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Muon Cooling Progress and Prospects
for an S-channel Muon Collider Higgs .
Factory

...or, one highly possible, desirable facility that could illuminate
the nature of the recently discovered Higgs Boson on the once
and future path to the energy frontier that runs productively
through the peculiar and unique capabilities of Fermilab:

» Muon storage rings as high precision neutrino sources.

» A Z Factory

> A Higgs Factory
» A Muon Collider is an ideal technology for a TeV or multi-
TeV collider.



P5 Goals: Long-Range Accelerator R&D

“For e*e” Colliders the primary goals are:

— Improving the gradient and lowering the power consumption”
« P5, Building for Discovery , p. 19 (May 2014)

Both goals are achieved by increasing the mass of the
electrons

— Higher mass electrons will not radiate ; enabling multipass
acceleration; gradient is improved by number of turns

— Non-radiating electrons, multipass acceleration, consume less
power

Changing the electron mass ... (m, Is quantized)
— 0.511, 105.6, 1777 MeV

105.6 MeV is optimum for next generation e*e Colliders
— requires E'>> m_,/ct, =0.16 MV/m



High-Luminosity Lepton Colliders Need Cooling
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6 D lonization Cooling and Emittance

1. Neutrino source: 4-D cooling

lonization Cooling Emittance evolution in a cooling channel
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Neutrino Radiation Problem Inspires New Source
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“Heavy Electron” Accelerators

Advantages
« Larger couplings to Higgs-like particles - possible low energy Higgs
Factory, Z’
« Narrower energy spread — precision measurements
« Easier acceleration
« Smaller machine footprints

Challenges No show-stoppers...

* Production is into diffuse phase space
— Tertiary beam: p 2> © =2 pv
— Need to capture and focus quickly
— lon. cooling necessary — but now a developing technology

* Have very short lifetimes: p 2> ev,v,
— Acceleration must be rapid
— Backgrounds from decays
— Concern over neutrino radiation (mitigated by extreme
cooling, flat and or undulating beams...)



Muon (heavy electron) Colliders are compact

VLHC

d=74km
ILC ' 5
I=30km




Features of the "Heavy Electron” Collider

. jﬂ-llllllll-
« Superb Energy Resolution Crme1OMSV (% ey b
— SM Thresholds and s-channel Higgs B e TAN Wittt
Factory operation 0 ;’;ﬁ;‘fm :.,;1 f‘
+ Multi-TeV Capability (< 10TeV): = =p=s == x_/’
— Compact & energy efficient machine ol i
— Luminosity > 103 cm? st
— Option for 2 detectors in the ring 205 02 —01 126 201 07 105 1.04
1.,-"? (G .
For Vs > 1 TeV: Fusion s o
processes dominate K 7 Fa
 an Electroweak Boson Collider 000}
- . 800
°a dlscovery machine e X 03 —015 126 +015 +.03

complementary to a very high Jaewm

energy pp collider

- 5TeV: Higgs self-coupling
resolution <10%

A 10 TeV ptu" collider has similar discovery e Sp
reach as a 100 TeV pp machine! 03 —-013;1(2;\;-015 +03




Heavy vs. Light Lepton Physics Capability

Superb Energy Resolution
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Muon Collider Functional Layout
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Lepton (Muon) Collider Parameters

Higgs Multi-TeV
AccountsiFor

Productionf SiteRadiationl?]

Parameter Units Operation Mitigation
CoMEnergy TeV 0.126 1.5 3.0 6.0
Avg.Auminosity 10**cm™s™ 0.0084 1.25 4.4 12
Beam@EnergyBpread % 0.004 |\ 0.1 0.1 0.1
Higgs®roduction/10’sec /T3,500 \ 37,500 200,000 820,000
Circumference km / 0.3 \ 2.5 4.5 6
No.BfPs / 1] \ 2 2 2
Repetition®Rate Hz VY 15| \ 15 12 6
b* cm / 1.7|189.5-2) [0.580.3-3) 0.25
No.@nuons/bunch [ 107 ARE 2 2
Norm.ETrans.@EEmittance,;, p mn;lrad 0.2 \).025 0.025 0.025
Norm.Aong.Emittance, @, p nﬁ—rad 1.5 \ 70 70 70
Bunchilength,B /cm 6.3 ! 0.5 0.2
Proton@Driver@Power / MW 4 \ 4 4 m
WallPlugPower A MW 200 116 230 \270

of Higgs Width

Exquisite Energy Resolution
Allows Direct Measurement

Success of advanced cooling
concepts = several £ 1032




Lepton Colliders
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Muons,
Inc.

New ldeas from Muons, Inc.

Private company funded primarily through DOE SBIR/STTR program
Rolland Johnson, founder and president

1. The idea of a gaseous energy absorber enables new technology
to generate high accelerating gradients for muons by using the
high pressure region of the Paschen curve: High Pressure RF
Cavity (HPRF) TESTED!

2. Concept of a cooling channel filled with continuous homogenous
absorber to provide longitudinal cooling by exploiting the path
length correlation with momentum in a magnetic channel with
positive dispersion: Helical Cooling Channel (HCC). COMPLETE
END-END SIMULATION.

3. Parametric Resonance lonization Cooling (PIC) concepts are
being developed that can decrease emittance by factor of 10
beyond the “equilibrium emittance” of current cooling
techniques. STILL DEVELOPING
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Muons, Inc. High Pressure RF Test Cell

Can moderate dark current and breakdown currents in magnetic
fields

Pressure (psia) at T=293K
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» Maximum gradient limited by breakdown of metal.

* Cu and Be have same breakdown limits (~50 MV/m), Mo(~63MV/m), W(~75MV/m).
* Results show no B dependence, much different metallic breakdown than for vacuum cavities.




High Pressure RF with Beam

Does intense beam induce an electric breakdown? — No!

* Gas-filled cavity

— Moderates dark current and
breakdown currents in

* Electronegative Species
— Dope primary gas
— Can moderate the loading

magnetic fields
effects of beam-induced

— Contributes to cooling :
plasma by scavenging the
— Isloaded, however, by beam- relatively mobile electrons
induced plasma
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U Helical Cooling Channel Magnet

Dipole =» Dipole + Solenoid (+Quad for stability)

Incident Muon Beam Incident Muon Beam . . ) ~ X - E
| —p] Opposing radial forces: Fh—dlpole ~ p,xB;; b=B,
Evacuated H, Gas Absorber
Dipole Magnet | T~ in Dipole Magnet [~~~ LN — . =
— — f L b |:solenmd"“ pJ_szi B Bz
central __( (p'pz_ z'p(p)
m
<_ \ :-7___7._\1‘ Y
Figure 1. Use of a Wedge Absorber Figure 2. Use of Continuous Gaseous
for Emittance Exchange Absorber for Emittance Exchange

Transforming to the frame of the
rotating helical dipole leads to a time
and z —independent Hamiltonian, can
form relation:

Positive dispersion

" /1_'_ K2 1_|_ K2 Red: Reference orbit Blue: Beam envelope
p(a) = k 3= b Dispersive component makes longer path

length for higher momentum particles and
Manipulate values of parameters to  shorter path length for lower momentum
change performance particles.

K

Y. Derbenev and R. Johnson, Phys. Rev. ST —Accelerators and Beams 8 (2005) 041002



 HCCEngineering Design

RF Cavities: Refigerant

1 Pressurized B | [
2 Dielectric Loaded HS Coils

3 Positioned inside HS Coils Spool

4 Powered by Magnetrons

HS coils el RF Cavities

L NS~ Pressure Seal

One of several -
RF cavities g —{=—

02-Doped e Be grid RF windows
H2 gas =

channel Beam center

A £ Dielectric Coax RF /‘;
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Helical Solenoid Magnet — Muons, Inc. and Fermilab

Conceptual drawing (left) and 3d printer version (right) of the Nb3 Sn HS spool and
conductor that will be fabricated and tested in the Fermilab Vertical Magnet Test
Facility. The test will use two layers of cable.



/u Muons, Inc.

Simulation study of HCC for
Muon Collider (MC)

400 MHz HCC
1% 10-5 A=1m, k=1
b4 e —_—
5x 1076 < e—f——
_ 200 MHz HCC |
L A=2m, k=1 800 MHz HCC
— 1x107%" A=0.5m, k=1
& 5x1077 '
3 I
Y 1x1077
5x1078 ]
p=250 MeV/c |
1x10-8L— . - L eeeeee,,
0 50 100 150 200
z [m]

6D Phase space evolution in current HCC,

by Katsuya Yonehara
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wons,ine EXtreme Cooling: PIC and H
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Technology Challenges - Acceleration

« Muons require an ultrafast accelerator chain, that is just beyond
stgndard m?hmes « Superconducting Linacs (NUMAX choice)

7  Recirculating Linear Accelerators (RLAS)
\ . ° Fixed-Field Alternating-Gradient (FFAG) Rings

&\ Rapld Cycling Synchrotrons (RCS)

RCS requires
AN e 2 T p-p magnets
AN RS SSNE S ot f > 400 Hz
= ® (U Miss, BNL &
FNAL)

EMMA = FFA@
- R\P ﬁ

255m
2 GeV/pass

« RF power sources: Muons, inc. phase and frequency locked
magnetrons can provide a cheaper, more robust alternative to klystrons



"Q;gl Updated 63 x 63 GeV Lattice

Progra™ . .
Jﬂl‘, (m) [ =] | CCS | Matching Section | 14 Arc |
D, (m)
&l
Ml. -Jr-’!
w D, x5 < > ]
: JE. Y. Alexahin
m 3
JB.
% ) ) % 100 ) W s(m)
tics functions in half ring for f*=2.5cm
op natore
Beam energy GeV 63 63
Average luminosity 103emafs 1.7 8.0
Collision energy spread MeV 3 4 dispersion \,\/
. suppressor
Cireumference, C m 300 300 \ b* tuning
MNumberof IPs - 1 1 \ section
B” Eul 33 .7 chromaticity correction
Mumber of muons / bunch 1012 2 4 sextupoles
Number of bunches / beam - 1 1 .
One IPin

Beam energy spread Yo 0.003 0.004 E
Nomalized emittance, ¢, ammrad 04 0.2 the latest
Longitudinal emittance, g, T-Mmim 1.0 15 deSIgn
Bunch length, o_ cm 56 6.3
Beam size atIP, rm.s. mm 0.15 0.075
Beam size in IR quads, rm.s. cm 4 4
Beam-beam parameter - 0.005 0.02
Repetition ratz Hz 30 15
Proton driver power MW 4 4




Heavy Lepton Acceleration Program at Fermilab

LBN”DUNE”
$~._Superbeam

1 GeV Muon
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300m Higgs Factory
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Parting Thoughts — Thinking Bigger Jig >

Despite (consistent with) the current P5 priorities, a staged muon (heavy
electron) acceleration program at Fermilab is a viable path to a Higgs factory
and a possible energy frontier future. Starting with what we already have -
planned and present.

Cooling is a standard practice in accelerator science, ionization is settled
physics and the essential technology for ionization cooling has now been
proven viable. Necessary accelerator and magnetic field gradients have
already been demonstrated.

Some elements of these future machines will be built in the current “future”

LBN(E,F,DUNE) neutrino program. A muon storage ring source of neutrinos

could be a viable upgrade. Consistent with the “megascience”, international
character of our aspirations at Fermilab.

In particular, Muons, Inc. cooling and other accelerator technologies are making
bright muon beams (and beams of any flavor) more affordable and viable.

Great synergies with the Fermilab Program: Before the ultimate energy frontier
machine, it offers possible upgrades to both current muon and neutrino
programs. Staged implementation with accruing savings.



Muons Ine. - Some Important Relationships

N2 2
Hamiltonian Solution p(a) = L {B—“K b} k=274 xk=ka
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MTA Beamline




lonization Cooling Experiment: MICE

GOALS: Build a section of cooling channel capable of giving the desired
performance for a Neutrino Factory
& test in a muon beam. Measure ‘ L IR
performance in various PP L T D g
modes of operation. |

\nstru entat®
*I':I::l Stage 1
p R i

o Multi-stage experiment. Kl::: ::I Stage 3
e First stage being i

commissioned now. ﬁf Stage 3
- : .<ll::--] #—-—-l
e Anfticipate final stage

Comp|€1’€ by ~2015 ﬂ t .. _;l _: Stage (;r
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