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“A Brief History of Muons”

(See also https://puhep.princeton.edu//mumu/physics/index.html )

* Muon storage rings: an old idea
— Charpak et al. (g — 2) (1960), Tinlot & Green (1960), Melissinos (1960)

* Muon colliders suggested by Tikhonin (1968), Neuffer (1979)

 But no concept how to achieve high luminosity until ionization
cooling proposed

— O’Neill (1956), Lichtenberg et al. (1956)
— for muon cooling: Skrinsky & Parkhomchuk (1981), Neuffer (1983)

e Realization (Neuffer & Palmer) high-luminosity muon collider might

be feasible stimulated workshops & formation (1995) of (Neutrino
Factory and) Muon Collider Collaboration (NFMCC)

— subsequently grew to 47/ institutions and >100 physicists

* Snowmass Summer Study (1996):
— feasibility study of a 2+2 TeV Muon Collider [Fermilab-conf-96/092]
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“A Brief History of Muons”

e Neutrino Factory suggested by Geer (1997) at Workshop on Physics
at the First Muon Collider and the Front End of the Muon Collider [AIP
Conf. Proc. 435; Phys. Rev D 57, 6989 (1998) [D59:039903,1999(F)]; also CERN
Neutrino Factory yellow report (1999) [CERN 99-02, ECFA 99-197]

* Formation of ICAR (1998) and Muons, Inc. (2002)
* Muon lonization Cooling Experiment (MICE) proposed (2003)
 Fermilab Muon Collider Task Force (MCTF) established (2006)

e At DOE request, NFMCC & MCTF consolidated (2012) into
Muon Accelerator Program (MAP)

e MAP terminated (2017) by DOE (PS5 report, 2013)

 European work resumed (2019) — LEMMA,...
e FEuropean Strategy endorsed MC R&D (2020)
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Muon Accelerator (partial) Timeline
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Muon Accelerator (partial) Timeline
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Some MC/NF source material:

— Neutrino Factory Feasibility Study |l report [BNL-52623 (2001)]

— Recent Progress in Neutrino Factory and Muon Collider

Research within the Muon Collaboration, M. Aisharo’a et al., Phys. Rev. ST
Accel. Beams 6,081001 (2003)

— APS Multidivisional Neutrino StUd)’ [www.aps.org/neutrino/ (2004)]

— Recent innovations in muon beam cooling, R. Johnson et al., AIP Conf. Proc. 821,405 (2006)

— Muon Colliders and Neutrino Factories, S. Geer, Annu. Rev. Nucl. Part. Sci. 59, 347 (2009)

— International Designh Study for the Neutrino Factory, Interim

Design Report [IDS-NF-20, BNL-96453-201 1, CERN-ATS-2011-216, EURONU-WPI-05,
FERMILAB-PUB-I 1-581-APC, RAL-TR-2011-018, FERMILAB-DESIGN-2011-01], arXiv:1112.2853 [hep-ex]

— Muon Colliders, R.B. Palmer, Rev. of Accel. Sci. and Tech. 7 (2014) 137-159

— map.fnal.gov; www.cap.bnl.gov/mumu/; mice.iit.edu; proj-hiptarget.web.cern.ch

—JINST Special Issue on Muon Accelerators [JRepository for archiva
[iopscience.iop.org/journal/1748-022 | /page/extraproc46] MAP and MICE papers

— The future prospects of muon colliders and neutrino factories,
M. Boscolo, J.-P. Delahaye, M. Palmer, Rev. of Accel. Sci. and Tech. 10 (2019) 189-214

Accey
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http://www.aps.org/neutrino/
http://map.fnal.gov
http://www.cap.bnl.gov/mumu/
http://mice.iit.edu
https://proj-hiptarget.web.cern.ch/
http://iopscience.iop.org/journal/1748-0221/page/extraproc46

Challenges:

® High power beam & target

® Rapid, 6D muon cooling

® Final cooling to extreme emittance
® Rapid muon acceleration

® High-field low-f3 storage ring

® (neutrino radiation)

v w s
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lonization Coollng

® [wo competing effects:

10 ¢
"r 8 E:
/ 5 5 :
IbIJ 4 f— ! f
u” dE dE dE 2 - L1
dx dx dX T B il
1 AR L N TRTT B A TIT| B AR AT
/ //v d E 0.1 / 1.0 o 00 100 10000
E 9 E o dx AS | b | llll(l)lll L1 lllll]ilo | S | lllllilO 11 llllil(l)O | - lll]l.l(l)lo()
T Absorbers / " Muon momentum (GeV/e)

0—0+ QSZ";iev‘\\ ionization energy loss
multiple Coulomb scattering

— RF cavities between absorbers replace AE

— Net effect: reduction in muon Ap, at constant pj, i.e., transverse cooling
de 1 <dEM> en , £1(0.014GeV)?
E,

ds 32 233 E,m, Xo
Note: It’s “just Maxwell’s equations,” so 1n principle it has to work!
But complicated in practice... so a test was essential! — MICE (o,
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Comments on lonization Coollng

1. Effect is transverse only
i

— might hope to cool longitudinally via N
dE/dx curve’s slight positive slope =
above 10nization minimum |

0.1 1.0 10 100 1000 10000

— but dE/dx “straggling” tail causes heating | b= i
T

2. To optimize cooling requires: de 1 <dEu> €N + 0.014 GeV)?
. : : ds ~ %2\ ds /| E, 233 E,m @

— low 3.1 (via, e.g., SC solenoids)

— large-Xo (low-Z) absorber material
Dipole (bend)

— low E (typ. 150 < py < 300 MeV/c) w0,
. —beam 0 \\
3. Can “rotate” portion of effect et Y
p
into longitudinal phase plane e
. . Dipole
via “emittance exchange” nvoduces reduoas onercy
ispersion (0 spread
. . . d
— allows cooling of all 6 phase-space dimensions X X+ %
S sooicc‘/ s
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Preparing for lonization Cooling:
Phase Rotation

Example: International Scoping Study (ISS) vF design [JINST 4, P07001 (2009)]
® Muons born with small Af but large AE

® [st bunch, then phase-rotate:

AE
@
.0
. Drift\Z Buncher .. RF Rotation . . . . . . .
..
L ]
@

Ct
Bunching via RF “vernier” [D. Neuffer] D. Neuffer et al. 2017 JINST 12 T11007

— uses several RF frequencies, starting at = 300 MHz, decreasing to =200 MHz
— works for both signs at once — train of alternating u+ and x— bunches

. s
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Transverse lonization Cooling
ISS scheme:

E COOLING LATTICE
[M. Apollonio et al., JINST 4, 7 (2009) PO7001] I
, . . o SC 106 A/mm?

® (Cost-effective alternating-solenoid col

Jattice T rf cavity

201.25 MHz

® Thin, Be-coated LiH absorbers 25— 15.25 MV/m i

double as RF-cavity windows . |

0 25 50 75 100 125 150 Z(cm)
0.10

el e 80m-long cooling channel increases
muon intensity x 1.6

0.08

Phase-rotate

0.06 -

— less expensive than higher-intensity
proton driver and target

n/p

004 | TT Capture & decay

® Accepts and cools ut and u-

0.02 1 simultaneously

® Superseded by Alexahin 6D
scheme...

z [m] o Aecerg,

O . 00 Ll I Ll I Ll I Ll I Ll I Ll I I
0 50 100 150 200 250 300 350

ﬁ;:.’ s\}O x’ 6(6/‘
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https://iopscience.iop.org/article/10.1088/1748-0221/4/07/P07001

6D Cooling Approaches

® Transverse ionization cooling self-limiting due to longitudinal-emittance
growth, leading to particle losses

— caused by energy-loss straggling plus channel’s finite AE acceptance

= need longitudinal cooling for muon collider (also helpful for NF)

® Variety of cooling ring, wedge-absorber, & spiral lattices explored:

Solenoid+Dipole Rings Helical Solenoid «fRRs RFOFO “Guggenheim’
a b 4 AN SR
W 00 01 /4 A\ 00 010 Iy sNDRRKK S A CR Ao
N 2 \ /y g s L s VR R,
f f Q\\\% soILnoid D]pole f/// .cl ’; o (‘tx" %?‘-‘:&‘?&I‘_'gé\&ﬂf}iz-}’
% S 2 Z T e ta Y
//‘ 00 01 ‘\\ Z Z K& ' "‘-‘\_‘: = " AR A
— _ \ K. Yonehara (FNAL),
= = il 2 R Johnson (y, Inc.),
= S
/@/f %\\%\ Ya. Derbenev (JLab)
bt SOI: ﬂ TR s K. Yonehara 2018 JINST 13 P09003
Dipo Y Helical FOFO “Snake”
ipoles
N ‘ 7

, Injection superconductor pipe

_ \;ﬂ \
3 Extraction/Injection Kicker
wedge absorber
A. Garren, D Cline, et al. (UCLA-BNL) Y. Alexahin (FNAL) P. Snopok (UCR/IIT) et al.
A. Garren et al., NIM A 654 (2011) 40-44 D. Neuffer et al. 2017 JINST 12 T11007 P. Snopok, G. Hanson, A. Klier, [IMP A 24 (2009) 987-998

— Helices avoid injection/extraction kickers & allow matching of B to €(s).. 53
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6D Cooling Approaches

® Guggenheim and HCC emerged as
most practical

= ring might still make cost-effective 6D demo
® But Guggenheim hard to engineer

® V. Balbekov realized it could be
straightened into a “rectilinear

FOFO” (R_FOFO) channel

without performance loss
: . " €
= cools in 6D x105 with B* | 3 cm E
= o = = m om o = g T
PP P T T -
- - E EE EE O EE O FEE EE = g
(@
= - D. Stratakis, R. B. Palmer,
o - - - - - - - = | PhysRevSTAB, 18 (2015) 031003
[ - = = [
01 ........................
T 0 100 200 300 400 500

FIG. 2. Conceptual design of a rectilinear channel: (a) top view; (b) side view.

Distance, z (m)
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Final Cooling

® HFOFO snake + R_FOFO — good (1032) luminosity and
superb (4 x10-) energy spread needed for “Higgs
Factory”

® For high-luminosity (>1034) multi-TeV MC need
more L & less || cooling R. Palmer final-cooling cell

Matching coils LH, absorber

R Longitudnal phase space
—> use reverse emittance exchange,  aceemions owton caviies A

cavities

ideally with some L cooling?

—» or just wedge absorbers!?

Drift for developing energy-

L time correlations focu;ing
coils
- > Transport coils ~30 T HTS
p { 70 MeV solenoids
p beam
— —» or quadrupole-focused
0
<7 |W cooling channel?
. s\>0(‘ 5"@
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Final Cooling

® Can quad focusing reach lower B than SC solenoids!?

- cf. collider final-focus optics

- recently revisited® by

D. Summers et al.

HHQO HHHHBE Ql Q2 Q3Q3 Q2 QIBHHHHHQO 88

maiched bela funciions

’ inSt PuBLISHED BY IOP PUBLISHING FOR S1ssA MEDIALAB

RECEIVED: November 5, 2019
REeviseD: January 3, 2020
AccepTED: January 19, 2020
PusLisHED: March 3, 2020

MUON ACCELERATORS FOR PARTICLE PHYsIcCS — MUON

Unconventional ideas for ionization cooling of muons
JINST 15 (2020) P03004

T.L. Hart,“ J.G. Acosta,” L.M. Cremaldi,* D.V. Neuffer,” S.J. Oliveros,“ D. Stratakis,”

g 4.0 B B | 0.0050 E D.J. Summers®! and K. Yonehara”
= 3.5 1 : - 0.0045 = “Department of Physics and Astronomy, University of Mississippi-Oxford,
B : L 0.0040 University, MS 38677, U.S.A.
E_ 3.0 - . b Accelerator Division, Fermi National Accelerator Laboratory,
- 0.0035 Batavia, IL 60510, U.S.A.
2.5 1 — 0.0030 E-mail: summers@phy.olemiss.edu
2.0 1 - 0.0025
- 0.0020
1.5 - I - +
o SC-quad + wedge approach
_- L 0.0010
05 o proposed for x5 reduction in
Y .
. e final 6D emittance
* cf. C. Johnstone, M. Berz, D. Errede, K. Makino, NIM A 519 (2004) 472-482 éoOﬁlxic,e’/@,%
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Muon Collider Cooling Scheme

Target
4 To acceleration for 'g ¢
2 |k multi-TeV collider W .
€ Phase
10’-’ To acceleration for NUMAX © |Rotator
(injector acceptance 3mm,24mm) L
4 Final nitial
Coolin e
2 g Cooling
10.0 pre-merge
8 post-merge 6D Cooling
4 6D Coqling (revised)
(\ pre-merge
2 To acceleration 6D Cooling
10 for Higgs Factory
10.0 10° 10° 10*
Transverse Emittance (microns)
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“Extreme Cooling”

Ya. Derbenev (JLab), R. Johnson (Muons, Inc.)

® Can cool beam yet further with new approaches:
— Parametric-resonance Ionization Cooling (PIC)...
/ /
X

X
!
XX =const
g g & Reverse Emittance Exchange (REMEX):
X .
Incident Muons
N G - W—

AR

ﬁ

-

Parametric resonance lenses

Absorber plates
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Muon Collider Cooling Scheme

LEMC 4 .Tar.get

: To acceleration for
Y 2 multi-TeV collider

Phase
Rotator

Front End

s 107 To acceleration for NuMAX
g (injector acceptance 3mm,24mm)

REMEX 4 Final'

Cooling Initial

¢/ Cooling

pre-merge

6D Cooling
(revised)

pre-merge

To acceleration 6D Cooling

l
for Higgs Factory Bunch
L HCC Merge

10. 0
\g post-merge
6D Coqling
> ) 7

‘ ' 4
100, o -102_,° 10° 10*
Muons, Inc. PIC Transverse Emittance (microns)
Innovation in Research

— More than one way to skin this cat...
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Rapid Muon Acceleration

FS-I |: Linac 2 GeV

® After cooling, muons at = 200 MeV/c 2000)
Recirculating Linac

— must start with linac 2 x 2.3 GeV

® Subsequent stages:
— and very-RCS:

— previously (FS-I and -ll) racetrack RLAs r N
Modify the 400 GeV Main Ring I
— better: dOgbOne RLAS (D. Summers idea) o 70 — 750 GeV in 68 orbits (1.4 ms).
and novel, non-scaling FFAGs 10 GeV of 1.3 GHz, 30MV/m SRF.

Muon Survival = 79%. r = 1000 m.

Dipoles oppose, then act in unison.

0.9 GeV

e FODO Lattice 30.45 m Long Half Cell.
| SS . Coo “ng 3.3m, 160 Hz, 30 T/m Quadrupoles.
. 3.2m, 8 Tesla Superconducting Dipoles.
(2008) 0.9-;.L6AGGV Linac to / 5.7m, 360 Hz, 71.8 Tesla Dipoles.

Eddy Currents: Thin copper wire and

.28mm grain oriented Si steel laminations.

Q| | F1.8T| |+8T| | F1.8T | |+8T| | F1.8T | |Q
F | | Dipole| | Dip. | | Dipole| | Dip. | | Dipole | | D

3.6-12.6 GeV RLA

12.6-25 GeV FFAG

e 1.5 TeV utu~ Collisions in the MI Tunnel.

Little civil construction. Existing tunnels.

Or the LHC? D. Neuffer, V. Shiltsev, “On the feasibility of a pulsed 14 TeV

c.m.e. muon collider in the LHC tunnel,” JINST 13 (2018) 10, T10003 (from D. Summers, “Muon Acceleration to 750 GeV in the ..,
ﬁ::’ Fermilab Tevatron Tunnel,” NFMCC mtg, UCLA, 2/1/07) <~ \7 .
ILLINOIS INSTITUTE ¥ : T
CETEGENGIoC D. M. Kaplan Overview of Muon Accelerator R&D 3/25/21 20/28 T" (

Transforming Lives.Inventing the Future.www.iit.edu pfogra‘“



Non-Scaling FFAG Acceleration

J. S. Berg (BNL), C. Johnstone (FNAL)

® Fixed-field lattice includes both in- & out bends for

extraction energy

— beam trajectories
move from inside o il -0 ] 2.85 1 .05 = ==

daaae

to outside at —~— =1
extraction

Injection energy =01 st (“non-scaling”
— seems lower-cost ' in that trajectories at

than other approaches e different momenta
are dissimilar)

® Beam timing could make synchronlzatlon with RF buckets impractical

A5_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_

- — ——

— could use =

“serpentine” |
acceleration,
between 0.6

buckets 04

Time of Flight Deviation per Cell (ps

0.2
O 1 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1 1 - C ]
-0.51 -0.25m On 0.25m 0.5m 2| 0 12 1 4 1 6 18 QOQAccaQ%
ﬁ;;, phase Kinetic Energy (MeV) %1%‘%
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“Advanced FFAG” |Idea (2009)

Y. Mori, T. Planche, J.-B. Lagrange, et al. (Kyoto U.)

— fixed field = no ramping, allows rapid acceleration
— zero chromaticity = constant tunes

® But also drawbacks: large dispersion = large orbit excursion
— large-aperture magnets & RF cavities = low RF frequency
— short straight section = injection/extraction difficult

— limited space for cavities
“Advanced” scaling FFAGs: - BZ=BOexp[Ex]
0

; . : : 1nsert10n/
— sol’n for straight insertion Q Q
: . . : matching
with dispersion suppression

dispersion suppressor
— eases above problems ring

- J e
— allows harmonic-number- B=Bo(r—) R )\n, n
jump instead of serpentine
acceleration

P\ e/@

/\
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*(not muCool - that’s an effort
O rts at PSI on cooling a
very low-energy put+ beam)
® MuCool": Operation of high-gradient RF cavities in
Stl"Oﬂg solenoidal ﬁelds Focused dark currents tend to cause breakdown

— to cool large initial 4 beam, want high-gradient, moderate-frequency,
normal-conducting RF cavities operable in high magnetic focusing fields

— tests at FNAL MuCool Test Area (=2005-17) — 2 solutions found:

© Vacuum RF cells closed with thin Be windows
(for higher on-axis field)

A
R ‘ “

D. Bowring et al., PRAB 23 (2020) 7, 072001 . L - :
. 1 | 0" 9 R ST F 805 MHz of
O Hy-pressurized cavities , |§ = feed N
B. Freemire et al., PRAB 19 (2016) 6, 062004 ' " . “ - 1T . %'

. '- - e
: !’“' N

:
v mbmm™ ST
- 74 l"h&- e S —
o ": !' Y =
Supercondueting s 201 MHz cavity
5T solenoid | B

—all

805 MHz cavity &

pressure cavity

I

’rototype 201-MHz cavity
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Muon Facility Feasibility
Demonstrations

® Multi-MW targets: MERIT @ CERN nTOF facility

® Transverse ionization cooling: MICE @ RAL ISIS

synchrotron
® Non-scaling FFAG acceleration: EMMA @ DL

® 6D helical cooling: MANX proposal (not approved)

OQP‘CCG/@f

. N \’ %
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MERIT (MERcury Intense Target):

H. Kirk (BNL), K. McDonald (Princeton), |. Efthymiopoulos (CERN), et al.

® Proof-of-principle demonstration of Hg-jet target for 4 MW proton beam,
contained 1n a 15 T solenoid for maximal collection of soft secondary pions

BNL E- 951 2001) MERIT cutaway VieW:

* Key parameters:
— Used CERN PS pbeam 2 14 & 24 GeV, up to 3 x 1018 p/ 2 ps spill in < 8 bunches (“pump/probe”)
— or of proton bunch < 1.5 mm, beam axis at 67 mrad to magnet axis
— Hg jet of 1 cm diameter, v = 20 m/s, jet axis at 33 mrad to magnet axis
— Each proton intercepts Hg jet over 30 cm = 2 interaction lengths

e Ran Oct. 22 — Nov. 12, 2007; conclude:
— Hg jet disruption mitigated by magnetic field

— Hg ejection velocities reduced by magnetic field b
— Pion production remains viable up to 350 us after previous beam impact
— 170 kHz operation possible for sub-disruption-threshold beam intensities

— 20 m/s operations allows 70 Hz operations } - |
— 115 kJ pulse containment demonstrated = 8 MW capability demonstrated! SN,
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Muon lonization Cooling Experiment (MICE)

Upstream Spectrometer Solenoid Focus Coil Downstream Spectrometer Solenoid nature
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® Muon ionization cooling has been
demonstrated by MICE @ RAL Asia/Europe/UK./

U.S. collaboration
= with muons @ ~140 MeV/c

= each muon individually measured

Number of events downstre
Number of events upstream

a\a an men‘- 00 10 20 350 20 20 20 20 20 60
® PBut L n gOOd agre® . . e

= transverse cooling only

= no re-acceleration

= no intensity effects

- larger-emittance beams (= 4 mm-rad)

® Further analyses in progress
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EMMA (Electron Model
of Muon-Acceterator) :

for Many Applications

R. Edgecock, S. Machida (RAL), et al.

® Proof of principle demo of non-scaling FFAG
using electron beam

® Applications envisioned in muon acceleration,
cancer therapy,...

® Ran at Daresbury Lab (2011)

® Verified novel acceleration, including rapid

resonance crossing .
nature physics

. I nt’ I C OI IabO I"ati O n : Explore Content v  Journal Information v  Publish With Us v Subscribe é// é/
AU/CA/C ER N/U K/US nature > nature physics > articles > article

Published: 10 January 2012

Acceleration in the linear non-scaling fixed-field
alternating-gradient accelerator EMMA

S. Machida &, R. Barlow, [...] T. Yokoi
O“Acce/e’&
Nature Physics 8, 243-247(2012) | Cite this article 4 e
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Summary

® U.S.-led muon collider & neutrino factory R&D ran
vigorously (“on a shoestring”’) until DOE cut off funding

® |dentified and explored the key technological challenges
® Developed key, innovative ideas

® Demonstrated there are no showstoppers

... S
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