Straight track data taking completed.

e Magnet training complete.

 Empty absorber data taken.

 Lithium Hydride data taken.

 Diffuser data taken and analysis in progress.

e First direct measurement of emittance in progress.

e Field on absorber and emittance data taken and analysis
nearing publication.

 Liquid Hydrogen absorber installed and filling as we speak.
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Particle Triggers Over Time
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The integrated
number of particle
triggers collected by
the MICE experiment.

The shaded

bands highlight the
ISIS user cycles
during which the ISIS
machine was
operational.

MICE has collected
just under 120x10°
particle triggers so

far.
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The Future
Step IV Upgrade

Existing Patch Panel

* Including RF for beam acceleration.

* Fits in existing setup with new Tracker
design.

» Feasibility study complete.

* RF cavity built and fully tested in Fermliab.

 Available to ship to RAL. o _ _
: : * Minimal hardware works required and in
* Tracker support vessel, first build stage hand.

complete.
* Program would complete by 2019.
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* The performance is very good.




The Future
Step IV Upgrade
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* RF cavity built and fully tested in Fermliab.
» Avalilable to ship to RAL.

» Tracker support vessel, first build stage
complete.
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The Future
ep IV Upagrade

- \ —— - 200 MeV/e Simplified

0.4

IN
4D / Eqn

E \ = = = 140 MeV/c

03— \ .................... ..................... ............. —— 200 MeVic

\ —-=+= 240 MeV/c

02 h.‘x .................... ..................... _ ................ MICE [SimUIHtiﬂn]
‘15\ - Preliminary
% : : : ! :

€,p [mm]

Fractional change In transverse emittance.
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Conclusions

MICE Step IV has been taking data since 2015.
LiH scattering data complete.

Cooling channel magnets operated and data taken in flip and solenoid
modes successfully.

» Diffuser data taken and analysis underway.

e Liquid Hydrogen running starting in two days!

* The first direct measurement of emittance has been made in MICE.
- The emittance was measured and chromatic effects were understood.
— Paper is in preparation.

» First emittance change measurement to come in the near future.

- MICE expects to observe normalised transverse muon beam emittance
reduction.

* Multiple scattering results progressing well and publication coming
soon.

More to come!
Imperial College ,....... e
London
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10:00 - 11:00
11:00 - 11:30
11:30 - 12:50
13:00 - 14:00
14:00 - 16:00

16:00 - 16:30
16:30 - 17:50

Further Talks

Monday, 18 September 2017

Registration
Coffee Break
Registration

Lunch Break

Muon I

Convener: Dieter Prasuhn

14:00

14:20

15:10

Welcome 20'

Speaker: Dieter Prasuhn

MICE muon ionization cooling — progress and first results 50
Speaker: M.A. Uchida

Measurement of phase-space density evolution in MICE 50’
Speaker: D. Maletic

Coffee Break
Muon II

Conwvener: Yuhong Zhang

16:30

17:10

Recent results from the study of emittance evolution in MICE 40’
Speaker: M.A. Uchida

Recent results from MICE on multiple Coulomb scattering and energy loss 40’
Speaker: D. Maletic
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Motivation: Muon Colliders

uons have many important advantages over

lectrons for high-energy lepton colliders:

Imperial College ,....... e

e

suppression of radiative processes as m, = 207 *m

enables the use of storage rings and recirculating
accelerators

“Beamstrahlung” effects, (radiation due to beam-beam
Interactions), much smaller in a muon collider than an e+e-
machine

» Circular e*e- colliders are energy limited and linear colliders are long
and expensive.

The centre of mass energy of the collision can be precisely
adjusted and the resonance structures and threshold effects
studied in great detail in a muon collider.

Can sit on existing laboratory sites.
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otivation: Neutrino factory

Front End Acceleration 1 Storage Ring

Proton Driver

)
Q
o
©
& l_
L Iy e —— i <
S o = © 5 o ] 0.2-1.2 GeV
© 2 |®cl E5 &5 © 5 GeV 5 GeV v,
= GSJ. |(—ts E g__c g S 8 <€ 3>
= e © o T o ~0.35 km
0 o) o o - <
= O L ©
= T 3 § = Accelerator Types:
: : 3 Linac, Recirculating
1 possible design O Linac (RLA) or FFAG

o In order to measure 0., to 50 we must understand the neutrino
cross section to the 1% level.

A muon storage ring Is an ideal source for long-baseline
neutrino-oscillation experiments: via y-—-e-v,v,and y*~e*v, v

e

* Provides collimated, high-energy neutrino beams with well-
understood composition and properties.
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Equation

terisation of the Cooling

ration not required (Step IV):

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
MICE Electron
Muon Muon
Beam Ranger
f qumd hydrogen
Cherenkov ToF 1 absorber
counters Pre shower
(CKOV) Scintillating-fibre (KL)
MICE trackers ToF 2

Emittance:
— Vary beam optics/diffuser;

Material:
— Absorber change (LH2; LiH);

p, E and [3:

beam momentum, optics

Depends on upstream beam
line (mostly diffuser)

............

Depends on magnetic lattice

lonisation ‘ L Multiple
g P Ty TR VT Eu'")scattering

?dfé _—sn dE\ ,Bt(136MeV)2
XZZZ“JT& ................. ﬁ 2E dX 2

2 i ’
E_ﬂIE_ p2+mﬁ

=> depends on D2 selection

_________________________________________________________________

— Var
Imperial Co
London

"ege Melissa Uchida
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Step |

ntal and vertical trace-space in simulation and data.

Reconstructed Simulation Data Reconstructed Simulation Data
iF I ] Foosf Fo.os]
Z0.15F 1 So.asf 1= =5
] poof oo
Toost 1 Toost { Toe g Fooz)
' of - of 1 of - of
":'-'352‘ 006F = -::l.c:;zf 43-'3'25
01f 01 opaf 004f
0.5 . 0.45F - ]
E 3 E ] Rl o m_ =" = 0" -
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x &t TOF1 (mm}) x &t TOF1 {mmj) v &t TOF1 {mm) v &t TOF1 {mm)
_ _ _ B V- o B B I I I
Horizontal and vertical RMS emittance in E - S Doy hostzenn -
- - l Simulation: u* horzontal —]
data and SImUIatlon- E 3: i. Eumuamn:: horizonial 7
£ 8 Dauy veres ]
E 25__ ; Sum-..;:mn:u'verhca -]
a . . - [ Simulation: u” verical -
A novel technique based on time-of-flight b ﬁi " - E
counters was used to establish that the beam - +’i o %@ 4 .
emittances are in the range 0.6-2.8 T mm-rad, 1.5 * ES -
with central momenta from 170-280 MeV/c, and . + E
1o 'ls-i-_‘g.. «r g ]
momentum spreads of about 25 MeV/c. : Fon O oeGed ]
0.5 =
{}:"'"'"""""""""":
180 200 220 240 260 280
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gy ( 7 mm - rad)

U~ rate (muons/V- ms)

Step |

CE target dip (spill) as a function of ISIS beam loss

p- (MeV/c)

140

200

240

gy ( T mm - rad)

4.1+0.2
4.1+04
4.6 £0.2

6.3 +£0.2
4.8+0.2
5.4+0.2

(" rate (muons/V- ms)

p. (MeV/c)

140

200

240

3
6
10

16.8+1.8
17.8 £1.8
21.64+2.2

33.1+£3.2
31.04+£2.0
34.0+2.5

33.0+£2.6
31.74+£2.0
26.1+1.5

Observed particle rates in TOFO
and TOF1 detectors were recorded and time-
of-flight used to select good p tracks.

The rates are found to be linear with the ISIS
beam loss/target depth.

Errors mainly due to the time-of-flight cuts
used to define a muon.

Muons per spill is presently limited by the
tolerance of the irradiation caused in ISIS by
protons and secondary particles produced in
the MICE target.

Rates obtained are sufficient to collect the

~10° muons necessary to perform a relative
measurement of cooling with a precision of

1%, in maximum one day.
Ref. ArXiv:1203.4089

KL ADC Response - Data

KL ADC Response - Data
Entries 129870

-~ Muon Template Mean 1146
RMS 238.8

Underflow 4]
Cverflow 0
Integral

Skewness 1.35

entries

2
|

- Pion Template
—— Pi/mu beam
— Fitter

MICE Muon beam contamination

10 e

107

» Determination of MICE muon beam purity
using the KL detector. A pion contamination in
A the muon beam at or below the 1% level (<5%

| ﬁ: ii tﬁﬂ for u*) is determined.

1000 2000 3000 4000 5000 8000 7000 8000
KL ADC Product (counts)

10

10°
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