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Outline

• Secondary beams and their applications

• Production of secondary beams

• Fermilab Muon Campus: a testbed for secondary beams

• Challenges on lattice design with secondaries:

– Particle-matter interactions

– Particle contamination and cleaning 

– Particle decay

– Polarization tracking

• Introduction to G4beamline

• Examples of using G4beamline for modeling secondaries
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g-factor or gyromagnetic ratio
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• g-factor dictates the relationship between momentum & spin 

• Its exact value is still an open question

Magnetic moment (𝝁) of a classical muon 

(mass mμ) with charge 𝑒 and angular 

momentum 𝑳:

Magnetic moment of a muon with intrinsic spin 

angular momentum 𝑺:
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A hint of new physics?

• Standard model: gtheory= 2.00 233 183 630 (99)

• Last measured : gmeas = 2.00 233 184 178 (126)

• What other physics must be added to make gtheory=gmeas? 
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Current discrepancy 
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Goal of the Fermilab 

Muon g-2 Experiment 



The Fermilab Muon g-2 Experiment (1)

Precession frequency: 𝜔𝑎 =
𝑒

𝑚𝑐
𝑎𝜇𝐵 − 𝑎𝜇 −

1
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Inject polarized μ+ into a

storage ring (SR)

𝜇+ → 𝑒+ + 𝜈𝑒 + ҧ𝜈𝜇
Detectors: Detect the decay e+.

Exploit the property that direction

of e+ is strongly correlated with the 

direction of μ+ spin

Electrostatic quadrupoles: 

For vertical focusing

Uniform field:  B=1.45 T

Zero: by using “magic” 3.09 

Gev/c muons 



The Fermilab Muon g-2 Experiment (2)
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The Fermilab Mu2e experiment (1)
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• Muons are stopped in a Al target and captured into an 

atomic orbital state of an Al nucleus. Most likely processes:

• Decay in orbit:

• Muon capture:

 ν νe μ μe

−− →

Le 0 = 1 -1 0

Lμ 1 = 0 0 1

1)-ZN(A, νZ)N(A, μ μ→−

Lμ 1 = 1

 -

Aluminum

Nucleus



The Fermilab Mu2e experiment (2)
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• Mu2e will for look for a neutrinoless muon to electron 

conversion:

• The Mu2e experiment endeavors to detect Charged Lepton 

Flavor Violation 

Le 0 ≠ 1

Lμ 1 ≠ 0

Z)N(A, Z)N(A, −− → e



The Fermilab Mu2e experiment (3)
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Towards a Muon Collider (far future)
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• As with an e+e− collider, a μ+μ- collider would offer a 

precision probe of fundamental interactions

LHC

CLIC

ILCMuon

Collider

d=8.4 km

d=2 km

I=30 km

I=50 km



Why muons?
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• Carry the same electrical charge as electrons

• Like electrons, muons are elementary particles and thus can 

produce “clean collisions”

• Muons are ~200 times heavier than electrons making it more 

sensitive to the discovery of new physics 

• The large muon mass suppresses synchrotron radiation and 

thus can be accelerated in circular channels at much higher 

energy than electrons



Muon production 

• Atmospheric muon beam

– High energy protons strike atmosphere

– Pions and kaons are produced

– Pions decay before they interact

– Muons are born

– Arrive at sea level with a flux of ~ 1 

muon per square cm per minute 

• Unfortunately, these muons are not 

enough for executing the 

aforementioned experiments
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Creating a “human-made” muon beam

• High intensity muon beams are possible using high-energy 

accelerators

• Major production components:

– Proton beam transport & tight focusing area 

– Pion production target

– Focusing and energy selection system

– Decay and muon transport region
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Protons π, K

Focus and bend

μ

π decay

e

μ decay

Target



Fermilab Muon Campus accelerator
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8.89 GeV/c p 

beam impacts 

the target

3.1 GeV/c 

secondaries (π, 

μ, p) travel 

along M2 & M3

μ+ are extracted 

from the ring and 

transferred into the 

storage ring via M4, 

M5

Beam loops the DR: 

π+ decay to μ+

μ+ enter the g-2 

storage ring

Protons separate 

and are removed



Secondary beam production scheme
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Collimator

Target
Profile monitor

Pulsed magnet

Quad triplet

8.89 GeV/c protons



Quadrupole triplet for tight focusing
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Triplet



Final focus with a quadrupole triplet
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• Combination of equal D and F 

quads leads to net focusing

• BUT focusing is different in x 

and y directions 

• A quad triplet focuses equally 

in both directions and thus 

focus to a point

• Allows stronger focusing

• Ideal for small spot sizes

Doublet

Triplet



Target considerations
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• Production target should produce high yield of pions and 

muons

• Pion production rates are approximately independent of 

atomic number, although production of other particles 

(neutrons, gammas) increases with Z. Low Z materials 

minimize scattering

• Particle interactions should generate little heat and targets 

should dissipate heat easily

• Monolithic targets are not necessarily the best design –

surface to volume ratio needs to be maximized

• For g-2, we rely on a Inconel 600 based target:



Muon g-2 Target
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• Target has an outer Be cover to prevent target material from 

being sputtered onto nearby elements

• Is rotated one turn per 45 s & is moved vertically by 1 mm 

after each 2x1016 protons to spread the depletion uniformly



Beam distribution
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• Beam distribution out of the target has an enormous energy 

spread and occupies a large phase-space distribution 

• Strong focusing is necessary  



Lithium lens 
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• The lens is  a short (16 cm) cylindrical column of lithium 

metal with a constant current density around its axis giving an 

azimuthal B-field which focuses particles transversely (both 

planes) 

• Lithium is chosen due to its large interaction length. 



Considerations for muon capture
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• Muons are coming from pion decay. The lifetime of a pions is 

26 ns in their on frame. Therefore, a considerable long muon 

capture line is necessary 

• MC capture lines are 280 m long. Exponential decay law 

predicts:

𝑁 = 𝑁0𝑒
−(𝑡𝑀2𝑀3)/𝛾𝜏𝜋 = 0.3𝑁0 → 70% of 𝜋+ decay

• Daughter muons have equal or lower momentum and even 

larger momentum spread. They do not come from a single 

spot.

• The muon capture channel requires a high density of 

magnets so that to properly focus and transport the beam



Muon capture & transport line optics
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• The capture and transport of secondary beam is done with 

magnets

• Mainly two types of magnets: bending magnets (dipoles) 

and focusing magnets (quadrupoles)



Dipole magnets
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• Recall that the Lorentz force on a particle: 

𝐹 = 𝑚𝑎 = 𝑒 𝐸 + 𝑣 × 𝐵 =
𝑚𝑢2

𝑟

• In the absence of an E-field and 

assuming that B and v are perpendicular: 

1

𝑟
=
𝑒𝐵

𝑝

• In an accelerator, dipoles are used to 

bend the beam trajectory. By using the 

appropriate field, one can tune the 

system so that particles of certain 

momentum can transported only



Target station dipole
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π+ before 

selection

π+ after 

selection



Quadrupole magnets
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• Quad magnet has four poles and imparts a 

force proportional to distance from center

• Magnetic Field:

𝐵𝑥 = −𝐺𝑦 and 𝐵𝑦 = 𝐺𝑥

• Magnetic Force:

𝐹𝑥 = −𝑞𝑣𝐺𝑥 and 𝐹𝑦 = 𝑞𝑣𝐺𝑦

• Focus in one plane, defocus in the other 

• Accelerators consist of a sequence of 

identical “FODO” cells which combine a 

focusing & defocusing quad, separated by 

a drift



Focusing Defocusing  (FODO) lines 
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• The beam is matched if after every period the Twiss 

parameters are identical



Muon Campus beam lines
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Quadrupole magnet
Dipole magnet

Muon campus M3 line Muon campus Delivery Ring



Muon Campus quad magnets
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• Most Muon Campus quads have special vacuum chambers 

that conform to the poles in order to extend the aperture and 

therefore maximize capture



Layout of the Muon Capture line
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M2 line

M3 line

DR

Target



Muon capture & transport line (M2)
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4 quads to match the 

target generated beam 

distribution  

Second 3º bend that 

cancels dispersion and 

aligns the M2 line with 

M3

First FODO section at 

120º phase advance



Muon capture & transport line (M3)
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Series of horizontal and 

vertical bending to align 

with the injection leg of 

the DR 

Two 9.25 horizontal 

bending magnets to align 

with the DR injection leg

Second FODO section 

at 90º phase advance

Third FODO section at 

72º phase advance



Simulation challenge #1

• Generation and transport of secondary beams involves 

particle-matter interactions

– A code that can handle physical processes such as straggling, 

scattering and ionization is necessary

• Perfect examples are the target and the Li-lens 
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Simulation challenge #2

• Beam is contaminated with several species 

– Pions, muons, kaons, positrons 

• Some are not stable particles and their evolution over distance 

needs to be estimated
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Challenge #3

• Beamline is composed into several magnetic elements to 

properly focus the beam 

– Aperture restrictions 

• Most Muon Campus quads have special vacuum chambers 

that conform to the poles in order to extend the aperture and 

therefore maximize capture
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Challenge #4
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• Energies of newborn muons is not the same

• In the pion rest frame:

𝑝∗ =
𝑚𝜋
2−𝑚𝜇

2

2𝑚𝜋
= 30 MeV/c

𝐸∗ =
𝑚𝜋

2 +𝑚𝜇
2

2𝑚𝜋
= 110 MeV

• Boost to laboratory frame: 

𝐸𝜇 = 𝛾𝜋(𝐸
∗ + 𝛽𝜋𝑝

∗𝑐𝑜𝑠𝜃∗)

• Limiting cases:

– 𝑐𝑜𝑠𝜃 = +1 → 𝐸𝑚𝑎𝑥 = 1.00 × 𝐸𝜋 (forward decays)

– 𝑐𝑜𝑠𝜃 = −1 → 𝐸𝑚𝑎𝑥 = 0.57 × 𝐸𝜋 (backward decays)





Muons at the end of M3

• Distribution of μ+ has a long low-momentum tail
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Tail μ+



Challenge #5 
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• Muons from pion decay are naturally polarized. Their 

polarization is highly depended on the momentum ratio 

between the new born muon and its parent pion, 𝑥 = Τ𝑝𝜇 𝑝𝜋

• Transverse polarization is given by: 

𝑃𝑇 =
2𝑏

𝑥(1 − 𝑏2)
(1 − 𝑥)(𝑥 − 𝑏2) 1/2, 𝑏 = Τ𝑚𝜇 𝑚𝜋

• Longitudinal polarization is given by: 𝑃𝐿 =
𝑥 1+𝑏2 −2𝑏2

𝑥(1−𝑏2)

+

+



p pS S

S =0



Polarization in the Muon Campus (1)
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• The rms momentum spread of the Muon Campus is ~2% 

• Muons from forward decays are surviving and the muon 

polarization is expected to be >90%



Quick guide to G4beamline (1)
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• G4beamline is a particle-tracking simulation program based 

on the Geant4 toolkit [http://geant4.cern.ch].

• All of the Geant4 physics lists are available, modeling most 

of what is known about particle interactions with matter.

• The program is optimized to model and evaluate the 

performance of beam lines.

– It has a rich range of beam-line elements.

– It has general-purpose geometrical solids and fields so you can 

construct custom elements (e.g. an electrostatic septum, multi-

function magnets, complex absorbers).

– It lets you easily lay out elements along the beam centerline



Quick guide to G4beamline (2)
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• The basic idea is to define each beamline element, and then 
place each one into the beamline at the appropriate place.

• All aspects of the simulation are specified in a single ASCII:

– Geometry

– Input Beam

– Physics processes

– Program control parameters

– Generation of output NTuples

• The input file consists of a sequence of commands with 
named arguments. Each command has its own list of 
arguments

• Command and argument names are spelled out, so the 
input file becomes a record of the simulation that is readable 
by others



Quick guide to G4beamline (3)

4242



Quick guide to G4beamline (4)

4343



Quadrupole magnet

44

• Unlike MAD, G4beamline includes not only the “focusing” 

effects of a magnet but also the aperture effect. 



Dipole magnet
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• G4beamline includes not only the “bending” effects of a 

magnet but also the aperture effect. 



Expected performance
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• Secondary beam consist of protons, pions, muons, positrons 

and deuterons

30% loss



Phase-space analysis: π vs μ

• μ+ have larger transverse momentum (compared to π+)

• As a result, muons are lost in apertures between H726 & 

H729 bends
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Beam just before H726 bend



Interaction with materials
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• G4beamline includes key physical processes such as 

ionization, scattering and straggling. 



FODO Example (MAD view)

• MAD shows you the elements and exports Twiss functions 
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FODO Example (G4beamline view)

• Unlike MAD, G4beamline includes apertures and 3D 

graphical interfaces

• Does not export Twiss parameters 

• You need to “collect the data” and post-process it by your 

own.
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FODO Example (G4beamline view)

• The trick is to add several Virtual Detectors along the line
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Example of an input file
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Simulation model
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• M2 & M3 lines will carry the secondary beam from the 

target (T) to the delivery ring (DR)

• Loop four times until μ+ yield peaks and all p are removed

M2

M3

DR

T G4BL model

M2



Model for the M2-M3 beamlines

Q812 H812 Q706

Q726 H726 Q727 Q728 Q729 H729 Q730

Li lensTarget PMAGCollimator

Q752

Q751 V750 Q750 Q749
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Target station
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• Target station consists of five devices: production target, 

lithium lens, collimator, pulsed selection magnet & dump

• Muons are produced indirectly: p→𝜋+ (26 ns)→𝜇+ (2 μs)



Target model for g-2
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Lithium Lens

• Lithium rod with beryllium vacuum windows and titanium 

casing

• 116 kA current through lithium generates focusing magnetic 

field
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Modeling the B-field of lens

58



Lithium Lens

• 0.53 T vertical field bends 

particle paths  

• Particles with momentum 

around 3.1 GeV/c continue to 

next part of the beamline

• Unbent leftover protons sent 

to beam dump
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Beam simulation through target (1)



Beam simulation through target (2)


