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VF and pC

Proton Driver Acceleration

PX2 (3 GeV, 1 MW)

Target

0.2-0.9 GeV

0.9 -4 GeV

u Storage Ring

(L

);—v> ~ 1027 v/year to remote detectors

ol 5 __C 4 GeV
-E‘) o c o))
PX4 (8 GeV, 4 MW) S5l 5 & g <
S (c/:) 6 S S = (0.35 km
ol » 3 ©
52| 8 S
o
T o
8 Linac + RLA
Proton Driver oy Cooling Acceleration Collider Ring
uD —
S End ur
|_ ﬁ
-':I:-
S o) oo @ g o
I 2 |®o|l € 5§ % 20 w P
£ Qo =13 @ o =
3 £ 5 A > " S 8§ ©O
< O 00 § 5 2 o o e Accelerator Types: Linac,
Tzl e 2 [ Recirculating Linacs (RLAS),
S Rapid Cycling Synchrotrons (RCS)

L ~103%cm—=2s!

® Strong similarities!

- both start with ~MW p beam
then cool, accelerate, & store

ILLINOIS INSTITUTE‘V}.
OF TECHNOLOGY

Transforming Lives.Inventing the Future.www.iit.edu

D. M. Kaplan

CO0OL’13, 6/10/13

on high-power tgt = 1T — ,

CCg,
g hocere,

O

3/26

Prograc®



Neutrino Factory Physics

1. What is the neutrino mass hierarchy? [sgn( Am?23;)]

“natural” “inverted”
A ‘V v
Vi
e OR?
g .
v
v, v

2. Why 1s pattern of neutrino mixing so different from that of quarks?

CKM matrix: PMNS matrix: ( 2 2 sin6) ¢ \
0, =12.8°Y 1iorarchical B =30° (solar) ? 12 5
0, =22° } &_ nearly 0,, = 45° (atmospheric) ~3 3 "7y
6, =04° diagonal 0,, = 9° (Daya Bay + Reno 11 ~£

+ Double Chooz...) | 2 2 2

3. How close to zero 1s the PMNS phase 07

= Does neutrino mixing violate CP, as required for Leptogenesis?

4. Is 3-generation mixing the whole story?

— Need to measure PMNS matrix as precisely as possible.

s Aecer,

- - @‘\" >
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Neutrino Factory Physics

From IDS-NF Interim Design Report (Oct. 201 I):

[S. Choubey et al., arXiv:1112.2853]

® VF compared with other facilities:

1.0 : 1.0
| | 2
b@ — - sgn Am /
s \\ f g
0.8~ IDS-NF 2010/2.() mme NN 0.8~ IDS-NF 2010/2.() mmmmen
— MIND L E e N — MIND LE e
0 LBNE ] 0 LBNE
- LBNE+Project X —'\ ] - LBNE+Project X
S 06F SPL N| §06- SPL
7 BB100——— 11 5 BB100———
© BB100+SPL—— © BB100+SPL
0 2025 a0 2025
O 04 0O 04
0.2; | 02
" GLOBES 2010 " GLOBES 2010
0.0 : : : : - 0.0 : : : :
107 10° 10°  10*  10®* 102 10" 10" 10® 10° 10*  10®* 102 10
True sin2201 3 True sin2201 3

CP fraction

10
.

- SIn 2913
0.8/ IDS-NF %%ZL% |
: LBNE ,l
| LBNE+Projeci X —
. SPL
BB100—-

BB100+SPL
2025_I

o
(=2

o
~

0.2

[ GLOBES 2010
0.0 :

107 10%  10%  10* 10® 102

True sin%26, 3

B VF has greatest reach and will ultimately be required
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Muon Colliders

® An option for high-energy lepton colliders ® Also,
— unlike e*e-, Vs not limited by radiative effects 3 —channel. coupling of Higgs to
lepton pairs & miepton>

m) /C resolution can uniquely

- measure Higgs width & shape
[Blondel et al., arXiv:1302.3318]

50:- Breit—Wigner

FNAL site

'
o
e .

Vs (MeV)

ILC
I=30km

CCe
& A /@,.@

m) | ikely to be cost-effective! i.e., ~ $(LHC)

. 4 e
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Muon Colliders

® An option for high-energy lepton colliders ® Also,
—s-channel coupling of Higgs to

— unlike e*e-, Vs not limited by radiative effects .
lepton pairs o miepton?

m) /C resolution can uniquely

- measure Higgs width & shape
- separate near-degenerate scalar and

pseudo-scalar Higgs states of high-

tan f SUSY

Separation of A® & H° by Scanning
T | T T T T | T T T rIBalrgerl elt alll- |help-lph/ T

FNAL site

>
»* .-.
w .

—R=0.01%
----- R=0.08%
€e=0.5

60— A°H’ > bD
m =350 GeV |’

o~
o
Co

# events/0.01 fb~!
S

ILC
I=30km

O 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
348 349 350 351 352 353

) Vs (GeV)
¢ And potential for spectacular

signatures, e.g., if 4 Z' or Kaluza-

CCg,
g hocere,

m) | ikely to be cost-effective! i.e., ~ $(LHC) . e
' Klein resonances of ED models * y; *
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Technical Challenges

|. High-power (=4 MW) p beam and target

- ' i e.g., SNS, Project X
Hg jet feasible (MERIT@CERN, 2007)( - S\ Linac>

= u unstable, Ty = 2.2 us = must cool quickly!...

3. Rapid acceleration

= Linac—RLAs—(FFAGs)—-RCS
(EMMA@DL, 201 I; proposed JEMMRLA@)]JLab)

4. High storage-ring bending field (to maximize #
cycles before decay) and small B, for high £

- Solution devised,B~ I0T,B ~ | cm

ew S
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Muon Cooling

® Physics of multi-TeV lepton collisions calls for
L~ 103 cm=2 s

Initial .
® Higgs physics
requires £ ~ 1032
and Ap/p ~ 107

- Requlred for
o | TeV Colliders

Phase Rotation
to 12 bunches

(-
<

O bo
< c

6D Cooling

Merge
12—1 bunch

LI ITTIII

6D Cooling

ek
o

I T TTTmmg

® How to get there:

Longitudinal Emittance (mm)

(one scenario) > DoE
equired for
1.0 E H|ggs Factory March, 2013
1 1 L1l llll 1 L1l lll L L | | llll 1
€. and g Transverse Emittance (micron)
- need factor 10° total 6D
emittance reduction
Vv é%
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How cool muons?

® Problem: Average lifetime at rest = 2.2 s

® But established cooling methods (stochastic,
electron, laser) take seconds to hours!

® What cooling method can work in << 2.2 ps!?

W' S %
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lonization Cooling!

® Muons cool via dE/dx in low-Z medium:

=
=

H, liquid ¢ Optlmal

: working point
IS = Ionization
minimum

u” dE dE  dE
dx dx dx

f J | | | :
1 . L TR B R AR AT L

dE 0.1 1.0 10 100 1000 10000
//%% E < >AS // Al Ll BTi‘?TJ:i.rﬁ T R

L A =+ B v+

dE /dx (MeV g~ lem?)

[
|||

— Ab SOI‘beI'S dx 1.0 10 100 1000

Muon momentum (GeV/ie)
0 —=0+ QSZ"ZZe\ lonization energy loss
multiple Coulomb scattering

— RF cavities between absorbers replace AE

— Net effect: reduction in p, at constant Py 1.e., transverse cooling
dEN - ] <dEF_> Ey n ﬂl{ﬂﬂ]é’f GﬂV}E ) Q
P B\ ds E, 2BEm, X, (emittance change per unit leng

® Only* practical way to cool within y lifetime

\‘r

Lnots NSTTUTEV. 5 1 Kalan coov1s, 610,13 Optical stochastic cooling? /4 T"//

OF TECHNOLOGY
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® Expt’l demo in progress...



How to cool in 6D?

1

® VWork above ionization minimum
to get negative feedback in p!

dE/dx (MeV g~lem?)
N (O8] A U0 o O

® No - ineffective due to straggling .| .|~ . .

0.1 1.0 10 100 1000 10000
By= p/Mc
il IIIIII| il IIIIII| il il IIIIII| il 111 | il IIIIII|

0.1 1.0 10 100 1000

= cool longitudinally via emittance exchange:

Muon momentum (GeV/e)

Incident Muon Beam Incident Muon Beam

- use dispersion to
. Evacuated
correlation between
momentum and
position / path length

Absorber-Filled
Dipole Magnet

Aplp

Wedge
Absorber [Figure courtesy Muons, Inc.]
® Cool €,,exchange €, & €| = 6D cooling A
e
}: )
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How to cool in 6D?

® Tricky beam dynamics: must handle dispersion,

angular momentum, nonlinearity, chromaticity, &
non-isochronous beam transport

® 3 types of solutions viable in simulation:

RFOFO “Guggenheim” . eIicaI Cooling Channel

@i
LR

FOFO Snake

alternating solenoids absorbers RF cavities

r

A
/.///ll
_{4/ i

“*\\«\\%«&@\\é& >

Y. Alexahin, FNAL

ot

UCR, BNL, IIT hecels
ﬁ;:.' N YA
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How to cool in 6D?

« - Helical Cooling Channel
RFOFO “Guggenheim e 9
FOFO Snake -
alternating solenoids absorbers RF cavities e 77
. R

d-

TYJA
iy

Muons, Inc. & FNAL

Y. Alexahin, FNAL

I

@‘ﬂ
M
u%r ll 4

0 L~
UCR, BNL, IIT
= FOFO Snake can cool both signs at once but may be

limited in B min = may be best for initial 6D cooling

- HCC may be most compact

- Performance limits of each not yet clear, nor which
is most cost-effective

CCg,
g hocere,

ﬁ:.’,’ é\\r ¥ 6’\
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How to cool in 6D?

® Guggenheim simulation example:

.., c
Initial .g_?cﬂ
T S
i . = — e}
£ - Required for S 38 a
o 102 LI1eV Colliders ~ o3 O T Oy
&) 10 - o0 (oY1) Q0. O L —
= - <3 . 0O Y]
N o) —= et
g i £6 S =]
u% - L\ @) N
_ - (-
= 10 )
= .
o] _
= =
= ]
£ 1oL ) ot March. 2013
- —VE Higgs Factory '
u 1 1 L lllll | 1 Ll lllll L 1 | | llll 1
10.0 102 10° 10*
Transverse Emittance (micron)
o PCCele,
W’: N .
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Beyond 6D Cooling

® To reach <25 ym transverse emittance, must go
beyond 6D cooling schemes shown above

® One approach (Palmer “Final Cooling”™):

1600
—@—— YBCO (Bparallel)
1400 - ——aA—— YBCO (Bperp)
~ 1000 - D. Turrioni et al., IEEE Trans. Appl.
E Supercon. 19, 3057 (2009)
S~
< 800 A
<
N
s 600 -
w
400 -
200 -
/BJ_ N - O \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ﬁ\\\\\\\\\\\\\\\\\\\\
B 0O 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Applied Field, T

® [ ower-B options under study as well (Derbenev
“PIC/REmEX,” lithium lenses)
_ S\

N
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Beyond 6D Cooling

® To reach <25 ym transverse emittance, must go
beyond 6D cooling schemes shown above

® One approach (Palmer “Final Cooling”™):

1600

I I ‘\ \ —@—— YBCO (Bparallel)
= COO tl"an sverse y 1400 - \ — & YBCO (Bperp)
\ e e Nb3Sn
W|th B ~ 40 T at 1200 X \\ \ S
' A\
low momentum .,
2 4 High-field YBCO
2 sk solenoid
N (BNL/Particle Beam
v 20 Lasers, Inc.)
ﬁj_ ) — PR EYY T ”&00 1000 10000
B | L IBY... a0l il

0.1 1 0 10 100 1000
Muon momentum (GeV/c)

® | ower-B options under study as well (Derbenev
“PIC/REmEX,” lithium lenses)

ILLINOIS INSTITUTE\
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Higgs Factory Cooling
® u*u~ Higgs Factory requires
exquisite energy precision:

Initial .S 8
+ E | £ %’Cg
—_— . - -_
= use B u- — h s-channel & [ Required for S 3 &3
3 102 :_Te olliders o3 O ﬁ‘—\‘
resonance, dE/E = 5 | g~ G 2
O/ ~o —
0.003% = [h =4 MeV & =
= 10¢
c -
. . §e -
—» omit final cooling 2 |
& DoE
9 10k March, 2013
C N !
10.0 10°
Transverse Emittance (micron)
w.:.::' @(\P\CC/
'LL'NO'§&§§EQ#L§’Z)Q.Y D. M. Kaplan COOL’13, 6/10/13 16/ 26 l@[



Higgs Factory Cooling

® u*u~ Higgs Factory requires
exquisite energy precision:

mm)

= use u"u~ = h s-channel &

—» omit final cooling

Requnred for
| Te\LColliders

4D

— 6 Cooling

3 102 -
resonance, dE/E = N

SM 3= -
0.003% = [h =4 MeV & ol

()

- .
-
. -

10~ energy calib. via
(g—2), spin precession!

6D Cooling

Merge
12—1 bunch

.5 A Or
oy
v

Initial .

Phase Rotation
to 12 bunches

DoE
March, 2013

Ll

- measure [, lineshape (& mh)
via Ty~ resonance scan

o the only way to do so!

o and a key test of the SM

ILLINOIS INSTITUTE\
OF TECHNOLOGY D. M. Kaplan
rming Lives.Inventing th

e.www.iit.edu
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Events

421 MeV

100

Lstcp: ]
0.05 fb~!
R=0.003%

-.03 =015 126

+.015 +.03

Vs (GeV)

10°

[P. Janot, HF2012]

10
ince (micron)




MICE

® International Muon lonization Cooling Experiment at
UK’s Rutherford Appleton Laboratory (RAL)

e Flexibility to test several
absorber materials and

optics schemes 11 S AR

11 | »
- 1 X 4T spectrometer II

& Cooling cell (~10%)
- B =5-45 cm, LH2, RF
TOF 4T spectrometer I
[ beam
~200 MeV/c \

SciFi solenoidal spectrometers

measure emittance to(%o)

(muon by muon)

—

® Status: under construction, program complete by ~2020

S P\CCe/e Y.

... S .
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OF TECHNOLOGY ~~ '~ P , 6/10/ /

forming Lives.Inventing the Future. iit.e progra‘“

www. v



Principles of MICE

® Build minimum cooling channel that suffices

- one complete lattice cell & =10% cooling effect

® Measure emittance with 0.1% precision

- allows even small cooling effects near equilibrium
emittance to be well measured

— need to measure muon beam one muon at a time

® Vary all parameters to explore full
performance range, validate simulation tools

s Aecer,

.. S
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Principles of MICE

® B, vs.z (nominal, 200 MeV/c): ® Beam behavior vs. z:

e o &
m =
E CEETY —mm
i 5 %
1T B O O = B2
= B,=0 B E 120
] C % % T’
-1 g 5 2 115
-2 i_ E E = ] ] ]
-3 F 0.0 2.5 5.0 T-b 10.0
-4 _ . L L L . L | : B
—6 —4 -2 0 2 4 6 -~ LOF
° z (m) al& {'] B J
B. vs.z (nominal, 200 MeV/c):
5 0.5}
c
= F = 0.3F
Ein [ /
1 H o o _ 0.0 2.5 8.0 T-b 10.0
- L L =
- o = 6.5
08 L & > B
5 z =
0.6 F b N - 6.0F
| O [ "E
- ¥
0.4 B _ \,.7[‘ = 5_5_
0o L =
- =
: | | | | | | | | | | | | | | | | 5-{] I I I
0 5 ) 5 5 5 4 0.0 2.5 5.0 7.5 10.0
2 (m) length (m)
ﬁ;,{:
ILLINOIS INSTITUTE V/ D. M. Kaplan COOL’13, 6/10/13
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st 6D cooling test:

® Some aspects of 6D cooling / emittance
exchange can also be tested, by inserting
wedge absorbers in MICE

® Part of MICE program

- LiH wedge in fabrication:

[262.70]
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MICE

® |nternational collaboration:

Coupling Coils 1&2

Focus coils

Spectrometer Pa Spectrometer B
solenoid 1 solenoid 2
M I-_--- , 3 ---_/-
[ ]
v N / U
Beam PID I
TOF 0, TOF 1,
CKOV . — Downstream
Variable . 2
% Diffuser Liquid Hydrogen absorbers 1,2,3 PID: TOF ’
I I ~= Calorimeters
A

Incoming muon beam

B ==
| | SO

CCg,
N Pecey @/-e

O
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® Quick tour:

e . S
ﬂ Installation of 5 T Decay ,;. N

..
qr
I
ﬂ

Solenoid (PSI surplus)

o~ -
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LH> Absorber

® Quick tour:

Spectrometer Solenoids

e
(at vendor) e

SciF1 Trackers
(cosmic test (@ RAL) ;
o 0K '

e

e

Ist RF Cavity

B _—
| -

RF Power Supplies !
(at Daresbury Lab) ®#=i%

N
ILLINOIS INSTITUTE\V/ ,
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MICE Construction Schedule

Name

Start Finish Project Contingency
(Other nstfutions) G [Gir1]Qir2|Qir3]Qir4 | Qir1]Qir 2| Gir 3| Otr 4

= MICE Construction
= MICE RF Design, Fabrication and Testing
+ MICE Engineering Oversight
+ MICE RFCC Component Design

+ MICE RF Cavity Fabrication (Prototype)
+ MICE RF Cavity Fabrication (Production)
+ MICE RFCC Vacuum Vessel Fabrication
= MICE Magnet Design, Fabrication and Testing

= MICE Spectrometer Solenoids

fon 10/3/41 Fri 111168
on 10/3/11 Fri 9/29/17
fon 10/11/12 Fri 9/2017
Afon 100311 on 12/29114
ed 21512 ve 820113
on 10/3/111 ue 3/29/16
ue 12/30/14 Thu 4/28M16
on 10/311 hu 927118
on 101112 ed 3/26114

+ Spectrometer Solenoid Controls Upgrade & Validatic fon 10/1/12 Ved 5/29/13

+ Spectrometer Solenoid 2
+ Spectrometer Solenoid 1

on 211113 /ed 710113
n 10/22112 \lon 9/9/13

= Spectrometer Solenoid Delivery, Installation, Commi Thu 7/11/13 Ved 3/26/14

+ $522 Shipment to UK
+ SS#1 Shipment to UK

Thu 7/11/13 Ved 7/24/13
Tue 9M10/13 Aon 972313

+ Prepare and Ship Field Mapping Equipment from ' Aon 8M2/13 Fri 812313
+ $5#1 and SS#2 Installation and Commissioning  Tue 924/13 Ved 3/26/14
L4 - SS#1 3 SS#2 Spectrometer Solenoids Ready for Oy Ved 2/26/14 Ned 3/26/14

= MICE Coupling Coils (CC)

+ MICE Test Facility Contributions (FNAL)

+ CC Cold Mass Preparation
+ CC Cryostat Design
+ CC Cryostat Fabrication
= CC Magnet Assembly
+ CC Assembly Area Preparation

+ CCM Prototype Assembly at FNAL

+ CCM Prototype Test at FNAL
+ CCM Prototype Moved to MTA
+ RFCC Prototype Test (RFCC_Lite

+ Optional: RFCC Prototype Integration

+ CCM#1 Assembly at FNAL
+ CCM#1 Testing at FNAL
+ RFCC#1 Integration

+ RFCC#1 Preparation for Shipment to RAL

+ RFCC#1 Shipping to RAL

on 10/3111 hu 972718
Ved 5M5/13 Thu 8813
Aon 10112 Aon 7111116
Aon 10/3/11 fon 9730113
Aon 10/1/12 Fri 8/26/M16
Tue 10/4/43 Thu 972718
Tue 10/4/13 Ved 2/26/14

Fri 2/28/14 Fri 22715
Mon J2/15 Fri 41715
Aon 472015 Aon 7/20/15
- Single Cavity)(1 Tue 7/21/15 hu 12110115
Tue 2/28/17 Tue 12617
Aon 472015 Ved 1/20/16
Thu 1/21/16 Tue 41916
Fri 12/41/15 Thu 811116

Fri 81216 Fri 9/2316
Aon 9/26/16 ue 12/20/16

+ RFCC#1 Installation & Commissioning at RAL ed 12/21/16 Tue 3721117

+ CCM#2 Assembly at FNAL
+ CCM#2 Testing at FNAL
+ RFCC#2 Integration

+ RFCC#2 Preparation for Shipment to RAL

+ RFCC#2 Shipping to RAL

Aon 9/26/16 Ved 6/2817
Thu 62917 Fri 922117
Fri 930/16 Fri 111717
on 11720047 Mon 1/8/18
Tue 1/9/18 Tue 473118

+ RFCC22 Installation & Commissioning at RAL Wed 4/4/18 Thu 9/2718

+ MICE Magnetic Shielding

= MICE Detector Design, Fabrication and Testing

+ MICE Detectors (US Contributions)

+ MICE Absorbers (US Contributions)
= MICE US Component Integration

+ MICE-US RF Component Integration

ILLINOIS |N5T|TUTE§V
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Aon 10112 Fri 3/30/18
Aon 100311 Fri 9/28118
Aon 10112 Fri9i28M8
Aon 10/3/11 on 10/28M13
Aon 10/4/42 Fri 1111618
Mon J2/15 Fri 11116118

D. M. Kaplan
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Qr1]Qr2|Qr 3] Gt 4
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MICE Running Schedule

Provisional MICE SCHEDULE
update: May 2013

Run date:

_.|I<II. STEP 1 EMR run July 2013

o e [ e (Q 2 20]4/
ﬁ W steerv &5
rmp— Q1 2015

to Q1 2016

1st y cooling
demonstration!

Thorough
investigation of
U cooling and

MC validatio

Under construction:

STEP VI
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Possible Step V run Q4 2017
Step VI 2019
May 2013 MICE Status Alain Blondel
shccers,
. N .
ILLINOIS 'NST'TUTE"// D. M. Kaplan COOL’13, 6/10/13 24/ 26

OF TECHNOLOGY

A,
Transforming Lives.Inventing the Future.www.iit.edu ng\'a‘(\



Current MICE Status

® EMR calorimeter in final assembly for installation
@ RAL & beam test later this year

® Both SS completed @ vendor, one in field-
mapping, other in cooldown for training

® |*AFC in training at RAL
® |5t (MuCool) CC cold mass under test @ FNAL

® Plan:

= Step IV running in 2015 following long ISIS shutdown
- Steps V/VI running 201719
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Conclusions

® Higgs and 0,3 discoveries have set the stage for stored-
muon facilities

S. Choubey et al. [IDS-NF collaboration],

® I 02 | V/year NeUtri no FaCtO ry feaSi ble Interim Design Report, arXiv:1112.2853 [hep-ex]

— world’s best measurements of neutrino oscillation parameters

e High-£ Muon Collider looks feasible

= possibly buildable as Neutrino Factory upgrade

- Higgs Factory could be important step(s) on the way!

® Muon Collider technology selection & feasibility assessment
are main goals of MAP 6-year R&D program [M. Palmer, next talk]

m) |5 Muon Collider could be under construction by late 2020s
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