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Muon Facility Examples:
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Muon Facility Examples:

* Neutrino Factory: e u'u collider:

(Muons, Inc.

(Feasibility Study-II) T— proton driver version)
O
Induction linac No.1 L@J tafg?t !
100 m prep mini—cooling
drift 20 m M's for  3.5mofLH, 10 m drift
Induction linac No.2 cooling  hunching 56 m
dI.8f0331 cooling 108 m
1t - m - 2.5km Lmear Collider Seement

Induction linac No.3

80 m Linac 2 GeV
recirculator Linac . ig;;;;ﬂsye‘;frg;zdmd

2-20GeV

. 2. 5km Lmear Colhder Segment
storage ring

= ) 20 GeV
neutrino beam
e Common features

1. pon tgt— ot — u, collected in focusing channel

2. ucooling, acceleration, & storage
— then:

3. neutrino beam vige = €v,v, —o0r-— u u collisions

<’ Tosteoolersfreaccelerators w” —
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What's a Neutrino Factory?
S. Geer, Phys. Rev. D 57, 6989 (1998)

A US scheme CERN scheme

proton driver

Bunch 2.2 GeV Superconducting

; compressor % it H Linac
2 ; ."‘-. ing . ccumulator I'll'lg
Induction linac No.1 target mlg a=»

100 m mini—cooling N = s 44/88 MHz capture,
drift 20 m 3.5mof LH, 10 m drift |-} % cooling, acceleration . .~~""
Induction linac No.2 bunching 56 m i

80 m I 108 2-10 GeV
: in m
drift 30 m FPE
Induction linac No.3 . =TT 10-50 GeV
80 m Linac 2 GeV e recirculator

recirculator Linac

2 -2 GeV
Neutrino Factory
schematic
; (isometric view)
_ storage ring y
- ) 20 GeV _~ " Muondecay ring ¥
A ) ar - Triangle on an v
neutrino beam 4 inclined plane

~MW proton beam ohigh-power target= pions, collected & decay in focusing channe

Decaymuons undergo longitudinal phase-space manipulation, cooling, acceleration,
storage in decay ring w/ long straight sections

Makes intense beam of high-energy electron and muon neutrings-#a v, v,
d also Japanese design — does not requioding but could benefit from it
Recent work shows this is2G$ facility
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* Most fundamental particle-physics discovery of past decade:

}-E=neutrinos mix!
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Why a Neutrino Factory?

Phys. Lett. B174, (1986) 45.
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Why a Neutrino Factory?

* Most fundamental particle-physics discovery of past decade:

}-E=neutrinos mix!
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cosmic baryon asymmetry (“Leptogenesis”)

M. Fukugita and T. Yanagida,
Phys. Lett. B174, (1986) 45.

..and possibly relevant to the nature c
dark energy (“mass varying neutrino
R. Fardon, A. E. Nelson, and N. Weiner,
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Why a Neutrino Factory?

« Neutrino mixing raises fundamental questions:

1. What is the neutrino mass hierarchy?

“natural’ “inverted”
Vi
OR?
v
G va

2. Why is pattern of neutrino mixing so different from that of quarks?

CKM matrix: PMNS matrix: a2 il gliodh . o8 )
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3. How close to zero are theall PMNS parameter8, ;6 ?

— are they suppressed by underlying dynamics? symmetries?



Why a Neutrino Factory?

« Neutrino mixing raises fundamental questions:

1. What is the neutrino mass hierarchy?

“natural’ “inverted”
Vi
OR?
v
G va

2. Why is pattern of neutrino mixing so different from that of quarks?

CKM matrix: PMNS matrix: food® i@ gl 013 €' \
01, =128° Y hierarchical 012 =30° (solar) f 12 /3
0, =22° }&_ nearly 6, =45 (atmospheric =g ~ 32 ~ Tz
g, =040 Jdiagonal g 13 (Chooz limit) | ~1 ~1 -

3. How close to zero are theall PMNS parameter8, ;6 ?

— are they suppressed by underlying dynamics? symmetries?

 These call for a program to measure the PMNS elements as well as possible



Neutrino Factory Physics Reach

3 sigma sensitivity of various options
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Why Muon Colliders?

» A pathway tohigh-energylepton colliders
— unlikee’e’, vS not limited by radiative effects

=> a muon collider can fit on existing laboratory
sites even for's> 3 TeV:
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Why Muon Colliders?

« A pathway tonigh-energyepton colliders
— unlikee’e’, vS not limited by radiative effects

. . . s-channel coupling of Higgs to lepton
= a muon collider can fit on existing IaboratorypairSoc > ping 99 P
sites even fov's> 3 TeV:

lepton

Also...
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* E.g.,uu-collider resolution can separat
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Higgs states of high-tghSUSY



“A Brief History of Muons”

Muon storage ringarean old idea:
— Charpaket al.(g — 2) (1960), Tinlot & Green(1960),Melissinos(1960)

Muon colliderssuggested byikhonin (1968),Neuffer(1979)

But no concept for achieving high luminosity umndihization cooling
— O’Neill (1956),Lichtenberget al. (1956),
applied tomuon coolindoy Skrinsky & Parkhomchuk1981),Neuffer(1983)

Realization(NeufferandPalmej that ahigh-luminosity muon collidemight be
feasible stimulated series of workshops & format{i#05) of Neutrino Factory and
Muon Collider Collaboration

— has since grown to 47 institutions and >100 physicists

Snowmass Summer Stu996)
— study of feasibility of +2 TeV Muon CollidefFermilab-conf-96/092]

Neutrino Factorsuggested bfeer(1997)at theWorkshop on Physics at the First Muon
Collider and the Front End of the Muon CollidéiP Conf. Proc435; Phys. Rev b7, 6989
(1999; alsoCERN yellow repor{1999)[CERN 99-02, ECFA 99-197]

See also:

— Neutrino Factory Feasibility Study(2000)and 11(2001)reports

— Recent Progress in Neutrino Factory and Muon Collider Research within the Muon
CollaborationPhys. Rev. ST Accel. Beais081001(2003)

— APS Multidivisional Neutrino Studwwww.aps.org/neutring/2004)

— Recent innovations in muon beam cooliAtP Conf. Proc821, 405(2006)

— www.cap.bnl.gov/imumu/; www.fnal.gov/projects/muon_collider



Neutrino Factory Feasibility
Much work on Neutrino Factory design has convinced us that it is feas
Feasibility Study | (1999):
— 6-month study sponsored by Fermilab, led by Norbert Holtkamp
— many person-years of effort, including detailed simulation studies and engineering
conceptual designs
— goal: based on assumed technical solutions, estimate relative costs of subsystems
which ones are “cost drivers” for further R&D
— main cost drivers were acceleration, cooling, longitudinal phase-space manipulatic
Feasibility Study Il (2000-01):
— 1-year study sponsored by BNL, led by Bob Palmer (BNL) and Mike Zisman (LBNI
— again many person-years of effort, including simulation and engineering
— goal: improve FS-I performance and reduce estimated facility cost
Feasibility Study 2a (2004):
— undertaken as part of APS Multi-Divisional Neutrino Study
— goal: use new ideas to tweak FS-Il design to reduce cost while maintaining perforr
International Scoping Study (2005-6)
— under auspices of CCLRC/RAL, lay groundwork for multi-year Int’'| Design Study



* With suitably chosen baseline(s), compangg> v, & v,— v, determines
mass hierarchy and CP phase
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Neutrino Factory Performance & Cost
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=> important to maximize flux!




Neutrino Factory Performance & Cost

Transverse & Long Emittance
] {Normalized)

. ES I

0 T 1 = 1 ® I T T F I T T F T 3
0 20 40 60 80 100 120 140 (m.)
® E2D(imm.mRad.) * ELong{cm. mRad.)
0.6 r first transverse emittance entoff=935 (mm rad)
secomnd transverse emit entof=15 (mm rad)
- longitudinal emit cutoff=0.15 {(m)
QE)’ RF frequency = 201.25 MHz
IS 0. of macro-particles 5000
s 04
?
c
=
2 0.22
C 02 0.174
0]
g 0.134
3 /
0033
0.0 1 ] ] ]
400 450 500 i)

Indicative (not definitive!) FS |l cost estimate
System Sum Others®™  Total
($M) ($M) ($M)
Proton Driver 167.6 16.8 184.4
Target Systems 91.6 0.2 100.8
Decay Channel 4.6 (.h 5.1
Induction Linacs 319.1 31.0
Bunching 65.6 6.9 75.5
Cooling Channel 317.0 31.7 (348.7)
Pre-accel. linac 188.9 18.9 @
RLA 355.5 30.5 }
Storage Ring 107.4 10.7 118.1
Site Utilities 126.9 12.7 139.6
Totals 1,747.2 174.8 1,922.0

o FS-II cost drivers: phase rotation,
cooling, acceleration

o FS-2a features cheaper solutions fot

all three of these

— “Bare” cost of Neutrino Factory
now estimated a¢ 1 G$



Study 2a Progress

o Simpler, shorter, cheaper cooling channel:

FS-II
LH2 absorbers SC coils

FS-2a
COOLING LATTICE

SC 106 A/mnf
coil

Y

A

- =
rf cavity %\%

201.25 MHz |

nwm 115.25 MV/m
WL 441 1 4

L = = m‘ ' - = || beam

LHi B FIE il - \ =

un A (Absorbers integrated

arv i urt Be 25im”  ith cavity windows)

| | | |
AN TO LIV WHOL 0 25 50 100 125 150 cm

 New, cheaper, “non-scaling FFAG” acceleration:

FS-II

Linac 2 GeV

Recirculating Linac
2Xx 2.3 GeV

Linac to 1.5 GeV

FS-2a

~, 10-20 GeV FFAG

N
) /4
L

' 1.5-5 GeV Dogbone RLA
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New Physics / New Facilities

(If I may be a bit provocative...)

e Conventional wisdom:

— “LEP data demonstrate 3 SUSY Higgs with m < 500 GeV”
= need (BG3$?) ILC ASAP

e My opinion:

— The data are not yet definitive = conventional wisdom could be wrong!

 Moreover,
'{ig& The new physics we know is there... is neutrino mixing!

=>|t IS urgent to figure out the best way to study this new physics.

— may be our best experimental access to physics at the GUT scale*

* Please don’t get me wrong: ILC work is important — but doesn’t mean we should neglect muc
facilities.



Why Muon Cooling?

vF physics needs 0.1 pp-on-target= very intense u beam from decay

=> must accept large (~&dnmrad rms) beam emittance

No acceleration system yet demonstrated with such large acceptance

= mustcoolthe muon beam or develop new, large-aperture acceleration

(in recentvF studies, cooling= x 2 — 10 in accelerated muon flux)

uC: £ « 1*/o,0,=> big gain from smaller beam

= to achieve useful collider luminositynustcool the muon beam



The Challenge:

T, = 2.2uS

Q: What cooling technique works in microseconds?

A:. There is only one, and it works only for muons:



lonization Cooling:

wdE dE dE
dx dx dx
r.f. r.f. r.f. r.f.

G. |. Budker and A. N. Skrinsky, Sov. Phys. Usp. 21, 277 (1978)
A. N. Skrinsky and V. V. Parkhomchuk, Sov. J. Part. Nucl. 12, 223 (1981)

A Dbrilliantly simple idea!

e BUT:
— It has never been observed experimentally
— studies show it is a delicate design and engineering problem

— Itis a crucial ingredient in the cost and performance optimization of a Neu
Factory

=> Need experimental demonstration of muon ionization cooling!
— MICE



lonization Cooling:

 Two competing effects:

10
*‘; 5— H, liquid _
o 5 T
uw” dE  dE  dE
dx dx dx =
g2 W TR
E E_ <dE\ h.l/'”iu | mm_pm}ua 1000 10000
— Absorbers: dx /,\ / *! Muon momentum (GeVe)
\ 60— 0 + 6% ionization energy loss

Q\

— RF cavities between absorbers replaEe

multiple Coulomb scattering

— Net effect: reduction ip, at constanp,, I.e., transverse cooling

dey | dEH>E‘.-.~,- . B.(0014 Gev)?
ds ;31< E

= P 2B3E,m, X, (emittance change per unit length)



lonization Cooling:

 Two competing effects:

ja—y
=

N‘H“ 6 H, liquid _
o D T
uwdE dE  dE !
dx dx dx 5k
IR N e et
EsE_ /dE\ B.l/'”iu | 1am_pm}0ﬁ 1000 10000
— Absorbers: \dx /,\ / *! Muon momentum (GeVe)
\ 6 —0 + Qggﬁascé,\ ionization energy loss

multiple Coulomb scattering

— RF cavities between absorbers replaEe
— Net effect: reduction ip, at constanp,, I.e., transverse cooling

Note: Thephysicsis not in doubt — it's just Maxwell’'s equations!
=> In principle, ionization coolingasto work!
..but In practice it is subtle and complicated...



lonization Cooling:

 Two competing effects:

wdE  dE
dx dx

— Absorbers:

ja—y
=

Hg liquid

dE
dx

dE /dx (MeV g~ lem?)
Lo = n Co

]

LR ol ]

i |
/ d E \ 0.1 1.0 10 100 1000 10000
py=p/Mec

E—E _\dX/ / e 00

Muon momentum (GeV/e)

\ 6 — 0 + stgﬁascé,v\\ ionization energy loss

multiple Coulomb scattering

— RF cavities between absorbers replaEe

— Net effect: reduction ip, at constanp,, I.e., transverse cooling

Note: Thephysicsis not in doubt — it's just Maxwell’'s equations!
=> In principle, ionization coolingasto work!
..but In practice it is subtle and complicated...

...SO a test is essential!



lonization Cooling:

 Two competing effects:

L
u~ dE dE  dE -
dx dx dx i
3
o [dE\,
_ Absorbers: \dx /‘\
6= 0+ 058

— RF cavities between absorbers replaEe

1(]'E s
6t H, liquid i
5 T
4
3
ol e Tl

i ! i
1 1 1 11111 1 11l 1 L1t 1 11l 1 | N
0.1 1.0 10 100 1000 10000
py=p/Mec
L 11 |||||| 1 11 |||||| 1 1 ||||||| | |||||| 1 1 |||||||
0.1 1.0 10 100 1000
Muon momentum (GeV/ie)

lonization energy loss
multiple Coulomb scattering

— Net effect: reduction ip, at constanp,, I.e., transverse cooling

dEN o l
B

8,(0.014 GeV)?
2B3E, m, X,

s

)

dEH>E.-'~.-' i
ds 'E,



lonization Cooling:

 Two competing effects:

Hg liquid

uw”dE  dE  dE
dx dx dx

LR ol ]

dE /dx (MeV g~ lem?)

e e /dE\ m/"'!.u | """iaﬁ' m}m 1000 10000

— — = pliMc

— Absorbers: o/ S il ®
\ 6 — 0 + Q;Bnasc \ ionization energy loss

9\

— RF cavities between absorbers replaEe

multiple Coulomb scattering

— Net effect: reduction ip, at constanp,, I.e., transverse cooling

= want strong focusing, large X
2B3E, m, X, and low F,

dey | dEH>E‘.-.~,- . B.(0014 Gev)?
ds ;31< E

- ds



lonization Cooling:

 Two competing effects:

Hg liquid

uw”dE  dE  dE
dx dx dx

LR ol ]

dE /dx (MeV g~ lem?)

e e /dE\ m/"'!.u | """iaﬁ' m}m 1000 10000

— — = pliMc

— Absorbers: o/ S il ®
\ 6 — 0 + Q;Bnasc \ ionization energy loss

9\

— RF cavities between absorbers replaEe

multiple Coulomb scattering

— Net effect: reduction ip, at constanp,, I.e., transverse cooling

dey _ _ 1 <dE“>EN 3 B.(0.014 GeV)" = want strong focusing, large X
ds B*\ ds 'E 2B3E, m, X, and low K,

— How can this be achieved...?



E.q.. Double-Flip Cooling Channel

V. Balbekov & D. Elvira (FNAL)

 To get lowp — big S/C solenoids & high fields!

! HrrRF FEED

/,/—CETEIET.&T !

B

HZ ABZOFBEF

= 5T+

A

200m Z

|

I[IJ{)m
L R
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First Flip Matching Section  :
-changes Larmor center and

—_—— e o ———— -

Solenoid Axis \

WACUUM  MANI I-_EILD—/

—///—‘ Z
Y
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AFTER FLIP

3

\\\KK /j )
—_—

e

: % e LARMOR
Cooling Section #1: B = +37T on axis 1l Cooling Section #2;: B =-3T on axis CENTER
<Cools Ptirms). beam radius ~unchanged ""Jllb -Cools Pt (rms) and beam radius (rms) \

P
V'

= expensive



Bz (T)

Bz (T)

Bz (T)

Or, Peiodic Cooling Lattices

« Various lattice designs have bee 5
studied: T Y Y[
10 3 ] -
5 L Alternating Solenoid 5 o
Bz(maxg =34 (T)
/\/',_\\/\ dB./dz(max) = 15 (T/m) _ _ _
* Lt P . .
5 b ]
1

0 : 4 6
0P len (m) Alternating solenoid
: FOFO

/\ o + 1 T
’ o N - -
10 1 1 1 |
10 00 0.5 1.0 1.5 2.0 o 0 0 (8]
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/\/\ dBB l,?’lgé?max (7 (T/m) o - !
0 _ SR |
5 | | |
i : . FOFO Super-FOFO

T e 7 (+ RFOFO, DFOFO, Single-Flip,

R. Palmer (BNL) et al.

Double-Flip)

— Alternating gradient allows low with much less superconductor



Longitudinal Cooling?

e Transverse ionization cooling self-limiting due to longitudinal-emittan
growth, leading to particle losses

— caused e.g. by energy-loss straggling plus falE@cceptance of cooling channel
= need longitudinal cooling for muon collider; could also helpvfor

 Possible in principle by ionization above ionization minimum, but
Inefficient due to straggling and small slag(@E/dx)/dE

— Emittance-exchange concept:

Width: §(x) = 8+ 8'x

b
U beam

/

Dipoles
Ccreate >
dispersion

Shaped absorber
equalizes momenta

e Several promising paper designs exist (see example below)




Practical Difficulty:

* Cooling channels are expensive

= affordable piece of SFOFO channel gives c#l19% emittance reductic

e But standard beam instrumentation can measure emittance tel@Sly



Practical Difficulty:

* Cooling channels are expensive

= affordable piece of SFOFO channel gives c#l19% emittance reductic

e But standard beam instrumentation can measure emittance tel@Sly

Solution:

Measure the beam one muon at a time!



MICE

Final PTID-

TOF
Cherenkoy

Calorimeter

]
=

u beam

~200 MeV/c

Goals of MICE:

» to show that it is possible to design, engineer and build a section of cooling channe
capable of giving the desired performance for a Neutrino Factory;

e to place it in a muon beam and measure its performance in a variety of modes of 0}
and beam conditions.



MICE Collaboration (>100 collaborators from 40 institutions in 10 counti

Belgium:
Bulgaria:
China:
Italy:

Japan:

Netherlands:
Russia:
CERN:
Switzerland:

UK:

USA:

Universite Catholique de Louvain (G. Gregoire)

St. Kliment Ohridski University of Sofia (M. Bogomilov, D. Kolev, A. Marinov, I. Russinov, R. Tsenov)

ICST Harbin (L. Jia, L. Wang)

INFN Milano (A. Andreoni, D. Batani, M. Bonesini, G. Lucchini, F. Paleari, P. Sala, F. Strati

INFN Napolie Universita Federico Il (V. Palladino)

INFN Roma lllandROMA TRE University A. Cassatella, D. Orestano, M. Parisi, F. Pastore, A. Tonazzo, L. Tortora

University of Trieste antNFN, Trieste 1. Apollonio, P. Chimenti, G. Giannini, A. Gregorio, A. Romanino, T. Schetz

KEK (S. Ishimoto, S. Suzuki, K. Yoshimyra

Kyoto University (Y. Mori)

Osaka UniversityA. Horikoshi, Y. Kuno, H. Sakamoto, A. Sato, M. Yoshida

NIKHEF, Amsterdam (S. de Jong, F. Filthaut, F. Linde)

Budker Institute, Novosibirsk (N. Mezentsev, A. N. Skrinsky)

CERN {H. Haseroth, F. Sayli

Université de Genéve (A. Blondel, A. Cervera, J.-S. Graulich, R. Sandstrom, O. Voloshyn)

Paul Scherrer Institu€( Petitjeah

Brunel University (PKybergd

Cockcroft Institute (R. Seviour)

University of Glasgow (F. J. P. Soler, K. Walaron)

University of Liverpool (P. Cooke, J. B. Dainton, J. R. Fry, R. Gamet, C. Touramanis)

Imperial College London@. Barber, P. Dornan, M. Ellis, A. Fish, K. Long, D. R. Price, C. Rogers, J. Sedgbeer

University of Oxford (W. W. M. Allison, G. Barr, U. Bravar, J. Cobb, S. Cooper, S. Holmes, H. Jones, W. Lau, H. Witte, S. Y

Daresbury Laboratory (Rorlett, A. Moss, J. Orrétt

Rutherford Appleton Laborato. E. Baynham, D. Bellenger, T. W. Bradshaw, R. Church, P. Drumm, R. Edgecock, I. Gard
Y.M. Ivanyushenkov, A. Jones, H. Jones, R. Mannix, A. Morris, W.J. Murray, P.R. Norton, J.H. Rochford, K. Tilley, A. W

University of Sheffield (C. N. Booth, P. Hodgson, L. Howlett, P. Smith)

Argonne National Laboratord. Norem)

Brookhaven National Laborato(R. B. Palmer, R. Fernow, J. Gallardo, H. Kirk)

Fairfield University(D. R. Winn)

University of Chicag@andEnrico Fermi InstituteNl. Oreglig

Fermilab(A. D. Bross, S. Geer, D. Neuffer, A. Moretti, M. Popovic, R. Raja, R. Stefanski, Z. Qian)

lllinois Institute of TechnologyD. M. Kaplan, N. Solomey, Y. Torun, K. Yonehara)

Jefferson LaljR. A. Rimmer)

Lawrence Berkeley National LaboratdiM. A. Green, D. Li, A. M. Sessler, S. Virostek, M. S. Zisman)

UCLA (D. Cline, K. Lee, Y. Fukui, X. Yang

Northern lllinois UniversityM. A. C. Cummings, D. Kubik)

University of lowa Y. Onel)

University of Mississipp(S. B. Bracker, L. M. Cremaldi, R. Godang, D.J. Summers)

University of California, Riversid€G. G. Hanson, A. Klier)

University of lllinois at Urbana-Champaig¢D. Errede)



Single-Paticle Emittance Measuement

* Principle: Measure each muon precisely before and after cooling cell
Off-line, form “virtual bunch” and compute emittances in and out
Need to determine, for each muon, x,y .1, and xy' ' (=p,/p,, p,/p,. E/p,)
at entrance and exit of the cooling channel:
Solenoid, B=4T,R=15¢cm, L > 3d

(to keep B uniform on the plates)

3 measurements is
minimal set but 5
will be used for
pattern-recognition
redundancy

Three plates of, e.g.,
three layers of sc. fibres \«

TOF. (diameter 0.35 mm)
~Measure T Measure x;, y;, X5, Y2, X3, Y3
With 0, ~70ps | | yith precision 0.35mm/J12




Single-Paticle Emittance Measuement

* Principle: Measure each muon precisely before and after cooling cell
Off-line, form “virtual bunch” and compute emittances in and out
Need to determine, for each muon, x,y .1, and xy' ' (=p,/p,, p,/p,. E/p,)
at entrance and exit of the cooling channel:
Solenoid, B=4T,R=15¢cm, L > 3d

(to keep B uniform on the plates)

3 measurements is
minimal set but
will be used for
pattern-recognition

! Three plates of, e.g., redundancy
three layers of sc. fibres \<
T.OF. (diameter 0.35 mm)
Measure t Measure x,, Y, X, Yz, Xs, Y3
With o, ~ 70 ps with precision 0.35mm//12

...but mux’ing readout by 7 gives suff. resolution and reduces



Nominal (*SFOFQ”) Lattice (200 MeV/c)
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« 1 flexibility to explore other settings, momenta, absorber mat’ls...



Paformance Simulation (nominal SFOFO mode):
(BNL ICOOL simulation)
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— =10% transverse emittance reductiorgasurable to 0.1% (abgiven
precise spectrometer, clean beam, and efficient, redundant particle IC



Tracker Performance Simulation:
(C. Rogers, ICL G4MICE simulation)

« Correctable=1% bias due to scattering in detectors:
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« Key physics goal of “MICE Phase 1"
— demonstrate bias correction to <10% of itself as req'd for 0.1% emittance measur



Current Status:

» MICE proposal submitted January 2003
-~ Proposal approved by CCLRC (UK gov’t research org.) 10/24/03
- MICE funding (Phase 1) approved in Italy, Japan, Netherlands, Switzerland, UK, US

— Includes installation of muon beamline on ISIS at RAL:

1 b FI Yo B ¥ =
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!,r” spf =00 fJ o H E Beamline includes:
i S / -—lwmm i =1
> ——— = [ | | 2 bends
ANES Va VAN b 3 small-aperture quads
Jﬂ AL o | 2] —  6large-aperture quads
20 mseny QN S — (il 8 4T decay solenoid (from PSI)
3 m Stee] :ll
=
- —— T Jim— !
- E—
]:I Steel I:I Concrete

... as well as MICE spectrometers, e.g.:

Prototype solenoidal spectrometer:
4 3-view SciFi stations
designed for insertion in 4T SC solenoid

»« Plan: 1st MICE beam at RAL 9/07




Some Recent Progress: SciFi Tracker Test at KEK

(KEK/ Osaka / UK / ENAL / IIT / UCR / UCLA) T acker prototype

o 4-station prototype tested in 1T SC solenoid:

Scifi Tracker hY

~—Aerogel Cerenkov

‘Trigger Counter

n 2 Beamline ©? i hm

(already passed cosmic-ray test)
o Successful beam test fall 2005

Beam area
-li" . _




Some Recent Progress: SciFi Tracker Test at KEK
Reconstructed event:
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design showed lower light yield

— study & possible design iteration
In progress




Absorber Design

(KEK, Oxford, RAL)

Need LH absorbers with 0.1-1 kW power-handling capability

— designs build on hydrogen-target
experience

Prototype high-power LHabsorber

(MuCool) MICE low-power design
(cryocooler-cooled)

— also much work on hydrogen safety



RE Cavities
(LBNL / JLab / FNAL / Oxford / UMiss)

e Prototype 201 MHz caV|ty W|th th
curved Be windows pagss -

...high-power testing in progress
at Fermilab MTA




RF Power

Two surplus 4 MW, 201 MHz power amplifiers shipped from LBNL to
Daresbury Lab for refurbishing

e Plan to get two more refurbished
power amps from CERN

— 2 MW per cavity in Step V,
1 MW per cavity in Step VI




Beamline includes 5Tx-decay solenoid from PSI

e Gives x10 increase inrate comp. to quads
* Delivered to RAL in Dec., 2005



Beamline Simulation
(T. Roberts, Muons, Inc.)

e Using T. Roberts-developed “gd4beamline” to simulate MICE beam:

TOF2

Ckov1 Diffuser

e Optimized beam rates per “target-in” ms (occuring once per s):

Description LAHET Geant4 MARS
1Tmm X 100mm, 10m from target 33,400
TOFO 2355 2693 2834
TOF1 462 529 557
Tracker1 422 482 507
Tracker2 284 324 342
TOF2 281 321 338
Good p* 277 316 333




G4AMICE Experiment Simulation

(FNAL / IIT / BNL / Geneva / ICL / UCR et al.)
* Under development by int’l team led by Y. Torun, lIT & M. Ellis, FNAL

Screen shot of the magnetic lattice:

View with the solenoid removed showing
scintillating-fiber tracking stations:

Cooling 1/2-cell: two absorbers (blue), three coils (brown),
two focusing and one coupling, and four rf cavities (red)

 Geant 4 simulation generates hits on detectors taking all relevant phy
processes into account

« Used to study effectiveness of PID, systematics of emittance reconstr
etc.



Spectrometer Solenoids

o Superconductor delivered (LBNL/IIT)

« Module fabrication in progress (LBNL)



More Progress

« Work also proceding on

— particle-ID detectors
— DAQ system
— software...

...but | lack the time to tell you about it!



Avatars of MICE

« Measurement precision relies crucially on precise calibration & thorot
study of systematics:

E.|<|1||]

STEP I: 2007/ Characterize bea

\Iﬂ STEP 11 Calibrate Spect. 1

s T ]

STEP III Spect. 1; demonstrate 0.1%
emittance measurement

Study 1st abs./

I[ Intercalibrate Spect. 2 w.r.t.

2008

. focus-coill pair,
STEP IV: check dE/dx anc
scattering
"M sTEp Vv Cooling study w

1/2 lattice cell

20097

1 p vgC00ling study w
STEP Vg i attice cell &
realistic field flig




Avatars of MICE

Measurement precision relies crucially on precise calibration & thorot
study of systematics:

—.-l<l1l|] STEP I: 2007 Characterize bea
=1

Calibrate Spect. 1

alisraie Spect. 2 w.r.t.

— = _ | |l STEP Tl Spect. Irsegonstrate 0.1%
L 2008~ emittance meaSwsgment

Study 1stQbs./

. focus-coil pa,
STEP IV: check dE/dx ayc
scattering
Phase .
STEP V Coollng study
(in1/2 lattice cell
2009"negotiation
1 vgC00lingsgstudy w
SLEEY Ifu gltice cell &

ealistic field flig



Muon Facility Feasibility Demonstrations:

1. Transverse ionization coolinglICE @ RAL ISIS synchrotron
2. Multi-MW targets:MERIT @ CERNNTOF facility

3. 6D helical coolingMANX proposal

4. Non-scaling FFAG acceleratioeMMA @ DL
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Muon Facility Feasibility Demonstrations:

1. Transverse ionization coolinglICE @ RAL ISIS synchrotron

2. Multi-MW targets:MERIT @ CERNNTOF facility

3. 6D helical coolingMANX proposal <
4. Non-scaling FFAG acceleratioeMMA @ DL



MICE Future?

« MICE muon beam + spectrometers + DAQ constitute general-purpos
facility for studying muon cooling

* Not limited to SFOFO design, nor to demonstrating just transverse co



Helical Cooling Channels

R. Johnson et al. (Muons, Inc., www.muonsinc.com), Ya. Derbenev (JLab)

Recent work by R. Johnson, Ya. Derbenev, et al. (Muons, Inc.) points to
possibility of 6D cooling via emittance exchange in helical focusing channel
(solenoid + rotating dipole and quadrupole) filled with densedayas or liquid

Incident Muon Beam

=

Evacuated
Dipole Magnet

Apip

Wedze Absorber

Figure 1. Use of a Wedge Absorber
for Emittance Exchange

dﬁr’ I-'_ ;

Inciden i Muwon Besan

H; Gas Absorber
m Dipole Magnet

Figure 2. Use of Continuous Gaseous
Absorber for Emittance Exchange

Example helical rotating-dipole magnet from AGS “Siberian Snake”



Helical Cooling Channels

* Implementation options being explom@dkashikhinet al, FNAL MCTF:

V" VECTOR FIELDS

— Small coils could reduce difficulty and cost




Helical Cooling Channels

e Possible to test prototype 6D cooler in MICE faciigy“MANX"?

— or with new muon beam at Fermilab?

Muon colliderAnd Neutrino factory g periment



MANX Letter of Intent

(Muons, Inc.)

Helical
Channel

Simulated cooling performance
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e Factor =3-5 in a few m of cooling channel!

e Proposal to Fermilab to design and build helical magnet (May, 2006)



“Extreme Cooling”?
Ya. Derbenev (JLab)

o After coolingx ~10 by series of helical
channels (~0m), can cool beam further
with 2 new approaches:

— Parametric-resonance lonization Cooling (PIC)
! !

X X
A A

YN
N~

Incident Muons ﬁ |
— —
Y W

i)

Wedge Absorber

— Reverse Emittance Exchange (REMI

Evacuated Dipole — |

L




Vision of Future Muon Facility using “Extreme Cooling”

e |f these ideas work,
could cool muons
well enough to
accelerate them with
ILC cavities

2.5km Lmear Colhder Seement

 Muon Collider could
be ILC energy upgrade

10 arcs serarated
 vertically n one tunnel

— |nternational
Lepton
Collider!

2.5km Lmear Collider Segment

<’ fosteoolersfreaccelerators o —



Funding

Muon-cooling R&D, Neutrino Factory and Muon Collider R&D, and
MICE are international efforts supported modestly but significantly in
Europe, and Japan

U.S. Neutrino Factory and Muon Collider Collaboration (NFMCC, ~10
people) funded by DOE at few-M$/year level

— ~10% goes to MICE

— also supporting high-power target experiment, MERIT (CERN nTOF11; see
http://proj-hiptarget.web.cern.ch/proj-hiptarget/default/ )

MICE funded by NSF (1.05 M$)
Muons, Inc. funded by DOE SBIR/STTR program


http://proj-hiptarget.web.cern.ch/proj-hiptarget/default/

Some useful web pages:

NFMCC home pagéittp://www.cap.bnl.gov/mumu/mu_home_page.html

MICE home pagenttp://mice.iit.edu/

Neutrino Factory and Muon Collider Studies at Fermilab home page:
http://www.fnal.gov/projects/muon_collider/

Muon lonization Cooling R&D home page:
http://www.fnal.gov/projects/muon_collider/cool/cool.html

Targetry R&D home pagéttp://www.hep.princeton.edu/mumu/target/
EMMA home pagehttp://hepunx.rl.ac.uk/uknf/wpl/emodel/
Princeton Muon Collider R&D home pagd®tp://www.hep.princeton.edu/mumu/

Neutrino & Muon Activities at CERN
http://muonstoragerings.web.cern.ch/muonstoragerings/

UK Neutrino Factory home pagettp://hepunx.rl.ac.uk/uknf/

APS Multi-Divisional Study of the Physics of Neutrinos home page
http://www.interactions.org/cms/?pid=1009695
http://www.aps.org/neutrino/

International Scoping Study home palgtep://www.hep.ph.ic.ac.uk/iss/

Muons, Inc. home pagettp://www.muonsinc.com/


http://www.cap.bnl.gov/mumu/mu_home_page.html
http://mice.iit.edu/
http://www.fnal.gov/projects/muon_collider/
http://www.fnal.gov/projects/muon_collider/cool/cool.html
http://www.hep.princeton.edu/mumu/target/
http://hepunx.rl.ac.uk/uknf/wp1/emodel/
http://www.hep.princeton.edu/mumu/
http://muonstoragerings.web.cern.ch/muonstoragerings/
http://hepunx.rl.ac.uk/uknf/
http://www.interactions.org/cms/?pid=1009695
http://www.aps.org/neutrino/
http://www.hep.ph.ic.ac.uk/iss/
http://www.muonsinc.com/

Some important recent reports and papers:
R. P. Johnson et al., “Recent innovations in muon beam coohiig,Conf. Proc821, 405(2006).

“The Neutrino Matrix,” the final report of the APS Multi-Divisional Study, available from
http://www.aps.org/neutrino/

M. M. Alsharo’a et al., “Recent progress in neutrino factory and muon collider research within th:
Collaboration,” Phys. Rev. ST Accel. Beams 6, 081001 (2003).

A. Blondel et al., ECFA / CERN Studies of a European Neutrino Factory Complex, CERN-2004-
ECFA-04-230.

Feasibility Study-Il of a Muon-Based Neutrino Source, ed. S. Ozaki, R. Palmer, M. Zisman, and
Gallardo, BNL-52623 (2001); available from
http://www.cap.bnl.gov/mumu/studyii/FS2-report.html

C. Albright et al., “Physics at a Neutrino Factory,” hep-ex/0008064, Fermilab-FN-692 (2000).

S. Geer, “Neutrino beams from muon rings,” Phys. Rev. D 57, 6989 (1998).

See aIO?o the Proceedings of the NuFact Workshops held annually in rotation among the U.S., E
and Japan.

Some recent brief, "approachable” papers:

K. Long, “Neutrino Factory R&D,” submitted to Proceedings of the High Intensity Frontier Works
La Biodola, Isola d’Elba, Italy, 28th May—1st June 2005; arXiv: physics/0510157

D. M. Kaplan, “Recent Progress Towards a Cost-effective Neutrino Factory Design,” submitted t
Lepton-Photon Conference, Uppsala, Sweden, June 30-July 5, 2005; arXiv: physics/050702

D. M. Kaplan, “Muon Cooling and Future Muon Facilities,” to appear in Proc. ICHEP06, Moscow
Russia, July 26 — Aug. 2, 2006


http://www.aps.org/neutrino/
http://www.cap.bnl.gov/mumu/studyii/FS2-report.html

Summay

Muon storage rings are a uniquely powerful option for future HEP faci
A Neutrino Factory may be the best way to study neutrino mixing and

vF technical feasibility has been demonstrated “on paper”

A key prerequisite toF approval: experimental demonstration of muor
lonization cooling

MICE Proposal approved and Phase 1 funded
Scope and time-scale comparable to mid-sized HEP experiment

Now gathering necessary resources (collaborators, equipment, fundir
from among collaborating world regions, designing & building apparal

Good opportunity for students to develop expertise on “cutting-edge”
accelerator physics as well as on HEP experimental techniques



Summay

Muon storage rings are a uniquely powerful option for future HEP faci
A Neutrino Factory may be the best way to study neutrino mixing and

vF technical feasibility has been demonstrated “on paper”

A key prerequisite toF approval: experimental demonstration of muor
lonization cooling

MICE Proposal approved and Phase 1 funded
Scope and time-scale comparable to mid-sized HEP experiment

Now gathering necessary resources (collaborators, equipment, fundir
from among collaborating world regions, designing & building apparal

Good opportunity for students to develop expertise on “cutting-edge”
accelerator physics as well as on HEP experimental techniques

'ﬁé@l believe muon accelerator facilities have a bright future!



