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Muon lonization Cooling Experiment MICE

« The aims of the International Muon lonization Cooling
Experiment are (2003)

— To show that it is possible to design, engineer and build a section of

cooling channel capable of giving the desired performance for a
Neutrino Factory

— To place it in a muon beam and measure its performance in various
modes of operation and beam conditions, thereby investigating the
limits and practicality of cooling
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MICE beamline at Rutherford Appleton Lab (RAL)

MICE Proton
800 MeV proton beam

Target

Momentum filter

Decay volume

¢
a2\
('z:\:’:,(l'\
q
/ h s uj
Dipole2 Q4 Q5 Q6
(D2)

MICE Muon Beamline (MMB)

2% Fermilab

3 5/2/25 HFOFO, Yonehara



Pion production 7zt is dominant at low energy
proton beams
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Selected muons after D1/D2 dipole magnet

— \\::'i:» T LI I I T T I 1T T 1 l I L T H U 2

10° E | Entries 1092070 E m— = qUBd,-pole

- . [Mean 4119 - r
4l - |RMS 14.63 ]

10* £ E
N - — = qBa’ipole

10° £ NN\ K E
THANN ] p
RN . — =

10° EL\\\ R 9Biipote
N :

10 £ 4 Acollimator to select
NN o, 1 specific momentum
RN l A

I F AN P
—|\}~\4\;§1\\\\| T B A B N B | i1 _)Ar=
200 /250 300 350 400 450 q4Byipore
P (MeV/c)
Green shadow area shows selected muons after D2 magnet
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MICE cooling section and detectors
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Figure 3.11: Layout of the MICE experiment in its Step IV configuration.
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Figure 3.12: Single particle trajectories in the MICE Step IV configuration.
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MICE is single particle tracking experiment

Produce muons which has momentum around 140 MeV/c
— These muons are most cooled in the MICE channel

— The initial beam emittance is adjusted by using a diffuser, e.g.
the initial normalized emittance is 3 (4), 6, and 10 mm

MICE detectors achieved high precision particle ID system

— Because pions and electrons/positrons contaminate the phase
space measurement

MICE detectors designed to measure 10 % transverse

emittance reduction with 1 9% measurement error

— It means that the acceptable measurement error for absolute
transverse emittance measurementis 0.1 %
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MICE is single particle tracking experiment

* High precision Particle ID is achieved using Time of Flight
(TOF), Cherenkov, and calorimeter measurements

* Initial particle momentum is observed in Upstream scifi
Tracker and TOF

* After cooling, the final particle momentum is observed in
Downstream scifi Tracker

— KLOE-Light (KL) is used to identify electrons from
measurements

— Total kinetic energy is observed in Electron Muon Ranger
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Cherenkov Detector
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¢ n:Refractive index
v: particle velocity

25

2.5

20

7.5

15

2.5

10

7.5

__25pe

1 1 l 1 1 11 I 1 1 11 I 1 1 I 11 1 1 I 1 11 1 I LAl 1
150 200 250 300 350 400 450

p (Mev/c)

Low energy threshold monitor
Detecting muons which has p
> 213 MeV/c

They also have other CD
which is a threshold
momentum 272 MeV/c
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KLOE-Light preshower sampling calorimeter
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Electron Muon Ranger
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Electron Muon Ranger

1-ch. PMT

©
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®
Dual light output couplers, one is for integrated light yield for
calorimetry and other is for processing multiplexed signals for
further analysis (which | do not know the detail)
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Scifi Tracker

Radius of sense area is 150 mm

, 5-scifi stations along beam direction

7L AL AR
(20, 0) / \ \v\:‘i

Resolution is typically 1.264 MeV/c in

transverse and 3.974 MeV/c in longitudinal
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Unit is micro-meter
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Three different magnetic field configurations

Tag Polarity | ECEU | M2U | M1U | FC | M1D | M2D | ECED
2016/04-1.2 Sol. 205.9 | 171.9 | 211.7 | 57.9 0 0 205.9
2016/05-1 Flip 205.7 | 174.9 | 190.3 | 1194 0 0 205.7
2017/02-7 Flip 205.7 | 168.3 | 191.0 | 129.2 0 190.7 | 144.0

Table 6.1: Current in the MICE coils as represented in figure 3.11, quoted in amperes.

U and D stand for upstre'&rB and %ownstream, respectively.
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They lost M1D magnet
before running cooling demo
test

They found a new magnetic
field configuration to
mitigate the missing magnet
issue

They ran three different
magnet configurations

One is that all magnets have
same polarity

Second is that downstream
magnets polarity is flipped
Third is M2D magnet is
turned on



Beta functions
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Beta function is
significantly
improved with

third field
configuration
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Expected emittance reduction and particle loss
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Expected emittance reduction and particle loss
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Because the MICE channel has a finite
bore (so called dynamic aperture), they
expect significant particle loss which
seems to be contributed as emittance
reduction
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Transmission [%]

They have developed the
sophisticated particle selection
algorithm

| do not cover here since it is too
complicated, and | do not fully
understand yet...
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Observed phase space and MC comparison for
2017/02-7

e T e The plots show the event cut (a
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Phase space profiles and transmission efficiency of

3,6, 10 mm for 2017/02-7

MICE Preliminary
ISIS Cycle 2017/03 -J- +oaa
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The observed phase space vs
Monte Carlo simulation

Both agree reasonably well
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Phase space profiles and transmission efficiency of

3,6, 10 mm for 2017/02-7
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The observed Twiss parameters

p,, o, (we used ,/é, a in this

lecture)

« «, represents the average correlations in
the (x, p,) and (v, p,)

« p, relates to the beam spot size

e Both are scaled by the geometric

emittance (we called mechanical
emittance in this lecture)

X

[ Empty ] _ [ ]
@C-\&/‘\/\A VTN TN
WY S A 1AW O AV
Vo\/ : Voo\
. ) ¥ ) Y ) | ) L ) ¥ )
® p
G.HA./‘\/ NN
NV N/Y s V. N/N_ A/
v ¥ N ¥
& [ MICE nterna ‘ =T
SOk ! ¥ s
0: MAUS v3.2.0 B /\ [ ] : .
CR I Al VAV IS VAL
N ¥
14 1 ‘5 1‘6 E"::'y 1‘8 1‘9 ZZ‘O[m] 14 1‘5 1‘6 :I; 1‘8 19 ZZIO[m]
510007 A
< T et l\ A 24
@ i LA\ ; [\ [\ 2
soo- | @[ \/ NIPA RSV TR YIERNRIVA
f VioowWT Vi
a A\ o~ A
5001~ /N /1 .\ - Y i
s/ J L ey N
E “WiCE e
31000— glsgclre‘;gzgwm ' simulati
MAUS v3.2.0 R ’D‘i 1
5001~ TN AU A\
s .r"?-/ V1IN
14 15 1‘6 1‘7 1‘8 1b zZlO[m] 14 1‘5 1‘6 7 1‘8 19 ‘Zo[m]
5/2/25 HFOFO, Yonehara

e f A
N 2 A
Ox Oxx o [ -«
Area e o) - grm N A A :
/ Oxx' Ox’ —a Y
.u'.‘ x /
& =——P

2% Fermilab



Phase space profiles and transmission efficiency of
3, 6, 10 mm for 2017/02-7
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. . Covariance matrix in solenoid B
Event selection technique

B1/p —ay 0 . (BLk — L)
. — » K — 0
Transverse amplitude . =mee] N i N
—(BLk — L) 0 o Y1p-

%k T — %k
AJ_ZEJ_(X —2(x)) > 1<x—(x))~gl.)(j X =X, Py Vs D,
(Ar) =ei{xi)~4el
If a new one event is added in the amplitude, each component
varies

<xa>n1 n—1< <x> —x) a, = X, Py, ¥, Dy,

n—1 n—1 n n n n
Tt = momn - (x5 - ()

They can find if the added event makes A, only true particle
amplitude (sounds that they remove any particles which causes
non-linear behavior or particle loss)
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Event selection technique If the beam transport
line is linear,

g T C g—q
“F 8 '0.1 q
/ /
o 0.08 —> - =
zof— 0.06 _q q f
wissees e TR 1ransverse amplitude
does not need
correction
o T o7 f —weea | If the beam transport
e - Py ~+ regular .. :
line is non-linear,
4 4=4q
4103— / / q
ot q — q —7<1+Caq2)

NN T T T T T T T T T [N S T Y S B Cia
-100 -50 0 50 100 0 "0 20 30 40 50 60 70 80 90 100
x Aj[mm]

Corrections applied to reconstruct true amplitude
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Poincare Sections
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These plots show the six Poincare sections of transverse emittance
The amplitude correction is applied

Color code shows the size of amplitude (Does this mean that they
cut high amplitude points?)
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Additional correction

* To reconstruct the observed particle position and momentum,
they simulate the particle tracking and apply the exact value
to calibrate the detector resolution N ='W = et S My R
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Amplitude change in absorber
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Upper plots show the amplitude
variation by absorber

Density at low amplitude for 10-mm
increases which indicates beam cooling

Lower plots show the Cumulative
Density Function (CDF) ratio

As shown in 3-mm case, CDF ratio
becomes 1 at high amplitude if beam is no
cooling or heating

CDF is above 1 if the beam density is
increased

6-mm and 10-mm beams present that the
beam density at low amplitude increases
while that at high amplitude decreases

It suggests beam cooling
$& Fermilab



Using particle selection: 9%-subemittance and 9%-
emittance evolutions
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My Personal Inspections for MICE

* | agree that MICE has successfully demonstrated ionization
cooling
— Very careful systematic studies and analysis
— lonization cooling works for large phase space volume
— | also notice that MICE analysis is based on a model
dependent, similar as neutrino oscillation experiments
« MICE is not real cooling channel
— Lost matching magnet, no correction magnets
— No RF cavity to compensate kinetic energy of muons
— Poor acceptance which causes large particle loss

* We still do not know the intensity effect from MICE
— Space charge in ionization process
— Emittance exchange (transverse and longitudinal coupling)

— RF embedded in magnetic fields
{5 Fermilab

29 5/2/25 HFOFO, Yonehara



Discussion

* | am also concerned about the accuracy of the cooling theory
which should be based on

— Multiple scattering 1
— Energy straggling
— Collective effect

MICE m=-1176.10
ISIS cycle 2015/04
LiH, 172 MeV/c, MAUS v3.3.2
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MC is underestimated

Particle penetration in matters
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Goal of demo channel

* Primary goal is demonstrating the most critical component in
muon collider complex

— It includes not only ionization cooling but also target and muon
acceleration

— Also, there is no solid design for final cooling section

* For cooling section,
— Try to design a direct emittance evolution measurement
* | do not have enough confidence yet for the MICE analysis

— It means that the beam diagnostics system could be challenging
to reach fine accuracy (0.1 % level of emittance measurement),
especially for longitudinal emittance measurements

— We should also consider variation of cooling by tuning beta
function

2= Fermilab
31 5/2/25 HFOFO, Yonehara



