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From the Cathode Ray Tube to a Muon Collider

1897 Braun: Cathode ray tube (∼ 20 keV, ....television sets).

1930 Cockcroft & Walton, Van de Graaff, Wideroe: Linear accelerators to ∼ 1 MeV.

1930 Lawrence: Cyclotron = first circular accelerator, ∼ 10 MeV.

1940 Kerst: Betatron = circular induction accelerator, ∼ 10 MeV.

1945 McMillan, Veksler: Synchrotron = circular ring accelerator, ∼ 1 GeV.

1950 Christofilos: Alternating gradient focusing, ⇒ synchrotrons to 10 GeV.

1955 Kerst: Proton colliding rings (first built as electron rings).

1956 Wigner: Liouville’s theorem applies to particle beams.

1956 O’Neill: Ionization cooling for storage rings.

1960 Melissinos: Muon storage ring.

1962 Milburn: Laser-electron Compton backscattered photon beam.

1966 Budker: Electron cooling.

1968 Van der Meer: Stochastic cooling of antiproton rings.

1968-69 Tikhonin, Budker: Muon colliding rings with ionization cooling.

1993 Mikhailichenko, Zolotorev: Optical stochastic cooling.
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Nicholas Christofilos

Developed the concept of alter-

nating gradient focusing (inverted

pendulum stability) in 1950 while

working as an elevator operator.

Later invented the induction linac.

Pioneered studies of electromag-

netic pulses and aurorae produc-

ing by high altitude explosions of

nuclear bombs.

Tribute by A.C. Melissinos: http://puhep1.princeton.edu/˜mcdonald/accel/christofilos.pdf
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Adrian Melissinos

1960: First proposal for a muon

storage ring. Later implemented

for studies of g − 2 of the muon.

1997: Production of positrons in

nonlinear light-by-light scattering

(with KTM).

“Sparking the Vacuum”.

Tribute by KTM: http://puhep1.princeton.edu/˜mcdonald/adrianfest/adrianfesttrans.pdf
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The Sandal-Making Poet of Athens

“Take away the Glories and the Honors

The granite palaces of this vain world

And only give me the smile of Pain

The tear of Joy and I will erect

A thousand palaces in me in which to live.”

–Stavros Melissinos,

Known among sandal-makers as “The Poet”

(and among poets as “the Sandal-Maker”).

89 Pondrossou Street in Monastiraki, Athens

Melissos of Samos

Student of Parmenides.

Admiral of Samian navy, defeated Pericles 441 BC.

“Nor is anything empty. For what is empty is nothing.

What is nothing cannot be.”

“Accordingly, being was not generated, nor will it be

destroyed;

So it always was and always will be.”
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Why Muons?

• A muon is a heavy electron.

⇒ Fundamental interest in the

properties of the muon and of its

decays.

• Muons live 2.2 µs when at rest.

⇒ Muons of any energy live ≈
1,000 turns in a 2-T magnetic

field.

⇒ Can use rings to accelerate,

store and collide muons.

Why Now?

• mµ = 205me

⇒ Initial state radiation suppressed

in µ+µ− collisions.

⇒ Precision leptonic initial states

up to 100 TeV.

• Muon decay, µ → νµeνe, provides

well-known fluxes of

νµ, νe (νµ, νe) in equal amounts.

⇒ Neutrino factory.
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What is a Muon Collider?

An accelerator complex in which

• Muons (both µ+ and µ−) are

collected from pion decay

following a pN interaction.

• Muon phase volume is reduced

by 106 by ionization cooling.

• The cooled muons are acceler-

ated and then stored in a ring.

• µ+µ− collisions are observed

over the useful muon life of

≈ 1000 turns at any energy.

• Intense neutrino beams and

spallation neutron beams are

available as byproducts.

A First Muon Collider to study a light-Higgs
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Fast Ionization Cooling of Muon Beams

• dE/dx loss cools both PT and

PL.

• Multiple scattering heats PT ,

straggling heats PL.

• With low-Z absorber can have

net cooling of PT , but PL is

heated.

• A magnet + wedge absorber

can exchange transverse and

longitudinal phase space.

• Then cool transversely again....

An affordable implementation of fast ionization cooling is the major R&D challenge

for a muon collider.

The Neutrino Factory and Muon Collider Collaboration:

http://www.cap.bnl.gov/mumu/mu home page.html
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A Neutrino Factory Based on a Muon Storage Ring

• Many of the neutrino oscillation so-

lutions permit study of the cou-

plings between 2, 3, and 4 neu-

trinos in accelerator based exper-

iments.

• More neutrinos are needed!

• Present neutrino beams come from

π, K → µνµ with small admixtures

of νµ and νe from µ and K → 3π

decays.

• Higher (per proton beam power) and

better characterized neutrino fluxes are

obtained from µ decay.

• Collect low-energy µ’s from π decay,

Cool the muon bunch,

Accelerate the µ’s to the desired en-

ergy,

Store them in a ring while they

decay via µ− → e−νµνe.

[Of course, can use µ+ also.]
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A Neutrino Factory Based on a Muon Storage Ring
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Multimawatt Target for a Muon Collider/Neutrino Factory

Use a free mercury jet as target for a

4-MW proton beam to produce π’s, µ’s and

ν’s.

Capture the charged π’s in a 20-T solenoid

magnet.

Targetry R&D:

    

Mercury jet dispersed by a proton

beam.

Nick Simos performing solid target

studies in a BNL hot cell.
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Can Study CP Violation of Neutrinos at L/E = (2n + 1)500 km/GeV

[Marciano, hep-ph/0108181, Diwan et al., hep-ph/0303081]

The nth maximum of ν2-ν3 oscillations occurs at L/E ≈ (2n + 1)400 km/GeV.

The CP asymmetry grows with distance:

A =
P (νµ → νe)− P (ν̄µ → ν̄e)

P (νµ → νe) + P (ν̄µ → ν̄e)
≈ 2s12c12c23sin δ
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Low Eν favorable for CP violation measurements.

If (still) need to disentangle matter effects from CP

asymmetries, use the n = 0 and 1 oscillation maxima

with E1 as low as possible,

Ex: FNAL-Kenosha (986 km),

BNL-FNAL (1286 km).
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Narrowband Beam via Solenoid Focusing

(physics/0312022)

• Point-to-parallel focusing occurs for Pπ = eBd/(2n + 1)πc.

• ⇒ Narrowband neutrino beam with multiple peaks at

Eν ≈ 4

9

eBd

(2n + 1)2πc
.

• ⇒ Can study several neutrino oscillation peaks at once, at

1.27M 2
23[eV

2] L[km]

Eν[GeV]
=

(2n + 1)π

2
.

• Get both ν and ν̄ at the same time (while νe and ν̄e suppressed),

⇒ Must use detector that can identify sign of µ and e,

⇒ Magnetized liquid argon TPC.
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Liquid Argon TPC Overview

• A liquid argon time-projection chamber is a total-absorption tracking calorimeter

= An electronic bubble chamber.

• It’s efficiency for detection of νe appearance events will be greater than 90% for

GeV energies.

(This is >∼ 3 times the efficiency of low-Z sampling detectors.)

• A large (> 10 kton) liquid argon TPC, if in a single cryostat, will cost very nearly

the same as a low-Z sampling detector of the same mass.

(There is highly competitive industry support for production, purification and

storage of large quantities of liquid argon.

Liquid scintillator costs 2.5 times as much as liquid argon, per unit mass.)

• The hardware of a liquid argon TPC is in a mature state, and readily scalable to

large masses.

• More in need of further development is the software

– in the style of bubble chambers.

(Human scanning of event displays if necessary.)
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ICARUS Liquid Argon TPC

Liquid argon time projection chamber conceived by C. Rubbia (1977).

Largest implementation to date is the ICARUS T600 (600 ton) module,

on the surface in Pavia, Italy.

http://www.aquila.infn.it/icarus/
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Events from the ICARUS T300 Cosmic Ray Test

Above: 3 views of a

low-energy hadronic

interaction.

Right: Computer

reconstruction.

Far right: Cosmic ray

shower that includes

a muon with a δ-

ray, a stopping muon,

and an electromag-

netic shower.
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Liquid Argon TPC Properties

• 3D tracking + total-absorption calorimetry.

• Pixel size: 3 mm × 3 mm (wire planes) × 0.6 mm (via 400 ns time

sampling).

• ρ = 1.4 g/cm3, T = 89K at 1 atm., X0 = 14 cm, λint = 80 cm.

• A minimum ionizing particle yields 50,000 e/cm.

• Drift velocity of 1.5 m/msec at 500 V/cm ⇒ 5 m drift in 3 msec.

• Diffusion coef. D = 6 cm2/s ⇒ σ = 1.3 mm after 3 msec.

• Can have only 0.1 ppb of O2 for a 5 m drift,

⇒ Purify with Oxisorb.

• Liquid argon costs $0.7M/kton – and is “stored” not “used”.
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• Large modules (>∼ 100 kton) can be built using technology of liquid methane storage.

(Total cost of a 100-kton detector is estimated to be $200M.)

• Detector is continously “live” and can be “self-triggered” using pipelined,

zero-suppression electronics.

• Operates at the Earth’s surface with near zero overlap of

cosmic ray events.

• Detector is compatible with operation in a magnetic field.
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LANNDD – 100 kton Liquid Argon Neutrino and Nucleon Decay Detector

(astro-ph/0105442, Nucl. Instr. and Meth. A503, 136 (2003))

Can resolve sign of electron up to ≈ 2.5

GeV in a 0.5-T magnetic field.

Max drift length of 5 m (limited by O2 purity), ⇒ Several drift cells.
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Before a Neutrino Factory, a Neutrino Superbeam

Use an Off-Axis Neutrino Beam (BNL E-889).

π → µν decay kinematics has a Jacobian peak: θ ≈ 2◦ / GeV. (Sternheimer, 1955)

121086420

E π (GeV)

4

3

2

1

0

E
ν

(G
eV

)

θ = 0

θ = 0.005 θ = 0.01

θ = 0.015

θ = 0.02

θ = 0.025

θ = 0.03

43210

E ν (GeV)

5

4

3

2

1

0

R
el

at
iv

e 
N

eu
tr

in
o 

F
lu

x E p = 12 GeV

θ = 0

θ = 0.01

θ = 0.015

θ = 0.02

θ = 0.025

θ = 0.03

J2K (Kobayashi) NUMI (Wojcicki)

Kirk T. McDonald U. Ioannina, May 21, 2004 20



Off-Axis Neutrino Beams from CERN

Site Distance Lat. Long. 6 CERN

to CERN to Leuca

(km)

Voghera 270 44.9◦ 8.95◦ 4.4◦

Florence 490 43.7◦ 11.15◦ 3.9◦

Gran Sasso 730 42.45◦ 13.57◦ 2.5◦

Leuca 1225 39.8◦ 18.35◦ –

Could also use converted LNG tanker
in the Gulf of Taranto:
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Neutrinos and Arms Control Workshop, U. Hawaii, 5-7 February 2004

Goal: Detect Reactors from Whole Earth.

Need ≈ 1 gigaton detector = 1 km3, with

≈ 1 MeV sensitivity.

(J. Learned, U. Hawaii)

http://www.phys.hawaii.edu/˜jgl/nacw/agenda.html

• 100 modules @ 107 ton each.

• Balloons with radius 134 m.

• Flexible bag with photodetector

and electronics on inner wall,

pressure tolerant.

• Slightly buoyant, haul up for ser-

vice. Anchoring forces < 30 tons

• Get water from Antarctic?

Reverse osmosis?
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