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® Future particle accelerators
= hadron & electron-positron colliders

= muon accelerators: muon colliders and neutrino
factories

® Muon cooling

e MICE

® Conclusions
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One way to subdivide
particle physics:

® Energy frontier

= require highest energy:
hadron (“discovery”) colliders and
lepton (“precision”) colliders
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Once & Future Partlcle Accelerators

One way to subdivide
particle physics:

S MICE
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® Energy frontier

= require highest energy:
hadron (“discovery”) colliders and
lepton (“precision”) colliders

' Fermilab

® [ntensity frontier

= require highest intensity: e.g., neutrino
and rare-decay experiments (e.g., Mu2e)

® Now: CERN LHC @ energy frontier

FNAL Booster & Main Injector and
J-PARC @ intensity frontier
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CERN LHC @ energy frontier
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CERN LHC @ energy frontier

FNAL Booster & Main Injector and
J-PARC @ intensity frontier
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Once & Future Particle Accelerators

CERN LHC @ energy frontier

FNAL Booster & Main Injector and
J-PARC @ intensity frontier

What comes next?

® Open question!

(See https://europeanstrategy.cern/)
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Once & Future Particle Accelerators

CERN LHC @ energy frontier

FNAL Booster & Main Injector and
J-PARC @ intensity frontier

What comes next?

. ’ FNAL site
® Open question!

(See https://europeanstrategy.cern/)

® Much R&D:
- FCC! (e*e, then pp)

- (e +e—) :fwkm

International
Linear Collider

“Compact”
Linear Collider

= Muon Collider? (u*u-)

|=50km
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Once & Future Particle Accelerators
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Once & Future Particle Accelerators

® “Livingston” plot:
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= exponential growth in particle
energy led to series of key
discoveries

strange particles, quarks, parity
violation, 2 neutrinos, CP viol.

charm quark, tau lepton
bottom quark

top quark

tau neutrino

Higgs boson

FNAL Colloquium 2/19/20 5 /46 7



Once & Future Particle Accelerators

“Livingston” plot:

= exponential growth in particle
\energy led to series of key

discoveries

»0-60s: strange particles, quarks, parity
violation, 2 neutrinos, CP viol.

1974: charm quark, tau lepton
1977:. Dbottom quark

1995: top quark

2000: tau neutrino

2012: Higgs boson

..& Nobel prizes:

J.W. Cronin & V.L. Fitch (1980)f. -fif
C. Rubbia & S.v.d.Meer(1984)

M. Kobayashl 8 T. Maskawa (2008"
F. Englert & P.W. Higgs (2013) s}
190U 197U 196U 199U

Year of First Physics

tinois INsTTUTEV. DM Kaplan Muon Accelerators and Results from MICE FNAL Colloquium 2/19/20 5 /46 7
OF TECHNOLOGY



Once & Future Particle Accelerators
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Once & Future Particle Accelerators

® Energy frontier

= goal: world’s highest energy density

o pack the most energy into the tiniest space, to make
(via E = mc?) and discover new particles

= problem: LHC uses protons, made of quarks & gluons
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Once & Future Particle Accelerators

® Energy frontier

= goal: world’s highest energy density

o pack the most energy into the tiniest space, to make
(via E = mc?) and discover new particles

= problem: LHC uses protons, made of quarks & gluons

500 | A 100 TeV FCC proton collider ~ _=
o so colliding quarks or gluons 1o.2 14 ToV lepton collder
carry only a small fraction 3 **|
of proton-beam energy E :
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Once & Future Particle Accelerators

® Energy frontier

= goal: world’s highest energy density

o pack the most energy into the tiniest space, to make
(via E = mc?) and discover new particles

= problem: LHC uses protons, made of quarks & gluons

--------------------------

500 | A 100 TeV FCC proton collider
has similar discovery reach
to a 14 TeV lepton collider

o so colliding quarks or gluons

carry only a small fraction E 200
of proton-beam energy @ 100 ---><Z--—>

o & remaining quarks and gluons

--------------------------

create background in detectors ® 5 10 15 20 25 30

sy [Tev]
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Once & Future Particle Accelerators

® Energy frontier

500 | A 100 TeV FCC proton collider
has similar discovery reach
to a 14 TeV lepton collider

o so colliding quarks or gluons

carry only a small fraction E 200
of proton-beam energy E 100 |~~~ 4= -~

50
o & remaining quarks and gluons

create background in detectors ™ 5 10 15 20 25 30

= a lepton collider thus provides a cleaner
environment than a hadron collider, and requires
less energy

= but: electrons lose energy (by radiating X rays)
when deflected around a circle by magnets
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Once & Future Particle Accelerators

- a lepton collider thus provides a cleaner
environment than a hadron collider, and requires
less energy

= but: electrons lose energy (by radiating X rays)
when deflected around a circle by magnets

= solution: linear electron-positron colliders!

o but: then each particle passes through
each radio-frequency accelerating cavity
only once, and can collide only once

m) expensive way to accelerate and
collide leptons
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E.s., Proposed CLIC @ CERN

1 3 B T
dIRY

Compact Linear Collider (CLIC)
B 380 GeV - 11.4 km (CLIC380)

Geneva
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How to Do Better?
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Muon Accelerators!
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Muon Accelerators!

® (First, what’s a muon!?
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Muon Accelerators!

® (First, what's a muon!

= an unstable, heavy “cousin” of the electron
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Muon Accelerators!

® (First, what's a muon!

= an unstable, heavy “cousin” of the electron

- very penetrating:

o Alvarez famously used them to “x-ray” the 2nd Pyramid of
Gizeh (see e.g. http://www?2.Ins.mit.edu/fisherp/AlvarezPyramids.pd)
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Muon Accelerators!

® (First, what's a muon!
= an unstable, heavy “cousin” of the electron

- very penetrating:

Gizeh (see e.g. http://www?2.Ins.mit.edu/fisherp/AlvarezPyramids.pd)

o also proposed for cargo scanning

= the predominant component of cosmic radiation at sea
level
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Muon Accelerators!

® (First, what's a muon!

= an unstable, heavy “cousin” of the electron
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- very penetrating:

il ",‘J'; 'r’r—~,,‘ .
o Alvarez famously used them to “x-ray” the 2nd Pyramid of
Gizeh (see e.g. http://www?2.Ins.mit.edu/fisherp/AlvarezPyramids.pd)

o also proposed for cargo scanning

= the predominant component of cosmic radiation at sea
level

o dozens of muons pass harmlessly through our bodies every
second
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Muon Accelerators!

® (First, what's a muon!
= an unstable, heavy “cousin” of the electron

- very penetrating:

Gizeh (see e.g. http://www?2.Ins.mit.edu/fisherp/AlvarezPyramids.pd)

o also proposed for cargo scanning

= the predominant component of cosmic radiation at sea
level

o dozens of muons pass harmlessly through our bodies every
second

- decay into electrons, neutrinos, and antineutrinos)
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Muon Accelerators!

® Muons are 207 times as massive as electrons
- radiate less energy by factor (207)* = 1.8 billion

—» can use circular muon accelerators & collider rings <

N hed
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Muon Accelerators!

® Muons are 207 times as massive as electrons
- radiate less energy by factor (207)* = 1.8 billion

AA

—» can use circular muon accelerators & collider rings <

® But — muons unstable: average lifetime = 2.2 ps &

o once muons accelerated to high energy, relativistic time
dilation lengthens their lifetime substantially: T =10 E/mc?
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Muon Accelerators!

® Muons are 207 times as massive as electrons
- radiate less energy by factor (207)* = 1.8 billion

AA

—» can use circular muon accelerators & collider rings <

® But — muons unstable: average lifetime = 2.2 ps &

o once muons accelerated to high energy, relativistic time
dilation lengthens their lifetime substantially: T =10 E/mc?

® And muons at production “go in all directions”

= need to “cool” the beam before acceleration &/

= to increase beam brightness and collider “luminosity”
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Muon Accelerators!

® Given solution to muon cooling problem
(see below), muon accelerators could play
3 important roles:

|. Precision “Higgs factory,”
2. Energy-frontier collider,
and, since muon decay makes neutrinos,

3. Uniquely powerful “Neutrino Factory”

N hed
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Muon Collider Concept

Muon Collider

Proton Driver Front End Cooling Acceleration Collider Ring

[ |
o 5 |5_T = 5|w o —
5 2 |wocg @ £lE B w X
2 5 |[Fe2c5|838% 5 S
o bl
E £ |g392<lCgg sdg S
S S |85% 218 2 a 52 4 T
< 203 £|E 2o @2 o £ | Accelerators:
§ S R “ | Linac, RLA or FFAG, RCS
Prepare high-intensity Protons hit  “6D” cooling (in the Muon & antimuon Muon &
(> MW) proton beam target, directions both bunches accelerated antimuon
make pions; transverse to & along Via repeated traversal =~ beam bunches
muons the beam) of superconducting circulate &
captured & RF cavities collide ~1000
prepared times before
for cooling decaying
N “V,{
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|. Higgs Factory

'®
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® Role of Higgs boson in Standard Model:

- provide mechanism for some particles to be heavy
and others to be light

= thus it couples more strongly to heavier particles

® Higgs boson discovered in 2012 in LHC pp
collisions — now need to study it in detail

= u*u~ annihilation to Higgs boson is ideal: y*u—— h

- allows direct measurement of key properties —
mass, width, and line shape — as well as decay
probabilities to various final states

N hed
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|. Higgs Factory

® Simulated scans of muon-collider energy
across the Higgs-boson peak

500 F r pr——rpr—y : .
: I | 1800} '
400 :' h—=TWI"| | 1600t T h-bb
2300 f = 1 g 1400f 421 MeV Lsiep=
5 S 00561 5 0.05 fb~"
200 R=0.003%] & 1200F R=0.003%
N | 1000}
100 1
: | 800
() L I L P B

From C. Rubbia, “Further searches of the Higgs scalar sector at the ESS,”
arXiv:1908.05664 (2019)

= directly determine Higgs mass, line shape & width &
precisely measure decay probabilities
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2. Energy Frontier Muon Collider

® Muon Collider luminosity rises with energy

1.2 . . . . .
. . = . CLIC —+—
- unlike ete-,which 2 "7 [ muColl - A
. Y, 09|
requires more o8|
electrical power S
o0
(higher costs) the % 07| o
- § o3f ., 7
higher the energy <« (3| —,
0.1

0 1 2 3 4 5 6
E. [TeV]

® Designs sketched up to 14 TeV (reusing LHC
tunnel), exceeding FCC discovery reach

D. Neuffer and V. Shiltsev, "On the feasibility of a pulsed 14 TeV c.m.e. muon collider in the LHC tunnel,"
JINST 13 (2018 ) T10003

N hed
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MC Energy Limit?

® 31 maximum MC energy!

“hot spot”

9v~1f~/p‘
N , (not to scale)

v

= most of the muons decay in the collider ring
o many of the decay neutrinos reach the surface
o where they interact, they create hadrons
o interaction probability rises with neutrino energy

o neutrino intensity rises as neutrino-energy squared, falls
inversely with storage-ring depth underground

- above =14 TeV, anyone living 24/7 at a neutrino
“hotspot” would receive radiation dose near or above
federal limit for general public

B.J. King, “Neutrino radiation challenges and proposed solutions for many TeV muon colliders,”
AIP Conf. Proc. 530 (2000) 165 [hep-ex/0005006].

S.::.'" "CE
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o interaction probability rises with neutrino energy

o neutrino intensity rises as neutrino-energy squared, falls
inversely with storage-ring depth underground

- above =14 TeV, anyone living 24/7 at a neutrino
“hotspot” would receive radiation dose near or above
federal limit for general public

B.J. King, “Neutrino radiation challenges and proposed solutions for many TeV muon colliders,”
AIP Conf. Proc. 530 (2000) 165 [hep-ex/0005006].

- potential ways to mitigate hazard:

o minimize length of straight sections
o use helical beam orbits to spread neutrino cones

o site facility on mountaintop, or on island far from
residences (e.g., St. Croix)

- eventually a problem, but not for foreseeable future

§;:.:, ;CE
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3. Neutrino Factory

® King’s realization (muon storage ring a prolific
source of neutrinos) inspired Steve Geer to
invent “Neutrino Factory’:

S. Geer, “Neutrino beams from muon storage rings: Characteristics and physics potential,”
Phys. Rev. D 57, 6989 (1998).

= cooled high-intensity muon storage ring with long
straight sections

Proton Driver Front End |Cool- | Acceleration 1 Storage Ring v Factory Goal:
ing S O(102") u/year
e within the accelerator
B T e 5Gev . acceptance
S S |20 5 5|w 0.2-1 1-5 —>
© g |55 5 &|= GeV GeV K .
E 8 [3563¢2]S ~0.35 km
= o | —
S S 823 2|E Accelerators:
< =48 £l Single-Pass Linacs
S (Opt. RLA or FFAG)

N hed
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NF and MC Compared

Neutrino Factory

Proton Driver Front End |Cool- | Acceleration i Storage Ring v Factory Goal: Key Featu res.
ing , O(102") u/year
e within the accelerator | ~ 1 ()21 V/year to
-.:I:_—-————( 5 GeV ) i acceptance
5 5 |58 g 5|w |01 1 —— remote detectors
8 3 |F8E S ®|Si | GV  Gev L R
E 8 (356228 =0.35 km
3 S 8§§ 2 81 |Accelerators: Ve beam — sub-
< = =0 £|'€: |Single-Pass Linacs Lo
= . |(Opt. RLA or FFAG) percent precision
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NF and MC Compared

Neutrino Factory

Proton Driver Front End |Cool- | Acceleration u Storage Ring v Factory Goal:
ing , ~ O(10%") w/year
e within the accelerator
-.:l:_—-————( 5 GeV ) g acceptance
o 5 |69 5 5| i 0.2-1 1-5 —>
® 2 |P3E £ 5 = GeV  Gev K .
= s |- g_g) S 9 8 T 035km u-Collider Goals:
= E 185> y|si 126 GeV =
s} S |GREB S| 8: |Accelerators: ~14.000 Higas/vr
=S =°8 £ | €: |Single-Pass Linacs OUU TIGGSTY
= :  |(Opt. RLA or FFAG) Multi-TeV =
~~~~~ Lumi > 1034cm2s-"
< Share same complex & e
Muon Collider & T l
Proton Driver Front End ECooIing Acceleration Collider Ring

OO

'

5 S B0 - = ) 5
= 2 =2 o S = " o X
© wn A C e © | = o c c C
R S i £ s
£ 2 n56 3 2|0 & &8 £9 8 2o
> v o O y|l= v O O & O O
S 3 Sog 28 ¢ a 58 4 = utou
< 2808 £]|E 2o @2 © £ | Acelerators:
§ a &= 2 “ | Linac, RLA or FFAG, RCS
D. M. Kaplan Muon Accelerators and Results from MICE

Key Features:

~ 1021 v/year to
remote detectors

Ve beam — sub-
percent precision

L >1034/cm2/s

Ecm up to 10 TeV
and beyond

50X
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NF and MC Comp

Proton Driver

Compressor

Capture Sol.
Decay Channel

Front End

Buncher

ase Rotator

Acceleration

: -————( 5 GeV )i

0.2-1
GeV

1-5
GeV

Accelerators:
Single-Pass Linacs
(Opt. RLA or FFAG)

u Storage Ring

RS
S~
~
~.
~.,
~.
~.
~.,
~.
~.,
~-
~.
~~

v Factory Goal:
O(102") u/year
within the accelerator
acceptance

u-Collider Goals:
126 GeV =
~14,000 Higgsl/yr
Multi-TeV =
Lumi > 1034cm2s-"

!

Prgton Driver

Accumulator
Compressor
W-Class Target

Capture Sol.
Decay Channel

Front End

Buncher

Charge Sepaga

6D Cooling
Final Cooling

Acceleration

Accelerators:
Linac, RLA or FFAG, RCS

Collider Ring

® Strong similarities!

ared

Key Features:

~ 1021 v/year to
remote detectors

Ve beam — sub-
percent precision

L >1034/cm2/s

Ecv up to 10 TeV
and beyond

- both start with ~MW p beam on high-power tgt = 1T — ,
then cool, accelerate, & store
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NF and MC Compared

® Suggests natural upgrade path:

0. Build “conventional” muon storage ring: “nuSTORM”
D. Adey et al. (huSTORM Collaboration),

. PhyS Rev. D89 071301(R) (2014)
o testbed for muon cooling R&D .. R

L =32} | -
32 \_1\_1 \_1\_1

- A 25]
a8 /50201

o provide operational experience

— ot { _iof
with stored-py neutrino source * - | =

- -100 - 100

- 80 100 120
y [m]

o Mmeasure Ve Cross sections with precision needed for
DUNE & T2HK + very sensitive search for sterile neutrinos

|. Build Neutrino Factory
2. Upgrade to Higgs Factory
3. Upgrade to Energy-Frontier Muon Collider
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Muon Cooling
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Muon Cooling

® Cooling = reducing the random motions of particles
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Muon Cooling

® Cooling = reducing the random motions of particles

Proton bunches

The goal is to turn a ‘cloud’ of muons ...into a tight beam
travelling in all directions...  _.@ travelling in one direction.

ILLINOIS INSTITUTEW/; D. M. Kaplan Muon Accelerators and Results from MICE FNAL Colloquium 2/19/20 24 / 46
OF TECHNOLOGY




Muon Cooling

® Various beam cooling techniques developed
since 1970s to cool beams of antiprotons or
lons (electron cooling, stochastic cooling, laser cooling)

= require the beam to circulate in a ring for minutes
to hours

= far too slow for muons!

® How cool muons in < microseconds???

N hed
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Muon Cooling

® How cool muons in < microseconds???

NG . CE 4
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Muon Cooling

® How cool muons in < microseconds???

® Solution proposed in 1970s by Budker, Skrinsky,
Parkhomchuk, Balbekoyv, et al. at Budker Institute of
Nuclear Physics, Novosibirsk, Russia:
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Muon Cooling

® How cool muons in < microseconds???

® Solution proposed in 1970s by Budker, Skrinsky,
Parkhomchuk, Balbekoyv, et al. at Budker Institute of
Nuclear Physics, Novosibirsk, Russia:

lonization Cooling

= elaborated at Fermilab, Brookhaven, and elsewhere

- now confirmed experimentally by the Muon lonization
Cooling Experiment (MICE):

M. Bogomilov et al., “Demonstration of cooling by the Muon lonization Cooling
Experiment,” Nature 578, 53 (2020), www.nature.com/articles/s41586-020-1958-9
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Article | Open Access | Published: 05 February 2020

Demonstration of cooling by the Muon
Ionization Cooling Experiment

MICE collaboration

Nature 578, 53-59(2020) | Cite this article
6858 Accesses | 213 Altmetric | Metrics

Abstract

The use of accelerated beams of electrons, protons or ions has furthered
the development of nearly every scientific discipline. However, high-
energy muon beams of equivalent quality have not yet been delivered.
Muon beams can be created through the decay of pions produced by the
interaction of a proton beam with a target. Such ‘tertiary’ beams have
much lower brightness than those created by accelerating electrons,
protons or ions. High-brightness muon beams comparable to those
produced by state-of-the-art electron, proton and ion accelerators could
facilitate the study of lepton-antilepton collisions at extremely high
energies and provide well characterized neutrino beams'%>*>6, Such
muon beams could be realized using ionization cooling, which has been
proposed to increase muon-beam brightness’. Here we report the
realization of ionization cooling, which was confirmed by the observation
of an increased number of low-amplitude muons after passage of the
muon beam through an absorber, as well as an increase in the
corresponding phase-space density. The simulated performance of the
ionization cooling system is consistent with the measured data,

validating designs of the ionization cooling channel in which the cooling
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Muon Cooling

® How cool muons in < microseconds???

® Solution proposed in 1970s by Budker, Skrinsky,
Parkhomchuk, Balbekoyv, et al. at Budker Institute of
Nuclear Physics, Novosibirsk, Russia:

lonization Cooling

= elaborated at Fermilab, Brookhaven, and elsewhere

- now confirmed experimentally by the Muon lonization
Cooling Experiment (MICE):

M. Bogomilov et al., “Demonstration of cooling by the Muon lonization Cooling
Experiment,” Nature 578, 53 (2020), www.nature.com/articles/s41586-020-1958-9
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lonization Cooling

SLOW  ACCELERATE SLOW  ACCELERATE SLOW  ACCELERATE

Absorber

Absorber Absorber

Ot Dot e
P == " -~
—— -—— -———
- - S X -
oL,

—————

5

Radio-frequency
cavity

Radio-frequency
cavity

Hydrogen

atong1 4 Muons traverse 5 Magnetic fields guide
low-Z (H, LiH,...) muons through radio-
energy absorbers frequency (RF)

o _ accelerating cavities
Collisions with
muons knock Cavities restore energy
Muon . :

electrons off of along beam direction

absorber atoms _
Muons lose energy in all

Muons lose energy, directions, gain energy
slowing down only in beam direction

(5Electron

lonized
hydrogen

As process repeated, beam becomes more and
Infographic: STFC, Ben Gilliland more parallel, suitable for main accelerator
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Muon Cooling

® Cooling best thought of in terms of generalized beam
size in 6-dimensional “phase space”: “emittance” €

(3 position coordinates + 3 momentum coordinates = 6 dimensions)

N hed
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Muon Cooling

® Cooling best thought of in terms of generalized beam
size in 6-dimensional “phase space”: “emittance” €

(3 position coordinates + 3 momentum coordinates = 6 dimensions)

® Physics of multi-TeV lepton collisions calls for luminosity
L 2 1034 events/cm?/s
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Muon Cooling

® Cooling best thought of in terms of generalized beam
size in 6-dimensional “phase space”: “emittance” €

(3 position coordinates + 3 momentum coordinates = 6 dimensions)

® Physics of multi-TeV lepton collisions calls for luminosity
L 2 1034 events/cm?/s

® Higgs physics
requires £ 2 032
and Ap/p ~ 10-3
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Muon Cooling

® Cooling best thought of in terms of generalized beam
size in 6-dimensional “phase space”: “emittance” €

(3 position coordinates + 3 momentum coordinates = 6 dimensions)

® Physics of multi-TeV lepton collisions calls for luminosity

® Higgs physics
requires £ 2 032
and Ap/p ~ 10-3

® How to get there:
(one scenario)

> 34 2 Start
ai - I O eventS/Cm /S 4 Output to Acceleration .Target +
5 - ?yst?m for Ene(;gﬁ.—d Front Decay
= Frontier Muon Collider
N ey | End |phase
E 102 g - System | Rotation
8 4F
8
= =
- 10.0 - Exit Front End
e g = 6-D Cooling (15/45mm)
S ar (post-merge)
g 2 i gcl:Jct:Fe):Jetrtaotion 6-D Cooling
1.0 g = Higgs Factory Merge
= L1 1 aaa L1 1l L1 11l J
10.0 107 10° | 10*
Transverse Emittance (microns)
Muon Accelerators and Results from MICE FNAL Colloquium 2/19/20 30/ 46 “

ILLINOIS INSTITUTE‘[/}' D. M. Kaplan
OF TECHNOLOGY




Muon Cooling

Cooling best thought of in terms of generalized beam

size in 6-dimensional “phase space”: “emittance” €

o
o
L 2 1034 events/cm?/s
° Higg§ physics £ 102
requires £ 2 1032 3
and Ap/p ~ 105 £
510.0
® How to get there: 3
(one scenario) 5
1.0
= must cool both

€. and §

ILLINOIS INSTITUTE‘[/}'

D. M. Kaplan
OF TECHNOLOGY

Muon Accelerators and Results from MICE

(3 position coordinates + 3 momentum coordinates = 6 dimensions)

Physics of multi-TeV lepton collisions calls for luminosity

Start
4 Output to Acceleration .Target +
= System for Energy- Front Decay
= Fronti Collid
2 rontier Muon Collider End |phase
g — System| Rotation
4 E
2 k-
_ Exit Front End
5 E 6-D Cooling (15/45mm)
AT (post-merge)
. Output to :
2 |k Acceleration 6-D Cooling
System for ___— Bunch (pre-merge)
g = Higgs Factory Merge
- ] 1 ||lllll 1 1 ||lllll | | lll|||| J
10.0 107 10° 10*

Transverse Emittance (microns)
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Muon Cooling

® Cooling best thought of in terms of generalized beam

size in 6-dimensional “phase space’:

® Higgs physics
requires £ Z 1032
and Ap/p ~ 10-3

® How to get there:

(one scenario)

= must cool both
€. and §

= need factor 210¢ in total 6D emittance reduction {rom basketballto

ILLINOIS INSTITUTE‘

D. M. Kaplan
OF TECHNOLOGY

—
<.

—
O
(-

Longitudinal Emittance (mm)

-
o

Muon Accelerators and Results from MICE

“emittance’ €

(3 position coordinates + 3 momentum coordinates = 6 dimensions)

® Physics of multi-TeV lepton collisions calls for luminosity
L 2 1034 events/cm?/s

Start

4 Output to Acceleration .Target +

= System for Energy- Front Decay
2 I Frontier Muon Collider End | ppase
g — System | Rotation
=
P =

- Exit Frbnt End
5 E 6-D Cooling (15/45mm)
AT (post-merge)

- Outputto 6-D Cooling

. Acceleration
- System for ___— Bunch (pre-merge)
g = Higgs Factory Merge

- ] 1 ||lllll 1 1 ||lllll ] | ||||||| J

Transverse Emittance (microns)

“grain of rice”) _
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Transverse lonization Cooling

e Muons cool via ionization dE/dx in low-Z medium:
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Transverse lonization Cooling

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

10

o'}

«%2
dx dx dx §3-‘
S

)
||I||

fl R BT I

100 1000

10000

2z

— Absorbers:

«m
dx

60+ 0

1 Lt AT
01/ 1.0 10B L
y=p/Mc
AS / 1 L1 Illll| 1 11 IIIIlI 1 1 Illllll 11 llIlIII 1 1 IIIIIII

0.1 1.0 10
Muon momentum (GeV/e)

100 1000

lonization energy loss

space\

multiple Coulomb scattering

o off nuclei
— RF cavities between absorbers replace AE

— Net effect: reduction in p, at constant Py 1.e., transverse cooling:

2
de, =1 [dE,\ & pi(13.6MeV)
7 3 2
ds ~ p dx [ E, 2pPEm,c-X,
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Transverse lonization Cooling

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

Il|llll T T TTTTT

—
(=

e optimal
working point
IS = jonization
minimum

Hy liquid

W s oy @

u” dE dE  dE
dx dx dx

dE 0.1 1 0 10 - 1(?0 1000 10000
///;9 E - < >AS // IH PR I

dE /dx (MeV g~ lem?2)

)
|Il|

_ Absorbers dx 0.1 1.0 10 100 1000

Muon momentum (GeV/e)
9 — 0 + 0" ionization energy loss

space
\ multiple Coulomb scattering
off nuclei

— RF cavities between absorbers replace AE
— Net effect: reduction in p, at constant Py 1.e., transverse cooling:
den -1 [ dE,\ ¢, . B,(13.6 MeV)?

ds ~ ,32 dx [ E, 2B3Em,c?X,
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Transverse lonization Cooling

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

Il|llll T T TTTTT

—
(=

e optimal
working point
IS = jonization
minimum

Hy liquid

W s oy @

u” dE dE  dE
dx dx dx

dE 0.1 1 0 10 - 1(?0 1000 10000
///;9 E - < >AS // IH PR I

dE /dx (MeV g~ lem?2)

)
|Il|

_ Absorbers dx 0.1 1.0 10 100 1000

Muon momentum (GeV/e)
9 — 0 + 0" ionization energy loss

space
\ multiple Coulomb scattering
off nuclei

— RF cavities between absorbers replace AE
— Net effect: reduction in p, at constant Py 1.e., transverse cooling:
den -1 [ dE,\ ¢, . B,(13.6 MeV)?

ds ~ ,32 dx [ E, 2B3Em,c?X,
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Transverse lonization Cooling

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

—
(=

dx

9 — 0 + 0" ionization energy loss

space
\ multiple Coulomb scattering
off nuclei

0.1 1.0 10 100 1000
Muon momentum (GeV/e)

— Absorbers:

E A R T
8
4 6_ _ H, liquid_ ® Optlmal
8 5 i . .
1E dE dE W working point
1 d_x d_x d_x R ‘ i | is = ionization
5. W _ =2 | minimum
dE 0.1 1 0 10 ~ 12)0 1000 10000
///;9 L - < >AS // T L

— RF cavities between absorbers replace AE

— Net effect: reduction in p, at constant Py 1.e., transverse cooling:
den —1 dEﬂ €, N p,(13.6 MeV)? C>

ds ,32 dx [ E, 2B3Em,c?X,
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Transverse lonization Cooling

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

dE dE dE

u” di ar ar
dx dx dx
r.f. r.f. r.f. r.f.

f AR T
1 R i T RTHIT ERREHHY IR ATHY

dE 0.1 1.0 10 - 130 1000 10000

///;9 E — <—>AS // |B{_.[.)./M| A

—
(=

e optimal
working point
IS = jonization
minimum

H, liquid

W s oy @

dE /dx (MeV g~ lem?2)

)
|Il

— Absorbers: dx 01| 10 10 100 1000

Muon momentum (GeV/e)

0—0+0m . ionization energy loss

space
multiple Coulomb scattering

o off nuclei
— RF cavities between absorbers replace AE

— Net effect: reduction in p, at constant Py 1.e., transverse cooling:
ds ~ B\ dx [ E,  2BEmcX,
® Only™ practical way to cool within y lifetime
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Transverse lonization Cooling

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

dE dE dE

u” di ar ar
dx dx dx
r.f. r.f. r.f. r.f.

-I C :
0.1 1.0 10 100 1000 10000
E—E- <—dE >As / Pi=pitt
1 IIIlIll| 111 I L1l | 111 I 11 I

[y
o

e optimal
working point
IS = jonization
minimum

W s oy @

dE /dx (MeV g~ lem?2)

)
|Il

— Absorbers: dx 01| 10 10 100 1000

Muon momentum (GeV/e)

\ 6 — 60 + Qs;"éf:ev\ lonization energy loss

multiple Coulomb scattering

o off nuclei
— RF cavities between absorbers replace AE

— Net effect: reduction in p, at constant Py 1.e., transverse cooling:
ds ~ B\ dx [ E,  2BEmcX,
® Only™ practical way to cool within y lifetime

® Expt’l demo: MICE o
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How to cool in 6D?

10

a3
® VWork above ionization minimum
° ° 7 T%o 4§_
to get negative feedback in p;!
% 20

0.1 1.0 10 100 1000 10000

By =p/Mc
””(I)I!l I mnlll.O - '””ilo - ----1--(|)0 - ---1--(-)|00
Muon momentum (GeV/c)
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How to cool in 6D?

Energy loss probability distribution

® \Work above ionization minimum
to get negative feedback in p!

straggling region

L1 L 1 1 IR S T ST SN Y SN S S S S S T S T—

N hed
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How to cool in 6D?

Energy loss probability distribution

® \Work above ionization minimum
to get negative feedback in p!

straggling region

L1 L 1 1 IR S T ST SN Y SN S S S S S T S T—

—> cool longitudinally via emittance exchange:
David Neuffer, “pu+u- Colliders,” CERN-YELLOW-99-12

N hed
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How to cool in 6D?

Energy loss probability distribution

® Work above ionization minimum ..
to get negative feedback in p,?

05}

straggling region

® No — ineffective due to “straggling”.. / = —

—> cool longitudinally via emittance exchange:
David Neuffer, “u+u- Colliders,” CERN-YELLOW-99-12

— use “diSPerSiOn” Incident Muon Beam Incident Muon Beam
(spread muons apart ,
. Evacuated G Absorber-Filled
magn et|ca||y) to Dipole Magnet | [~ Dipole Magnet
low p high
correlate momentum Aplp p
with position
- wedge absorbers then o
. edge |
equalize momenta Absorber [Figure courtesy Muons, Inc ]
® Cool €,,exchange £, & g = 6D cooling
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MICE

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

e Flexibility to test several (as proposed)

absorber materials &

1 | TOF
Calorimeters

optics schemes i

- | x J ¢ AL >
- e -5 | T o g i Fit
Ef ;1" e - j.\"'-\c‘z |
. “m V. googni;Bcell (ﬁj)/?;F )
4T spec‘rr'ome’rer' I X —
NN i

y beam s
~200 MeV/c ‘

\ SciFi solenoidal spectrometers
measure emittance to 1%o
(muon by muon)

® Status: data-taking complete, 1st results published,
further analyses in progress
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® |[nternational
collaboration

N L7
N —
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— 1 | B

Superconducting

solenoid magnets (as built) Of > I OO
_- . .
y beam —> ‘II ‘ Il | ] = | scientists and
Absorber (LHz, LiH, or polyethylene) englneers’
from >30

Institutions Iin
| | countries
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® |nternational
collaboration
of >100
scientists and
engineers,
from >30

Superconducting

—1 |
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SN
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Principles of MICE

o Cost-effective: uses minimal cooling channel

- proposed one cooling cell @ ~10% cooling effect

o in the end we built only a single “absorber—focus-coil”
module = ~5% 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!
(unlike typical accelerator-experiment ~10% precision)

® Vary all parameters to explore full
performance range & validate simulation tools
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Key Questions

® Can we safely operate liquid hydrogen absorbers!?
® Can we operate such a tightly packed lattice?
® Do we see the expected emittance change!

® Do we see the expected beam transmission?

N hed
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Principles of MICE

Time-of-flight Variable thickness 3'd August 2017
hodoscope high-Z diffuser Absorber/focus-coil
(ToF 0) module
¢ Upstream Downstream
spectrometer module spectrometer module

- M1 M2 E1 C E2 Electron

Muon

MICE
e Il | ; I
(MMB)

} }

Cherenkov ToF 1 Absorber

counters (LHZ, LIH, or CHZ) Pre-shower
(CKOV) Scintillating-fibre (KL)
MICE trackers ToF 2
® Typical opticsvs.z: .. ® Beam behavior vs. z:
Solenoid” mode _
—~ r L CE[simulation
|:/ 3l /(F|e|ds ’(\3\ 145: r\s’lllsoscfezmi/(:a :
u ~ Run setting 7
g_<) 2:_ asymmetrlc % 140— MAUS v3.2.0
© F | about absorber S L
St | when M1D & T '*°F
N of \. M2D off) S
- - 2016/04-1.2 “ 7 -
o | [f '»-.__H:\\ //‘/, Flip” mode s
L[ 2017/02-7 A “VALLL / N
~ MICE [simulation] \ """"" 120
[ ISIS Cycle 2016/04-2017/03 / —
P MAUSYSR0 e T N }
13000 14000 15000 0 17000 18000 19000 20000 2120ng] 115.—.1|4. L .1|5. L .1I6. L .1I7. L .1I8. L .1I9| L -2|0| I
z [m]
Absorber
position
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Principles of MICE
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What It Does

Measure muon ;
position and
momentum

upstream :

Measure muon
position and
momentum
downstream

- Cool the muon ;

beam using
LiH, LH,, or

|
1 polyethylene :
- |
|
! wedge :
! absorbers ;
r I
ﬁ;,{: ‘V,‘
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Beam Characterization

® Muon-beam emittance determined from measured
individual-muon positions & momenta
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Beam Characterization

® Muon-beam emittance determined from measured
individual-muon positions & momenta

= 4D transverse phase-space of muons: (X, px ¥, py )
v 124D

mc

—» normalized RMS transverse emittance: g =
24:4D covariance matrix
of coordinates
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Beam Characterization

® Muon-beam emittance determined from measured
individual-muon positions & momenta

= 4D transverse phase-space of muons: (X, px ¥, py )

VT=.D]

—» normalized RMS transverse emittance: ¢ =
24:4D covariance matrix =
of coordinates E

o-fEfI:

(phase-space distributions x-p, &
y-bx correlated due to solenoid optlcs)

2
me Px

N ) ;ICE
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Beam Characterization

® Muon-beam emittance determined from measured
individual-muon positions & momenta

= 4D transverse phase-space of muons: (X, px ¥, py )

~V/TED]

— normalized RMS transverse emittance: ¢
24:4D covariance matrix =
of coordinates T

2
Tz

(phase-space distributions x-p, &

y-px correlated due to solenoid optlcs)
= 4
E 3 95_ + Reconstructed Data
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Cooling Measurements

® Since we know each muon’s coordinates, can
compute individual-muon amplitudes

= 4D distance of each muon from beam center

= more informative than emittance
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Cooling Measurements

® Since we know each muon’s coordinates, can
compute individual-muon amplitudes

= 4D distance of each muon from beam center

= more informative than emittance

505- ; ga ' . MICE preliminary Downstream
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Cooling Measurements

® Since we know each muon’s coordinates, can
compute individual-muon amplitudes

= 4D distance of each muon from beam center

= more informative than emittance
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MICE Preliminary DOWHStream
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® Note cooling of beam core
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Change in Amplitude Distribution

Initial emittance (mm)
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® No absorber = no change in number of core muons

® With absorber — increase in number of core muons
® Bigger initial emittance (beam size) — bigger increase

mp cooling signal
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Ratio of Amplitude Distributions

4-140 6-140 10-140
FMICE : - MICE ' - MICE ' =e= Measured
A Simulated
Empty
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Sc nk
= O
Qo
2'E
S
é > No
absorber
LiH

20 40
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® (Core density increase for LH> and LiH absorber — cooling
® More cooling for higher initial emittances

m) observed cooling signal agrees with simulation
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Key Questions

® Can we safely operate liquid hydrogen absorbers!?
® Can we operate such a tightly packed lattice?
® Do we see the expected emittance change!

® Do we see the expected beam transmission?

N hed
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Key Questions

e Can we safely operate liquid hydrogen absorbers? 1/
® Can we operate such a tightly packed lattice? v
® Do we see the expected emittance change! v

® Do we see the expected beam transmission? 4

(More detailed presentation on MICE by Yagmur Torun at
Fermilab Accelerator Physics and Technology Seminar, 3/2/20)
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— most sensitive way to study neutrino mixing?
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— most sensitive way to study neutrino mixing?
o & only practical way to get above T threshold & low-E systematics
e High-luminosity Muon Collider looks feasible

= buildable as Neutrino Factory upgrade

= Higgs Factory could be important step on the way!

® First results from MICE validate efficacy of ionization
cooling; more detailed results on the way

= eliminate last in-principle obstacle to high-brightness
muon accelerators

m) such machines can be designed & built with confidence
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MICE Apparatus

® Quick tour:
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MICE Apparatus

® Quick tour:
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MICE Apparatus

¢ Q uick tour: SciFi Trackers
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Also — 15t 6D cooling test:

® Aspects of 6D cooling / emittance exchange tested
by inserting wedge absorbers in MICE

® MICE data with 45° polyethylene wedge:

= test reverse

140
emittance < 130
>
exchange 2 120 - wedge
- | =0 increases
AT T 2 100
y ‘*;‘g‘\ lﬁ e %0 momentum
y A -100 -50 0 50 100 .
Ny ¥ [mm! spread while
140 IZSZ:?:‘ reducing En
T 130 5e-04
> =
$ 120 ‘%2 = can be used to
=0 Ize-04 increase collider
100 le-04 | . )
P00 -50 o0 50 100 °2¢TOO UmanSIt)’
) — x [mm] _
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Muon Accelerator
Technical Challenges

‘5:.:' . ICE 4
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Muon Accelerator
Technical Challenges

|. High-power (up to 4 MW) p beam
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Muon Accelerator
Technical Challenges

|. High-power (up to 4 MW) p beam

e.g., SNS, ESS,
PIP Il SC Linac
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Muon Accelerator
Technical Challenges

|. High-power (up to 4 MW) p beam™ and target

- Hg jet feasible [MERIT@CERN, 2007] ESNS, @
PIP Il SC Linac

Y,
%
A, O
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Muon Accelerator
Technical Challenges

|. High-power (up to 4 MW) p beam™ and target

- Hg jet feasible [MERIT@CERN, 20077 €.9., SNS, ESS,
PIP Il SC Linac
2. Muon beam cooling in all 6 dimensions *,
h /@@&
Oph)lf@@
© 14
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Muon Accelerator
Technical Challenges

|. High-power (up to 4 MW) p beam™ and target

- Hg jet feasible [MERIT@CERN, 20077 €.9., SNS, ESS,
PIP Il SC Linac

2. Muon beam cooling in all 6 dimensions *,

S,
= M unstable, Ty = 2.2 ys = must cool quickly!... 60
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Muon Accelerator
Technical Challenges

|. High-power (up to 4 MW) p beam™ and target

- Hg jet feasible [MERIT@CERN, 20077 €.9., SNS, ESS,
PIP Il SC Linac

2. Muon beam cooling in all 6 dimensions *,

S,
= M unstable, Ty = 2.2 ys = must cool quickly!... 60

3. Rapid acceleration /r

ILLINOIS INSTITUTEW// D. M. Kaplan Muon Accelerators and Results from MICE
OF TECHNOLOGY



Muon Accelerator
Technical Challenges

|. High-power (up to 4 MW) p beam™ and target

- Hg jet feasible [MERIT@CERN, 20077 €.9., SNS, ESS,
PIP 1l SC Linac

2. Muon beam cooling in all 6 dimensions *,

= M unstable, Ty = 2.2 ys = must cool quickly!... %O
3. Rapid acceleration /r
= Linac—RLAs—(FFAGs)-RCS [EMMA@DL, 201 I]
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Muon Accelerator
Technical Challenges

|. High-power (up to 4 MW) p beam™ and target

- Hg jet feasible [MERIT@CERN, 20077 €.9., SNS, ESS,
PIP 1l SC Linac

2. Muon beam cooling in all 6 dimensions *,

= M unstable, Ty = 2.2 ys = must cool quickly!... %O
3. Rapid acceleration /r
= Linac—RLAs—(FFAGs)-RCS [EMMA@DL, 201 I]

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

ILLINOIS INSTITUTEW// D. M. Kaplan Muon Accelerators and Results from MICE
OF TECHNOLOGY



Muon Accelerator
Technical Challenges

|. High-power (up to 4 MW) p beam™ and target

- Hg jet feasible [MERIT@CERN, 20077 €.9., SNS, ESS,
PIP 1l SC Linac

2. Muon beam cooling in all 6 dimensions *,

= M unstable, Ty = 2.2 ys = must cool quickly!... %O
3. Rapid acceleration /r
= Linac—RLAs—(FFAGs)-RCS [EMMA@DL, 201 I]

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

- Solutions devised by MAP (FNAL),B~ I0T,B. ~ | cm
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How to cool in 6D?

® Tricky beam dynamics: must handle dispersion,

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

e 3 types of solutions found viable in simulation:

- Helical Cooling Channel
Rectilinear FOFO ™ =
TOP VIEW
FOFO Snake ,
alternating solenoids absorbers RF cavities | 7 i
- i
- ’/v:/,&\"\\\"q‘._é*f e
Ii‘I‘] ~ \!\‘&égég%ggé “l“é fj,i /
SIDE VIEW ) { oy I
B ‘- it
. | . - ‘ Y. Alexahin, FNAL <| I' |“ 'I !L’ i “ ' |
= = = = = | o |
= J.,=
BNL & FNAL SR
Muons, Inc. & FNAL
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How to cool in 6D?

“Helical Cooling Channel

Rectilinear FOFO
TOP VIEW FOFO Snake
alternating solenoids absorbers RF cavities
| a a
— —
SIDE VIEW is
B il
| . e . B ‘ Y. Alexahin, FNAL <| " || " “' I' || 'l !L‘H’ ”' ”
— = = _— - J'or |
o u‘ J:‘ :
BNL & FNAL AR

Muons, Inc. & FNAL

= 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
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Beyond 6D Cooling

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

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

1600
——&—— YBCO (Bparallel)
1400 - ——a—— YBCO (Bperp)
1200 - e e» e @ \bHTi
~ 1000 - D. Turrioni et al., IEEE Trans. Appl.
E Supercon. 19, 3057 (2009)
S~
<E 800 -
<
N
NS 600
w
400 -
200
/BJ_N_ O \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ﬁ\\\\\\\\\\\\\\\\\\\\
B 0 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)

N N4
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Beyond 6D Cooling

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

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

1600

\
\ \ ——&—— YBCO (Bparallel)
1400 - ) ——a—— YBCO (Bperp)
\ e e Nb3Sn
‘ X X X i
1200 ] \ NbTI
10 e D. Turrioni et al., IEEE Trans. Appl.
< Supercon. 19, 3057 (2009)

]cm2)

—dE/dx MeV g~

1 L 1
1
] 1 Lo Lo Lo Lo !
N_ : 0.1 1.0 10 100 000 OOO\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
J— py=p/Mc

B o il il A 2 14 16 18 20 22 24 26 28 30

1.0 0
mmmmmmmmmmm (GeV/c) Appl ed Field, T

® | ower-B options under study as well (Derbenev
PIC, REmEX, lithium lenses)
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Beyond 6D Cooling

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

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

1600

“ \ ——&—— YBCO (Bparallel)

= cool transversely| .- \ e Yo aper
\ e e Nb3Sn
W|th B — 3OT at 1200 X ‘\ \ - o o= = NbT]

' \
low momentum | ¢
1 8;—
ENA 65—
' 5 SE
3 High-field YBCO
A& solenoid
P (BNL/Particle Beam
: ! Lasers, Inc.)
Ny —— ! . .
/8 J_ B E 0.1 1.0 10BY _ p/]\/llgo 1000 10000
I I””(I)I.|01 I I””(I)I!l I Imnlll.O I "”"ilo I I””l“(l)Ol ””1“(')|OO

Muon momentum (GeV/c)

® | ower-B options under study as well (Derbenev
PIC, REmEX, lithium lenses)
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Higgs Factory Cooling

Output to Acceleration
System for Energy- Front
= Frontier Muon Collider

p—

1

—
<.

LILIRLL |

Exit Front End

Longitudinal Emittance (mm)

SO N HCOO N pBHOCOO N b
1

100 E_ 6-D Cooling (15/45mm)
~ (post-merge)
ggctz:gr?tion 6-D Cooling
System for — Bunch (pre-merge)
1.0 = Higgs Factory Merge
- 1 Lraoaul | | L oarud 1 Lol ]
10.0 102 103 104

Transverse Emittance (microns)
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Higgs Factory Cooling
® p*u- Higgs Factory requires
exquisite energy precision:

Target +

Output to Acceleration
Decay

System for Energy- Front
= Frontier Muon Collider End |phase

System | Rotation

1

—
N

LAY |

Exit Front End

—
O
(-

Longitudinal Emittance (mm)

E_ 6-D Cooling (15/45mm)
- (post-merge)
Output to 6-D Cooling
Acceleration
System for —— Bunch (pre-merge)
1.0 Higgs Factory Merge

S0 N HOC0O N HSC00 N B
1

LRLL|

1 L i1l 1 L L pii11l 1 Lol )

10.0 10? 10° | 10*

Transverse Emittance (microns)
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Higgs Factory Cooling
® p*u- Higgs Factory requires
exquisite energy precision:

4 | Output to Acceleration Target +
= System for Energy- Front Decay
+ - —) h h I 2 | Frontier Muon Collider End
= use Pty s-channel  _ nd | phase
E 10°q F System | Rotation
) é g -
resonance, dE/E = s OF
’ 3! 4
0.003% =T, =4MeV : ?f X
~~ — S
* ° h € 1000 Exit Front End
v g = 6-D Cooling (15/45mm)
= A - (post-merge)
g 2 i gszz:Jetrg)tion 6-D Cooling
= System for — Bunch (pre-merge)
1.0 g = Higgs Factory Merge
- 1 L rruul 1 Lol | Lol |
10.0 10? 10° | 10
Transverse Emittance (microns)
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Higgs Factory Cooling
® p*u- Higgs Factory requires
exquisite energy precision:

= use y*u- — h s-channel

resonance, dE/E =
0.003% =~ I',"'= 4 MeV

—> omit final cooling
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D. M. Kaplan
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Target +

_ Output to Acceleration
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=" Exit Flnt End
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. Output to _
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Higgs Factory Cooling
® p*u- Higgs Factory requires
exquisite energy precision:

= use y*u- — h s-channel

resonance, dE/E =
0.003% =~ I',"'= 4 MeV

—> omit final cooling
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Target +

_ Output to Acceleration
- System for Energy- Eront | Decay
= Frontier Muon Collider

Ve | End |phase

System | Rotation

=" Exit Flnt End
- (15/45mm)
. Output to _
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Higgs Factory Cooling
® p*u- Higgs Factory requires
exquisite energy precision:

= use y*u- — h s-channel

resonance, dE/E =
0.003% =~ I',"'= 4 MeV

—> omit final cooling

= |0-¢ energy calib. via
(g—2), spin precession!
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Higgs Factory Cooling

® p*u- Higgs Factory requires
exquisite energy precision:

4 g;t?ut t?Ac[;EceIe;tion 'lgarge;+
— S em or =ner - Front eca
- use IJ"'IJ— —} h s_channel - 2 | _Frontier Muon Collider Sfr,:d Phase
102 stem | Rotation
resonance, dE/E = 5
SM £
0003% ~[h =4MeV : °* E-tF\?tEd
_100 XI ron n
£ 8 (15/45mm)
é omit ﬁnal COOIIng ‘:_ l MAVEH LiANARRAR SRR RO RS Bunch ?F;FDG-CrTi)géZSJ)
u» i\ .". i\ | Merge
= |0-% energy calib. via L T T
(8—2)u spin precession! e T
500 F : -
- measure [y, lineshape (& my)  “°| CLLAI R
: 4 £300 " Fuep™
Via M J™ resonance scan o 4.21 MeV 0.05 fb
@ 200 } R=0.003%
100
Ol

-03 -0

Muon Accelerators and Results from MICE
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Higgs Factory Cooling

® p*u- Higgs Factory requires
exquisite energy precision:

4 (S);t?Ut t?Ac[;EceIe;tion 'lgarge;+
- S em or Ener - Front eca
- use IJ"'IJ— —} h s_channel - 2 F__Frontier Muon Collider Sfr,:d ;hase
102 stem | Rotation
resonance, dE/E = 5
SM g
0.003% = [h =4 MeV [ ° E-tF\?tEd
_100 XIt Fron n
E 8 (15/45mm)
= omit final cooling i ] D
&» i\ I | Merge
= |0-% energy calib. via 1 T a—rT
. . 50 | 1ce (microns)
(g—2), spin precession! . TN
500 F i -
- measure [y, lineshape (& my)  “°| CLLAI R
: 4 £300 " Fuep™
via JTJT resonance scan 5 421 MeV [ ] 0.05 b
m 200 ¢ R=0.003%
o the only way to do so! 100 |
Ol

-03 -0
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Higgs Factory Cooling
® p*u- Higgs Factory requires
exquisite energy precision:

4 System for Energy- Docsy |
- use IJ"'IJ— —} h s_channel 2 F F?lontier uon C?)ﬁider Fézgt Ph
E 102 System Rota;[?on
e 10 8
resonance, dE/E = 5
SM_ b
0.003% =~ "= 4MeV | ° /|
=100 xit Front End
E 8 (15/45mm)
éOmlt ﬁnal COOIing ,\~~ ————— . ST 6-D Cooling
=430 B f e NMARAARARANT AR nanns,| Bunch (pre-merge)
50 ! ! ~ Merge
. . 15 l",..’,',.,.-"...“.'..' Wikl
= |0-% energy calib. via B 7
M o 1050 (o) (mi )
(g o 2)“ SPIn PreceSSIOn! bi 5 10 15 20 25 30 35 40 45 SO o

500 F

{ [P. Janot, HF2012]

- measure [y, lineshape (& mp) o}

. 2300 F " ™
via J*J~ resonance scan Mgz T ool
100

o the only way to do so!

0 A I [T
o and a key test of the SM ~03 —015 126 +015 +.03
N\ ‘/?(Ge\/)
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Selected MICE Results...
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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 [PRST Accel. Beams 6, 081001 (2003)]

— Neutrino Factory and Beta Beam Experiments and Development
[arXiv:physics/0411123, www.aps.org/policy/reports/multidivisional/neutrino/upload/

Neutrino_Factory and_Beta_Beam_Experiments_and_Development Working_Group.pdf (2004)]

— Recent innovations in muon beam cooling [AIP Conf. Proc. 821, 405 (2006)]

— International Design Study for the Neutrino Factory, Interim Design
Report [arXiv:1112.2853]

— Enabling Intensity and Energy Frontier Science with a Muon Accelerator

Facility in the U.S.: A White Paper Submitted to the 2013 U.S. Community Summer Study of the
Division of Particles and Fields of the American Physical Society [arXiv:1308.0494]

— Pressurized Hz RF Cavities in lonizing Beams and Magnetic Fields [PRL 111 (2013) 184802]
— Muon Colliders, R.B. Palmer [Rev. Accel. Sci. Tech. 7 (2014) 137]

— QOperation of normal-conducting RF cavities in multi-tesla magnetic fields for muon
ilonization cooling: a feasibility demonstration [arXiv:1807.03473]

— map.fnal.gov; www.cap.bnl.gov/mumu/; mice.iit.edu

— JINST Special Issue on Muon Accelerators \:\epos'\’tO‘V\’f
[iopscience.iop.org/journal/1748-0221/page/extraproc46] and

N — "CE
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http://www.aps.org/policy/reports/multidivisional/neutrino/upload/Neutrino_Factory_and_Beta_Beam_Experiments_and_Development_Working_Group.pdf
http://www.aps.org/policy/reports/multidivisional/neutrino/upload/Neutrino_Factory_and_Beta_Beam_Experiments_and_Development_Working_Group.pdf
http://map.fnal.gov
http://www.cap.bnl.gov/mumu/
http://mice.iit.edu
http://iopscience.iop.org/journal/1748-0221/page/extraproc46
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Higgs Factory
® p*u- Higgs Factory requires
exquisite energy precision:

Target +

Output to Acceleration
Decay

System for Energy- Front
= Frontier Muon Collider End |phase

System | Rotation
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Higgs Factory
® p*u- Higgs Factory requires
exquisite energy precision:

= use y*u- — h s-channel

resonance, dE/E =
0.003% =~ I',"'= 4 MeV
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D. M. Kaplan
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Higgs Factory
® p*u- Higgs Factory requires
exquisite energy precision:

4 | Output to Acceleration Target +
+ - System for Energy- Front Decay
- use IJ IJ— —} h S_Channel _ 2 F__Frontier Muon Collider End |phase
E 10? System | Rotation
dE/E = :b
resonance, ~ 3 4
[
©
% ~ [ SM_ £ ol \?
— S
0.003% =~ I;"=4MeV [ °f
v g = (15/45mm)
©
2 4T
: . i=)) . Output to .
System for
1.0 g = Higgs Factory
- 1 Lol 1 Liiriil 1 Lo il )
10.0 10? 10° | 10
Transverse Emittance (microns)
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Higgs Factory
® p*u- Higgs Factory requires
exquisite energy precision:

4 | Output to Acceleration Target +
+ - System for Energy- Front Decay
- use IJ IJ— —} h S_Channel _ 2 F__Frontier Muon Collider End |phase
E 10? System | Rotation
dE/E = :b
resonance, ~ 3 4
[
©
% ~ [ SM_ £ ol \?
— S
0.003% =~ I;"=4MeV [ °f
v g = (15/45mm)
©
2 4T
: . i=)) . Output to .
System for
1.0 g = Higgs Factory
- 1 Lol 1 Liiriil 1 Lo il |
10.0 10? 10° | 10
Transverse Emittance (microns)
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Higgs Factory
® p*u- Higgs Factory requires
exquisite energy precision:

Output to Acceleration Target +

1ce (microns)

4 -
- System for Energy- ron Decay
- USe IJ"'IJ— —} h s_channel - 2 | _Frontier Muon Collider S}:dt Phase
102 Stém | Rotation
resonance, dE/E = 5
SM £
0.003% =~ "= 4MeV | ° an
=10.0 xit Front En
£ 8 (15/45mm)
—> omit final cooling - t .... - &0 Codlig
- Merge
= |0-% energy calib. via | T a—rT
|

(g—2), spin precession! e
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Higgs Factory
® p*u- Higgs Factory requires
exquisite energy precision:

1ce (microns)

4E System for tnergy- Docay
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l
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Higgs Factory

® p*u- Higgs Factory requires
exquisite energy precision:

4 (S);t?Ut t?Ac[;EceIe;tion 'lgarge;+
- S em or Ener - Front eca
- use IJ"'IJ— —} h s_channel - 2 F__Frontier Muon Collider Sfr,:d ;hase
102 stem | Rotation
resonance, dE/E = 5
SM g
0.003% = [h =4 MeV [ ° E-tF\?tEd
_100 XIt Fron n
E 8 (15/45mm)
= omit final cooling i ] D
&» i\ I | Merge
= |0-% energy calib. via 1 T a—rT
. . 50 | 1ce (microns)
(g—2), spin precession! . TN
500 F i -
- measure [y, lineshape (& my)  “°| CLLAI R
: 4 £300 " Fuep™
via JTJT resonance scan 5 421 MeV [ ] 0.05 b
m 200 ¢ R=0.003%
o the only way to do so! 100 |
Ol

-03 -0
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Higgs Factory

® p*u- Higgs Factory requires
exquisite energy precision:

4
= use p*p~ = hs-channel _ °
102
resonance, dE/E = 5
SM £
0.003% = I'h"'=4MeV £ °
£

Output to Acceleration
= System for Energy-
= Frontier Muon Collider

().

—> omit final cooling

Fl

= |0-% energy calib. via

s P PIL
DUNO OO WL,
2000000000
e e e — = gp—— -
' = 7]
-
-
-~
. -
-
-
—
- p— 2
-

........

Target +
Front Decay
End | phase

System | Rotation

Exit Flnt End

(15/45mm)

6-D Cooling
(pre-merge)

1 Lol )

10° 10*

1ce (microns)

(g—2), spin precession! .

- measure [, lineshape (& my) | oW
I +y— 5300 f 1 1° Frep™
via M"J~ resonance scan S 421 MeV [ ] 0.05 b
[ 200 R=0.003%
o the only way to do so! 100 |

o and a key test of the SM

ILLINOIS INSTITUTE‘[/}'
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500 F

Muon Accelerators and Results from MICE

Vs (GeV)
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{ [P. Janot, HF2012]

0 i I L rodoy
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Neutrino Factory Physics Reach

[from P. Soler]

a International Design Study for a Neutrino Factory (IDS-NF):
— Most sensitive facility for the study of CP violation in neutrinos

IDS-NF/20124.0

Proton Driver:  Neutrino IDS-NF P. Huber
o—Linac option Beam 10—y IR
Ring option Muon Decay j 8 Adat 1o
Ring — = fos=40"
0.8 °
c :
2 o |
s S 0.6
. g S : — IDS-NF
- g © g’ 5| == LBNE + Project X (2.3MW, 34kt)
Q o ¢ = uSi 0.4 T2HK (0.7MW, 560kt)
= 5§ S 8 , —— T2HK + NUSTORM
@ = n o &) ' ool o [P F [ LBNO (0.8MW, 100kt)
1 el (S B B A Y ESS (5MW, 500kt)
_©Di-:-:- EEEEEEEE . From - Daedalus (1324 ;MW) + T2HK,
Linac to 0.8 GeV 0.8-2.8 GeVRLA  Acceieraton g0 @ MER LD 2 4 L o .
e | —— Co-o:) 0 5 10 15 20 25 30
o 2.8-10 GeVRLA ___ Aol

C(>_©:> To Decay Ring

Can reach uncertainty in ., of 5°
Test three-neutrino mixing paradigm

MICE Results, NUFACT 2018, 16 August 2018 2
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|. High-Power larget

® Multi-MWV beam likely to melt almost any solid
target!

- so why not use liquid?
= Hg (high-A) makes ~equal #s of p* and p-
o can remove radioactive spallation products by distillation

= container risky (erosion, shock), so free Hg jet

® Proof of principle: MERcury Intense Target
(MERIT) Experiment @ CERN

ILLINOIS INSTITUTE‘V/ D. M. Kaplan Muon Accelerators and Results from MICE
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|. High-Power Target

MERIT

. . MERIT cut lew:
e Experiment carried out @ e M

CERN nTOF facility in 2007

e BNL/CERN/KEK/ORNL/
Princeton collaboration

[ Viewports

e GHEI

- Hg jet,| cm diam, 20 m/s,
jet axis at 33 mrad to
magnet axis (B < |5T)

Ratio Target In-Out/Target Out

= concept demonstrated . }
workable up to =8 MW ¢ : é
[K.McDonald et al., Proc. IPAC’'10] L . . .

Delay Time, usec
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RF Cavities in B Fields
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RF Cavities in B Fields

® Muon cooling lattices put high-gradient normal-
conducting RF cavities close to focusing solenoids

® Effect studied at
Fermilab MuCool Rl ' TSl e
TestArea (MTA) | H|»" s Biiii———14

§upemoucﬁh 201 MHz cavity
5T solenoid LR .

r 1T a L - | ,' ' — o .
) Ls 3’.-_~"I : i ' ) - 3 'ﬁ l
¢ haS. ' | % “E8 TN Tl 505 1M Hz cavity SRR S

_
=, | e
d W 5
'~—~I ]| s
Q. !

1" =
pressure cavity L5

L ———

e
— k] 0y

|
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RF Cavities in B Fields

® Muon cooling lattices put high-gradient normal-
conducting RF cavities close to focusing solenoids

® Effect studied at
Fermilab MuCool
Test Area (MTA)

Superconducting:. 201 MHz cavﬂ:y

B .c | 5T solenoid
e MTA has: SF | N - ‘ “l
£ -_ " ' il | ' ,:
- 5T solenoid =N i | f‘:‘ "!!
'essu;'e cavity _: 3 - -,
- 201 and 805 MHz RF ’ < - -

power

- cryogenics infrastructure
= high-intensity 400 MeV H- beam
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RF Cavities in B Fields
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RF Cavities |n B Fields

. Observe PerfO rmanCe E 40 4040 (Opposing)

§ 37.66 Red
degl"adathn fOI" B ~ T = $°33.9 (Single Coil)
o = Btack
3 25 " 23575 «255
2
> 225969
o
= 15 02
© (Solenoid) 13.5
o 10 Yettow
©
S 5
< 0 I I I I
0 1 2 3 4 5
B (T)
ILLINOIS INSTITUTEW/}: D. M. Kaplan Muon Accelerators and Results from MICE FNAL Colloquium 2/19/20 62 /467

OF TECHNOLOGY



RF Cavities |n B Fields

® Observe performance
degradation for B~T

® Possible solutions:

= surfaces that

o suppress breakdown
(very smooth and/or special
materials/coatings)

o minimize breakdown-
induced damage

= high-pressure cavities

o H; gas; dE/dx absorber,
as well as breakdown
suppressant

Gradient (MV/m)

ILLINOIS INSTITUTE‘[/}'

D. M. Kaplan
OF TECHNOLOGY

<

40 4640 {OPPO=Ng)

37.66 Red
35 28

e (Single Coil)
30 3= Btack

"5 75 o255

Accelerating gradient (MV/m

25 -
23,265
20 289
5 16.5 .
(Solenoid) 13.5
10 Yettow
5
0 .
0 1 2 3 4 5
B (T)
Pressure (psia) at T=293K
200 400 600 800 1000 1200 1400 160
I I

v ' I ' I ' LI o ' I
Cu Data: max gradient 49.9 MV/mn ; '

i e R b e

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

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

1|||||1||||||||||||||||||||||||||||||||||||1|\/|

—1—||||||||||||||||||||||||lllll |||||||||Il||l
I: H H
: —— | :
S S— R . --i-on
R A B A B A
H H H v H | H H
o g SEREN
S 51212
1 i- |.L- ...l
: : st
F

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

1 1 ' 1
' . . ' ' . . '
' . . . . ' . .
. . . . . . . . .
' . . . ' . ' . '
[ P [T pu R I . gy g g g Ui (i .
! ' ' ' ! ! ! ' !

Muon Acceleratordand RR80ks &R0/ c§-003

000#NA9@8§qu2/fb9% 0498
Density (g/cm’)

kgl




RF Cavities |n B Fields

. Observe Performance § 40,494:?766 (Oplgzzlng)
degradation for B~T S = '1;3-9 (Snge Con
o 30 Blacs
. . % 25 -5255_125_0955 ’
® Possible solutions: 5 1 5150
= 15 e
= surfaces that 5 10 Ssnliinl o
()
Q 5
o suppress breakdown < | | | |
(very smooth and/or special ° 1 M’ 4 5

materials/coatings)

o minimize breakdown- All are under study
induced damage

. . = one possibility: RF coupler issues
= high-pressure cavities g 4 g

at high B
o Ha gas; dE/dx absorber, o supported by recent “all-seasons-
as well as breakdown cavity” result: 25 MV/mat 3T
suppressant

m) will learn more this year
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Study interaction of intense beam with dense H2
in high gradient RF field

v= 802 MHz
Gas pressure = 950 psi . .
Beam intensity =2 108 /bunch  Plasma loading in pure H2 gas

1.0F RF power is lost
- due to plasma loading
08 Equilibrium condition
: _ Electron production rate
0.6 T TP = Recombination rate
- | ‘ .
E 04 - RF power is recovered
[ f ] when beam is off
02} S
: ‘ ¢ length
0.0} '
: ‘ be—— Beam 51gnal : . )
o2t ¥ X 75ps) Detail beam profile study
T Y Y — - will be presented by Mukti
—000002 0 O 00002 0 00004 0 00006 P Y
Time [s]
Ionization process
. 1,200 e/cm are generated by
p+tH,=p+Hy"+e incident p @ K = 400 MeV
11/02/11 Joint MAP & High Gradient RF Workshop, 9
K. Yonehara
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Study electronegative gas effect

11/02/11

ILLINOIS INSTITUTEW/;
OF TECHNOLOGY

1.0

D. M. Kaplan

GH, + SF¢ (0.01 %) (950 psi) |
Ey = 30 MV/m, p/bunch = 2 x 10® |
****************** E/p=6.1 V/cm/mmHg ~ 7

GH, (950 psi)
Ey =30 MV/m, p/bunch = 5 x 107

Time [us]

SF6 removes residual electrons

Joint MAP & High Gradient RF Workshop, K.
Yonehara

Muon Accelerators and Results from MICE FNAL Colloquium 2/19/20

11
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Compare with muon beam structure

40 ——— "
g | | |  GH; LF SFe (001 %)+ |
o 30 e T
E 3 3 3 1 1 ]
|
B20p
S : : : :
= ¢ o
s 10p o % R
S | e 3
e 3

E/p [V/cm/mm Hg]

* E/p in helical 6D cooling channel is 1.6 V/cm/mm Hg
* Bunch gap is 5 ns
* Electron capture time looks to be fast enough for real application

Joint MAP & High Gradient RF Workshop,

: 9
11/02/11 K. Yonehara -
ﬁi_’" A'ICE
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Final Cooling
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Final Cooling

® Palmer final-cooling cell:
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Final Cooling

® Palmer final-cooling cell:

Liquid Hydrogen 40 60T solencids 1 Y arogen

RF Linac \

|
] B Mg
Drift . , ,
Focus Solenoids Field Flip

e
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Final Cooling

. - HTS Je @ 4.2 K quite flat vs B:
® Palmer final-cooling cell: Je @ 42K quite flat vs

1600 - ® BSCCO-2223 Tape Perpendicular
® BSCCO-2223 Tape Parallel
Liquid Hvd Liquid Hydrogen o .
lql." y Fogen 40_50 T Solenoids NE 1200 - ——Nb3Sn RRP
& ——Nb3Sn MJR
RF Linac \ 2“ 1000 - ¢ BSCCO-2212 Round Wire 0.8 mm
e @ 800 - E. Barzi ’
v . Barzi et al., CEC/ICMC’05,
| N 600 Advances in Cryogenic
3 Engineering 52, 416 (2006)
LU
] 400 -
- - 200 -
o +———7F 71T 7
Drift - -
. 0 5 10 15 20 25
Focus Solenoids Field Flip

Applied Field (T)

(FYBCO 33.8T hybrid solenoid @ NHMFL)

NG S VY
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Final Cooling

- HTS Je @ 4.2 K quite flat vs B:

1600 -

® Palmer final-cooling cell:

® BSCCO0-2223 Tape Perpendicular
® BSCCO-2223 Tape Parallel

——NbTi

Liquid Hydrogen  4_50 T Solenoids Hiquid Hydrogen

RF Linac \
—'— —
—B—> <B

| . —
o ————— 71—

Drift . Fi .
) ield Fli 0 5 10 15 20 25
Focus Solenoids P Applied Field (T)

(FYBCO 33.8T hybrid solenoid @ NHMFL)

——Nb3Sn RRP

1200 -

——Nb3Sn MJR

1000 -

4 BSCCO0-2212 Round Wire 0.8 mm

800 - E. Barzi et al., CEC/ICMC’05,

Advances in Cryogenic
Engineering 52, 416 (2006)

600 ¢

Je (4.2 K, B), Amni

400 -

200 -

® Simulation of |3 stages:

NG S VY
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Final Cooling

- HTS Je @ 4.2 K quite flat vs B:

® Palmer final-cooling cell:

1600 - @ BSCCO-2223 Tape Perpendicular
® BSCCO-2223 Tape Parallel
Liauid Hvd Liquid Hydrogen 0 T
qu“ y rogen 0 50 T SOIenOIdS NE 1200 - ——Nb3Sn RRP
= ——Nb3Sn MJR
RF Llnac \ 2 1000 - ¢ BSCCO0-2212 Round Wire 0.8 mm
@ goo - : ,
e v E. Barzi et al., CEC/ICMC’05,
N 600 Advances in Cryogenic
B 3 Engineering 52, 416 (2006)
= 400 -
[ J
- - 200 -
o """
Drift F
ield Fli 0 5 10 15 20 25
Focus Solenoids P

Applied Field (T)

. . (A YBCO 33.8T hybrid solenoid @ NHMFL)
® Simulation of |3 stages:

4f
[
102§ =
4
o[ € (mm mrad)
100% 3 Energy (MeV)
Af
e
1.0gF
B - o, (mm)
4t | | |
0 5 10 15
Stage
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Final Cooling

- HTS Je @ 4.2 K quite flat vs B:

1600 -

® Palmer final-cooling cell:

® BSCCO0-2223 Tape Perpendicular

® BSCCO-2223 Tape Parallel

——NbTi

Liquid Hydrogen 40-50 T Solenoids Liquid Hydrogen

RF Linac \
o """

B
Drift F
ield Fli 0 5 10 15 20 25
Focus Solenoids P Applied Field (T)

(FYBCO 33.8T hybrid solenoid @ NHMFL)

1200 - ——Nb3Sn RRP

——Nb3Sn MJR

1000 -

4 BSCCO0-2212 Round Wire 0.8 mm

800 - E. Barzi et al., CEC/ICMC’05,

Advances in Cryogenic
Engineering 52, 416 (2006)

600 ¢

Je (4.2 K, B), Amni

400 -

200 -

® Simulation of |3 stages:

o - Beam energy falls from 70 MeV
10%g (135 MeV/c) to = 6 MeV
AL
o[ e, (mmmrad) = Bunch length rises from 5 cm to
A4F
A A gy
1.0gkE
0§§ G, (mm) 2 cmto 6 mm, €, to 23 pm
B | | |
0 5 10 15 = 65% transmission
Stage
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3. Muon Acceleration

® Typically the most expensive o:ccev  Linacto |IDSNF
subsystem BB o, 09 GeV
(<0
3.6-12.6 GeV RLA

® |nitial linac

® Then recirculating linacs (RLA) & FFAG(s)

12.6-25 GeV FFAG

® Finally, rapid-cycling synchrotrons (RCS)

® RCS (to 750 GeV) uses hybrid 8T SC and —1.8 to
+].8 T pulsed dipoles

01 [ NC —
i SC QD ]

0.0
N N
0 10 20

Dimensions in m

N
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3. Muon Acceleration

® Baseline designs use novel, non-scaling, fixed-field alternating-
gradient (FFAG) accelerators

= |attice includes both in- = £
& out-bends for large ==
Ap/p acceptance

&= (“non-scaling”
- in that trajectories at
different momenta dissimilar)

- “serpentine” acceleration, Fl2
between buckets, quickly crossing multiple resonances

N
T
|

w
\
\

N

—

o

1
—_
I

|

i \v)

OAHHHHAAHHHH LU AL L N L
-

N

Time of Flight Deviation per Cell (ps)

| | | Il Il 1 Il Il Il ‘ Il Il Il Il Il Il Il Il Il Il I ‘ 11 11 ‘ 111 | | I | 11| \7
-0.51 -0.25n Or 0.25n 0.5m 14 16 18 20
phase Kinetic Energy (MeV)

= proof of principle: Electron Machine with Many Applications
(EMMA) @ Daresbury Lab
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3. Muon Acceleration

ALICE ® Proposed NS-FFAG applications
</ EMMA include proton drivers, muon

2\ accelerators, cancer therapy,
subcritical U&Th fission reactors...

; -~ )
b

il ) /] BN % " . ‘ . 2 : ! ,“J‘ | v = ‘ ‘.:._:‘: R\ -
.:\.‘::. :..'_ | ; -~ :K- - o VR 3
® Started 2007 Noalis 75 o0
" = t : = —.‘ .\4‘?,‘.:. I, > &
® |stbeam 2010 A\

v

- electron acceleration successful

e
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From D. Neuffer: 126 GeV p*-p- Collider g%

Parameter Symbol Value
Collision Beam Energy E .E 63GeV
> 8 GeV, 4MW Proton Source Luminos Sl -
uminosity Lo 10
= 15 Hz 4 bunches 5x1013/bunch Number of p bunches ng 1
. . . u*/-/ bunch N, 102
> mn—2>H collection, bunching, cooling T omsverse emittance o 0.0004m
> £, y=400 m mm-mrad, &, =2 mmm Longitudinal emittance €N 0.002m
® 1012 H/ bunch Energy spread oE 4MeV
Collision 3* B* 0.05m
»> Accelerate, Collider ring Beam size at collision oy, 0.02cm
= OE = 4 MeV, C=300m Beam size (arcs) Oyy 1.0cm
u Detector Beamsize IR quad O max 5.4cm
Storage turns N, 1000
. . e . .
monitor polarization precession Proton Beam Power P MW
= for energy measurement Bunch frequency F, 60 Hz
¢® OJE,, 2 0.1MeV Protons per bunch N, 5x1013
Proton beam energy E, 8 GeV
Proton Driver D Front Cooling Acceleration Collider Ring
%’ End utou
b —_— .
—&.-::-
b o TJ — | %
8 GeV Linac ? = SS|ES 8| o o0
2 cgls5 58 S —w ©
3 i S o S v §
< el g 2 8 25 38 Accelerator Types: Linac,
Tzl e = Recirculating Linacs (RLAs),
8 FFAG
22
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From D. Neuffer: 7y« 126 GeV p*-p- Collider L4

5 « Parameter Symbol Value

rogre Collision Beam Energy E,.E, 63GeV

o N ote S-C han nel > 8 GeV, 4MW Proton Source Luminosity 9 105

= 15 Hz 4 bunches 5x1013/bunch Number of p bunches ng 1
o . . . */-/ bunch 102
enhancement: > m>p collection, bunching, cooling e "

ransverse emittance €N 0.0004m

> €N =400 m mm-mrad, g, =2 mmm Longitudinal emittance &N 0.002m

® 1012 bunch Energy spread oE 4MeV

(mN/m e) 2 — W . ] Collision B* B* 0.05m
> Accelerate, Collider ring Beam size at collision oy, 0.02cm

x I u OE = 4 MeV, C=300m Beam size (arcs) Oyy 1.0cm

4 3 ’ OOO I n Beamsize IR quad O max 5.4cm

= Detector 1000
t

Cross SeCtIOn = monitor polarization precession Broton Beam Power 4 MW

Storage turns N

P

= for energy measurement Bunch frequency F 60 Hz
N

E

° N\ ° + _
VIS-a-VIS e e ® JE - 0.1 MeV Protons per bunch

error P 5x1013
Proton beam energy p 8 GeV
Proton Driver D Front Cooling Acceleration Collider Ring
g 2 5 End utou
[ —_— .
0 g —
: S s2| 2 8 S
8GeVlinac? = w2l 5 8 8o 8o
= © @ = S [} = H—l
g z3|92 5| 8 €% 8
< Eﬁg 5 £ e 3 § = Accelerator Types: Linac,
2| @ & Recirculating Linacs (RLAs),
S FFAG
22
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From D. Neuffer: & }(y{% 126 GeV u+_u- Collider #

e Y

ollision Beam Energy wrEy e

o N ote S-C han N eI > 8 GeV, 4MW Proton Source Luminosity L Cow)

= 15 Hz, 4 bunches 5><1013/bunch Number of p bunches ng 1

o . . . u*/-/ bunch N, 102
enhancement: > m->H collection, bunching, cooling S . 0.0004m
> €N =400 m mm-mrad, g, =2 mmm Longitudinal emittance &N 0.002m

® 1012 H/ bunch Energy spread oE 4MeV

m / m )2 — . ] Collision B * B* 0.05m
( H € > Accelerate, Collider ring Beam size at collision Gy 0.02cm
x 43 OOO in n OE = 4 MeV, C=300m Beam size (arcs) Oyy 1.0cm
) Beamsize IR quad O max 5.4cm

u Detector

: ] ] ] ) Storage turns N, 1000
Cross section = monitor polarization precession Broton Beam Power . 4 MW
p
° N\ ° + _ u for energy measurement Bunch frequency Fp 60 HZ
VIS-a-VIS e e ¢® OJE,, 2 0.1MeV Protons per bunch N, 5x1013
Proton beam energy E, 8 GeV
Proton Driver D Front Cooling Acceleration Collider Ring
e So |03! suffices Q 2| enc
= —_—
0 g —
| =9 e TJ —_ | o
8 GeV Linac ? = S| E£ 5| 2 2
£ c2lcae| § su 3
3 I - o BF O
&’ %o g < 2 S s 8 Accelerator Types: Linac,
2| @ & Recirculating Linacs (RLAs),
8 FFAG
22
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From D. Neuffer: - 126 GeV p*-p- Collider L4

e Y
ollision Beam Energy wrEy e
o N ote S-C han N eI > 8 GeV, 4MW Proton Source Luminosity L Cow)
= 15 Hz, 4 bunches 5><1013/bunch Number of p bunches ng 1

o . . . u*/-/ bunch N, 102
enhancement: > m->H collection, bunching, cooling S . 0.0004m
> €, =400 m mm-mrad, g, =2 mmm Longitudinal emittance €N 0.002m

® 1012 H/ bunch Energy spread oE 4MeV

m / m )2 — . ] Collision B * B* 0.05m
( H € > Accelerate, Collider ring Beam size at collision Gy 0.02cm
x 43 OOO in n OE = 4 MeV, C=300m Beam size (arcs) Oyy 1.0cm
) Beamsize IR quad O max 5.4cm

u Detector

C ross SeCti O n ] ] ] ) Storage turns N, 1000
" monitor polarization precession Proton Beam Power P, 4 MW
° N\ ° + _ = for energy measurement Bunch frequency Fp 60 Hz
VIS-a-VIS e e ¢® OJE,, 2 0.1MeV Protons per bunch N, 5x1013
Proton beam energy E, 8 GeV
Proton Driver D Front Cooling Acceleration Collider Ring
oo —
e So |03l suffices Q 2| end vy
b —_— .
0 g —
— o TJ — 1
.« e 8 GeV Linac? = $3| £ & £ o0 80
() > 55| 8 € 8 A= £
Commission : T ERE IS B
o 9l = @ o 22 O
< [ g o £ e 3 § = Accelerator Types: Linac,
O Tzl e & Recirculating Linacs (RLAs),
on the 8 FFAG
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From D. Neuffer:  +y=

® Note s-channel > 8 GeV, 4MW Proton Source

= 15 Hz, 4 bunches 5%x1013/bunch

enhancement; > m>H collection, bunching, cooling
$°“A{;/e%
(Muy/me)? — TG((

Proton Linac 8 GeV

X 43,000 in
Cross section
vis-a-vis ete-

e So 103! suffices

Accumulator,
Buncher

+4->1 bunch

combiner
Hg target

Drift, Bunch, Cool

® Commission
on the Z0

(“giga-Z") RLAs

Linac

® Subsequently
upgrade to 1032

Collider Ring
Ovgg =0.027
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126 GeV p*-p-Collider

Parameter
Collision Beam Energy
Luminosity

Symbol
E1u+’Eu_

Number of p bunches
p*// bunch
Transverse emittance

Higgs MC Parameters -Upgrade

*Reduce transverse emittance to 0.0002m
*More Protons/pulse (15 Hz)

Muon Accelerators and Results from MICE

Parameter Symbol Value
Proton Beam Power P, 4 MW
Bunch frequency F, 15 Hz
Protons per bunch N, 4x5x1013
Proton beam energy E, 8 GeV
Number of muon bunches ng 1
u*/ bunch N, 5x1012
Transverse emittance €N
Collision 3" B* 0.05m
Collision B,,,., B* 1000m
Beam size at collision Cyy 200000nm
Beam size (arcs) G,y 0.3cm
Beam size IR quad O max 4cm
Collision Beam Energy EM+,EM_ 62.5(125geV total)
Storage turns N, 1300
Luminosity L, 1032
50000 H/yr
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From D. Neuffer:  +y=

126 GeV p*-p-Colli

der

Parameter Symbol Value

> 8 Gev 4MW PrOton Source Collision Beam Energy E,..E, 63GeV
. - ’ Luminosity Lo
N Ote S c han 4 el = 15 Hz, 4 bunches 5%x1013/bunch Number of u bunches ng
enhancement: > > collection, bunching, cooling T
a Accelg,, -
TN Higgs MC Parameters -Upgrade
(mlme2 > T

Proton Linac 8 GeV

*Reduce transverse emittance to 0.0002m

X 43,000 in

1 Accumulator, Parameter Symbol Value
Cross section Buncher 4
. . . 4 +4->1 bunch Proton Beam Power Pp 4 MW
VIS=a-=VIS e ' é~ combiner Bunch frequency F, 15 Hz
Hg target Protons per bunch N, 4x5x1013
Proton beam energy E, 8 GeV
‘ SO I 03 I S Ufﬁ Ces Drlft, BunCh, Cool Number of muon bunches Ng 1
u*/ bunch N, 5x1012
. : Transverse emittance € 0.0002
e Commission | e ; S0
Linac Collision 3 B 0.05m
on th e ZO Collision B, B* 1000m
Beam size at collision c 200000nm
c¢c __° y Xy
( glga'z ) RLAs Beam size (arcs) G,y 0.3cm
Beam size IR quad O max 4cm
Collision Beam Energy E ..E 62.5(125geV total)
‘ pt
Su bseq uently Storage turns N, 1300
upgrade to I 032 Collider Ring Luminosity L, 1032
Svgg =0.027
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*More Protons/pulse (15 Hz)

Muon Accelerators and Results from MICE




4. Collider Ring

® Example 2.5 km storage ring for /s = 1.5 TeV:

‘I correctors multipoles for higher order chrom. correction [Y Alexah|n et al FNAL]
! Dx (m)

T Tm

sextupoles

[

'
[~

200

Chrom. Correction Block *=1cm

150

100

50

Table 2. Example parameters for a 1.5 TeV (c.m.) muon collider [26].
LEMC HEMC

Avg. luminosity (10 cm*s™) 2.7 1

Avg. bending field (T) 10 8

Proton driver repetition rate (Hz) 65 15

S* (cm) 0.5 1

Muons per bunch (10'") 1 20

Muon bunches in collider (each sign) 10 1

Norm. Transv. Emittance (um) 2.1 25

Norm. Long. Emittance (m) 0.35 0.07
Energy spread (%) 1 0.1
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® Example 2.5 km storage ring for /s = 1.5 TeV:
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Table 2. Example parameters for a 1.5 TeV (c.m.) muon collider [26].
LEMC HEMC

Avg. luminosity (10 cm ™ s™) 2.7 @
Avg. bending field (T) 10 8
Proton driver repetition rate (Hz) 65 15
S* (cm) 0.5 1
Muons per bunch (10'") 1 20
Muon bunches in collider (each sign) 10 1
Norm. Transv. Emittance (um) 2.1 25
Norm. Long. Emittance (m) 0.35 0.07
Energy spread (%) 1 0.1
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LEMC HEMC

Avg. luminosity (10 cm ™ s™) 2.7 @
Avg. bending field (T) 10 8
Proton driver repetition rate (Hz) 65 15
p* (em) 0.5 D
Muons per bunch (10'") 1 20
Muon bunches in collider (each sign) 10 1
Norm. Transv. Emittance (um) 2.1 25
Norm. Long. Emittance (m) 0.35 0.07
Energy spread (%) 1 0.1
ILLINOIS INSTITUTEW/}: D. M. Kaplan Muon Accelerators and Results from MICE FNAL Colloquium 2/19/20 71/ 46 'y

OF TECHNOLOGY



4. Collider Ring

® Example 2.5 km storage ring for /s = 1.5 TeV:

‘I correctors multipoles for higher order chrom. correction [Y Alexahin et al.’ FNAL]
! Dx (m)

- l\“\
2 \\

-g/ |
o =
(7]
I
wnl
" ™~
\
\

sextupoles

200

Chrom. Correction Block *=1cm

150

100

50

Table 2. Example parameters for a 1.5 TeV (c.m.) muon collider [26].
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