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To facilitate the signal strength, the Mu2e experiment demands pulses of muons 

to arrive at the Aluminum target with a strict requirement on the uniformity of its 

intensity. 

This is  proton pulses with the required time structure are created by slow 

resonant extraction of the bunched beam from the Delivery Ring (DR).

Mu2e is an upcoming experiment at Fermilab that intends to capture muons in Aluminum atoms 

and look for new physics in their neutrino-less direct conversion to electrons. 

To create the muons, proton pulses are made to hit a Tungsten production 

target, and the pions/muons are selected from the cascades. 
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ï Move particles from A to B

ï Move particles from A to B with a specific energy

ï Move particles from A to B with a specific energy and intensity

ï Move particles from A to B with a specific energy, intensity, and time structure

ï Move particles from A to B with a specific energy, intensity, time structure, phase space control

ï Move particles from A to B with a specific energy, intensity, time structure, phase space control and minimal beam 

loss

ï Move particles from A to B with a specific energy, intensity, time structure, phase space control, minimal beam loss 

and an existential angst about why B is so far away!
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Accelerator Physics ï Main Players in transverse dynamics
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The main degrees of freedom we care about are:

      ὼ: the horizontal position of particle in the beam pipe

      ὼᴂ: the horizontal angle of particle in the beam pipe

     ώ: the vertical position of particle in the beam pipe

      ώᴂ: the vertical angle of particle in the beam pipe

Ὁ: the energy deviation of particle from ideal‏     

ὸ: the arrival time deviation of particle from ideal‏      
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The main transverse degrees of freedom would be:

      ὼ: the horizontal position of particle in the beam pipe

      ὼᴂ: the horizontal angle of particle in the beam pipe

     ώ: the vertical position of particle in the beam pipe

      ώᴂ: the vertical angle of particle in the beam pipe
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All fields are magnetic unless otherwise stated (and 

for a good reason!).



ÅHas two magnetic poles.

ÅGives a òcircularó bend to the particleõs 

trajectory.

ÅProvides some òweak focusingó.

ÅTypically, it is not required in linear colliders.

Magnetic Dipole
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ÅHas four magnetic poles.

ÅFocusses the particle in one plane and defocusses 

the same particle in the perpendicular plane.

ÅLeaves the ideal particles at the center untouched.

ÅRequired almost in every accelerator!

Magnetic Quadrupole
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Since the quad focusses in one plane and defocusses in 

another, we alternate focusing and defocusing quads to 

provide net focusing throughout the accelerator lattice.

Magnetic Quadrupole
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ÅHas six magnetic poles.

ÅNot all particles in an accelerator will 

have the ideal design momentum.

ÅHigher momentum particles are more 

ôrigidõ than lower momentum particles.

ÅSince all magnetic elements impart a 

guiding force proportional to particleõs 

velocity, rigid particles respond 

differently than less rigid particles, 

leading to ôchromatic aberrationõ. 

ÅSextupole helps by focusing beam on 

one side and defocusing beam on 

another side, correcting for this 

aberration. 

Magnetic Sextupole
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Equation of motion
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If we assume ôlinearõ guide fields:

Looking at the radial motion:

Linearizingé



Equation of motion ï Hillôs equation
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Though the K(s) changes along the design trajectory, it is typically a constant in a given 

individual element (such as drift, dipole magnet, and quadrupole magnet)!

DRIFT

FOCUSSING QUAD

DE-FOCUSSING QUAD



Equation of motion ï Piecewise Solution ï Matrix Formalism
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A single particle trajectory

01 May 2025 Aakaash Narayanan | CMS Seminar33

ÅA single particle is tracked 

through the Delivery Ring 

(~500 m circumference).

ÅWe see that the particle 

oscillates about the ideal 

trajectory (denoted by x = 0).

ÅEven though we had a SHM-

like equation in x, we see that 

we do not get a sinusoid. 

ÅThis is because the ôspring 

constantõ is also a function of 

position!

This oscillation is called the ôbetatron oscillationõ.
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Position and Angle
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Like we plotted the position, we 

can also plot the evolution of 

the angle of the single particle 

across the machine.



Position and Angle

01 May 2025 Aakaash Narayanan | CMS Seminar36

We see that the particle executes 

about 9 betatron oscillations as it 

goes once around the ring. 

This parameter is called the ôtuneõ 

of the accelerator!

The reason we see about 9 peaks 

here is because the horizontal 

tune of the Delivery Ring is:

 ’ ωȢφυπ



Position and Angle
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At the end of each turn, we note 

where the particle is returning to 

and then make a òphase spaceó 

portrait of the particle over 

multiple turns!

ὼȟὼ



Normalized Phase Space
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Normalized Phase Space
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The horizontal tune of the Delivery Ring 

is:

 ’ ωȢφυπ

The fractional part is very close to 13/20!

This implies that the particle will rotate by 

an angle of ς“  radians every turn 

(this is about 126 degrees).



Resonant 

Extraction 

for Mu2e

01 May 2025 Aakaash Narayanan | CMS Seminar41



SS10-60
SS40-50

SS20-30

RFKO kicker

Mu2e and the need for Proton Pulses
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The proton pulses (for the muon production target) with the required time 

structure are created by slow extraction of the bunched beam from the 

Delivery Ring (DR).

Mu2e is an upcoming experiment at Fermilab that intends to capture muons 

in Aluminum atoms and look for new physics in their ôneutrino-lessõ decay to 

electrons. 

Ὄ  ions get created and accelerated through the linac to 

400 MeV.

The Ὄ  ions enter the Booster Ring to become protons 

and get accelerated to 8 GeV kinetic energy.

The protons are then sent to the Recycler Ring and are 

then transferred to the Delivery Ring (DR).

About ρπ protons would be injected in the Delivery 

Ring and τ ρπ protons would be sent to the Mu2e 

experiment target at every revolution. 
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The proton pulses (for the muon production target) with the required time 

structure are created by slow extraction of the bunched beam from the 

Delivery Ring (DR).

Mu2e is an upcoming experiment at Fermilab that intends to capture muons 

in Aluminum atoms and look for new physics in their ôneutrino-lessõ decay to 

electrons. 

Ὄ  ions get created and accelerated through the linac to 

400 MeV.

The Ὄ  ions enter the Booster Ring to become protons 

and get accelerated to 8 GeV kinetic energy.

The protons are then sent to the Recycler Ring and are 

then transferred to the Delivery Ring (DR).

About ρπ protons would be injected in the Delivery 

Ring and τ ρπ protons would be sent to the Mu2e 

experiment target at every revolution. 
This is achieved through 29/3 resonant extraction.

Maximum Intensity 

in DR

~ 1 X 1012 protons

Revolution time in 

DR

1.694 ‘s

Orbit length of DR 505.294 m

Horizontal tune 9.650 to 9.666

Protons per 

extracted pulse

< 4 X 107 protons

Spill Duty Factor >60% 

Single spill duration 43 ms

Beam Power 8 kW

Beam Parameters for Resonant 

Extraction
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Motion in Phase Space

A particle in a beam line consisting only of 

linear elements (dipoles and quadrupoles) 

would traverse a circular trajectory in the 

phase space ὼȟ‌ὼ ‍ὼ  at a given 

observation point.

Sextupole = OFF

Trajectory = CIRCLE



07 Oct 202445

Motion in Phase Space

A particle in a beam line consisting only of 

linear elements (dipoles and quadrupoles) 

would traverse a circular trajectory in the 

phase space ὼȟ‌ὼ ‍ὼ  at a given 

observation point.

Sextupole = ON

Trajectory = TRIANGLE!



07 Oct 202446

Motion in Phase Space

A particle in a beam line consisting only of 

linear elements (dipoles and quadrupoles) 

would traverse a circular trajectory in the 

phase space ὼȟ‌ὼ ‍ὼ  at a given 

observation point.

Sextupole = ON

Trajectory = TRIANGLE

A triangular stable region is introduced 

by the sextupole field, introducing non-

linearity.

Stable region area θ
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Resonant Extraction

Septum position = 12 mm

A dedicated set of 6 

harmonic sextupoles 

excite the third integer 

resonance in the DR.

A dedicated set of 3 fast 

ramping tune shifting 

quadrupoles in the DR 

drive the horizontal tune 

close to 29/3.
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Resonant Extraction

A third integer resonance condition would be achieved in the DR with the aid of sextupoles and moving 

the horizontal machine tune closer to 29/3.

As the machineõs horizontal tune is driven closer to 3rd integer resonance, the triangular stable region shrinks to zero, 

making particles outside the triangle unstable.

Unstable particles outside the triangular 

stable region begin to increase their 

amplitude with every turn and eventually 

get past the septum to get extracted. 

’ ωȢφυπOωȢφφφ


