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Outline

First a few disclaimers –

• I am not a Mu2E expert

• I am not a Schottky expert

• This is mostly a conceptual talk – to discuss the merits of our 

proposed Mu2E Schottky system

Outline of my talk –

• Mu2E experiment and beam characteristics

• Mu2E tune requirement

• Preliminary Mu2E tune measurement

• Proposed Mu2E Schottky system(s)

• Thanks for many slides from Mu2E collaborators
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Charged Lepton Flavor Violation

• The Mu2e experiment will attempt to 

detect Charged Lepton Flavor 

Violation (CLFV)

• CLFV is a process involving charged 

leptons (e, m, t)  that violates the 

conservation of the number of leptons 

of each flavor
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m - N  e- N
Lm: 1 0 DLm = -1

Le: 0 1 DLe =  1

Both Lm and Le are not conserved in this 
process      ee mm  

Lm: 1 0 0 1

Le: 0 1 -1 0

Ordinary muon decay is not CLFV

If this is observed, it is 
evidence physics beyond the 
Standard Model
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• When captured by a nucleus, a muon will 
have an enhanced probability of 
exchanging a virtual particle with the 
nucleus.

• This reaction recoils against the entire 
nucleus, producing a mono-energetic 
electron carrying most of the muon rest 
energy



Mu2e Apparatus
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The Mu2e apparatus consists of three superconducting solenoids 
joined together to make a continuous whole

Production Solenoid
• Contains proton target
• Magnetic mirror – reflects 

secondaries back toward 
transport solenoid

4.6 T

2.5 T

Transport 
Solenoid
• Collimation
• Momentum and charge 

selection
• Transport to stopping 

target

2 T

Detector Solenoid
• Contains stopping target
• Tracker (straws)
• Calorimeter (BaF2 crystals)

1 T

1 T

105 MeV e 

Al  Stopping Target

• ~ 0.0019 stopped m/POT

• 1010 Hz of stopped muons



Stopping Muons
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Captured m 

Mm = 105 MeV/c2

Mu2e muon stopping target

• 17 Al foil disks (200 mm thick)

• Disk radii decrease from 83 

mm to 65 mm in downstream 

direction

• A muon that is stopped in the Mu2e target is captured into an 

atomic orbital state of an aluminum nucleus

• The muon quickly (≲ psec) transitions to the 1S state where its 

wave-function overlaps the nucleus *

*A stopping target monitor measures detects the photons emitted during these 

atomic transitions – measuring the denominator of Rμe

m -

Aluminum
Nucleus



A Brief History of Fermilab 
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 1968: construction begins

 1972: first beams from Main Ring

 200400 GeV proton beams to fixed 

targets

 Highest energy lab for next 36 years!

 ~1985:

 “Tevatron”: first superconducting 

synchrotron shares tunnel with Main 

Ring

 900GeV x 900 GeV p-pBar collisions

 Highest energy collider for 23 years.

 1997: Major upgrade

 Main Injector replaces Main Ring

-> more intensity

 980 GeV x 980 GeV p-pBar collisions

 Intense neutrino program

 2011: Tevatron permanently turned off after 

the LHC came full online.

 So what is the lab doing now?

Trivia: original Main Ring was the first 
“separated function” synchrotron

= + 

dipole quadrupole Fermilab 

Main Ring

Tevatron

Fixed Target 
Areas

Main Injector/
Recycler



Fermilab Complex Today
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750 keV

400 MeV

8 GeV

60-120 GeV

Fixed 8 GeV ring. 

Manipulates 

Booster beam

120 GeV + 

secondary 

beams

Formerly for 

antiprotons

60- 120 GeV

8 GeV

3.1 GeV/c muons for g-2

8 GeV protons for Mu2e



Mu2e Proton Delivery
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Booster

Main 
Injector/Recycler

Delivery Ring 
(formerly pBar Debuncher)

Mu2e

 Two Booster “batches” are 

injected into the Recycler (8 GeV

storage ring). Each is:

• 4x1012 protons

• 1.7 msec long

 These are divided into 8 bunches 

of 1012 each

 The bunches are extracted one at 

a time to the Delivery Ring

• Period = 1.7 msec

 As the bunch circulates, it is 

resonantly extracted to produce 

the desired beam structure.

• Bunches of ~3x107 protons 

each

• Separated by 1.7 msec

Exactly what we need

9



Rebunching in the Recycler*
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2.5 MHz Cavities in RR – getting ready for the Muon g-2 

6/8/201718

• Installed 6 2.5-MHz cavities 
in the Recycler for g-2/mu2e 
bunch formation.

• Cavities are now operational.

• One Booster batch 
formed into 4 2.5 MHz 
bunches in RR.

Kourbanis | Accelerator Report *Data, presented by I. Kourbanis
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1.6 msec Booster “batch”

53 MHz bunches from 
Booster

2.5 MHz bunches for g-2 
and Mu2e



Delivery Ring 2.5 MHz Bunch Over Spill
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Delivery Ring 
RF maintains a 
stationary 10 
kV bucket for 
the duration 
of the spill



Comparison of simulated 

longitudinal bunch 

structure to measured

• Simulated bunch 

structure (yellow)

• Measured bunch 

structure with WCM 

(blue)

• Gaussian fit (red)

2.5 MHz bunch has 53 

MHz remnants from 

recycler rebunching

2.5 MHz Proton Bunches in Mu2E Delivery Ring
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Understanding Resonant Extraction

• Extracting all the beam at once is easy, but we 

want to extract it slowly over ~35-55 ms

• Use nonlinear (sextupole) magnets to drive a 

harmonic instability

• Extract unstable beam as it propagates 

outward

– Standard technique in accelerator physics

13

Extraction Field

Septum

Unstable beam motion 

in N(order) turns

Lost beam

Extracted beam
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• Two families of sextupoles control 

the amplitude and phase of the 

resonance driving terms.

• Ramped quads control the 

distance of the tune from the 

Qx=29/3 resonance.

• Trim dipoles control the position 

of the beam relative to the 

electrostatic septum.

Resonant Extraction in Mu2e*

ARIES Workshop, CERN14 May 15, 2018

SS10-60
SS40-50

SS20-30

RFKO 

kicker

E

Beam

Septum

*V. Nagaslaev



Mu2e Spill Structure
• Detail:

– 3x107 p/bunch

– 1.7 msec bunch spacing

– ~30% duty factor

– ~1.2x1020 protons year

May 15, 2018

1.33 sec Main Injector cycle
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Figure 5.2. The accelerator timeline is shared between Mu2e and NO! A.  The blue and red bars 

represent Mu2e and NO! A proton batch injections respectively. Mu2e Recycler Ring beam 

manipulations occur in the first eight 15 Hz ticks.  NO! A proton batches are slip-stacked during 

the remaining twelve 15 Hz ticks.  The total length of a cycle is 20 ticks = 1.333 sec. 

The preparations required for the existing Antiproton Source beamlines and for the 

Delivery Ring for the Mu2e experiment are largely equivalent to the requirements of the 

Muon g-2 experiment. Thus, the Delivery Ring and proton transport preparations for both 

experiments will be accomplished as an Accelerator Improvement Project (AIP). The 

conceptual design for this AIP is given in Reference [6]. 

 

The Delivery Ring to Mu2e target external beamline is a new facility that transports 

the proton beam to the Mu2e pion production target (Section 5.7). The external beamline 

contains a beam extinction insert that removes out-of-time beam to the required level 

(Section 5.8).  Upon arrival at the Mu2e pion production target, the beam interacts with a 

tungsten target inside the shielded super-conducting production solenoid (Section 5.1).  

The resulting pions decay, producing the muons that will ultimately constitute the muon 

beam for the experiment. A Heat and Radiation Shield (HRS) lines the inside of the 

production solenoid (Figure 5.3) to prevent quenches from the heat radiated from the 

target and to protect the solenoid super-conducting coils from radiation damage. 

5.1.3 Macro Time Structure of the Proton Beam 

The Mu2e experiment must share the Recycler Ring with the NO! A experiment, 

which uses the Recycler for proton slip-stacking. This sharing is accomplished by 

performing the required Mu2e beam manipulations in the Recycler prior to the injection 

of the first proton batch designated for NO! A. There are a total of twenty possible proton 

batch injections into the Recycler Ring from the Booster within each Main Injector cycle.  

These proton injections will occur at a maximum rate of 15 Hz (one batch every 
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“ticks”



Mu2e Resonant Extraction - parameters
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Parameter Value Units

MI Cycle time 1.333 sec

Number of spills per MI cycle 8

Duration of each spill 34-54 msec

Number of protons per micro-pulse (3.0-5.0)×107 protons

Maximum DR Beam Intensity 1.0×1012 protons

Reset Time Gap between spills 5 msec

Operation point  (Qx/Qy) 9.650/9.735

Extraction efficiency >98 %

Spill uniformity <50 %



Tune control (on Mu2e)
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Spill is controlled by ramping the 
circuit of 3 quads. The ramp curve is 
formed to create a uniform spill.

Slow extraction is extremely 
sensitive to the machine tune errors.

Need to monitor the tune ramp

Analyze the tune performance to 
detect possible ripple effects

Want to have a diagnostics to follow 
the horizontal beam size during the 
spill

Quad/tune ramp curve for a 50ms spill

Squeezing the beam in the separatrix



How can we measure Mu2E tunes across the slow-spill?

Delivery Ring Beam 
Parameters:
• Peak intensity: 1e12 protons

• Beam energy: 8 GeV

• Bunch structure: Single 2.5 MHz 
bunch

• Nominal bunch length: 40 ns

• Bunch base width: 200 ns

• Resonant slow-spill extraction 
over ~35-55 ms

– ~3-5e7 protons extracted per turn

Tune Parameters:
• Nominal tunes

– x = 9.653

– y = 9.735

• Ring revolution freq: 590.018 KHz

“Requested” Tune Measurement 
Requirements:
• Measure tune and transverse emittance

– Measure tune throughout slow-spill

• Tune resolution: 

– 0.0001 (with averaging)

– 0.001 @ 600 Hz

Possible Proposed Systems?
• Mu2E BPM System (not discussed here)

• Reuse Tevatron Direct Diode Detection (BBQ) System

• Reuse Tevatron 21 MHz Schottky Detector System

May 15, 2018ARIES Workshop, CERN18



Reuse Tevatron Direct Diode Detection (3D) Tune System?

Direct Diode Detection Idea
• Diode detection acts like envelope detector
• Detects superposition of all betatron lines
• Can be used with any position pickup
• Fairly cheap system

Many 3D Systems Installed Tevatron 3D Tunes
Detector box

Front-end box

M. Gasior, CERN, BIW2012
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Reuse 21.4 MHz Tevatron Schottky Detector System

21.4 MHz resonant pickups

• Separate horz and vert pickups
– One meter long copper electrodes

– Adjustable aperture by stepper motors

– Loaded Q of 370

Schottky Receiver Specs

• ~90 db gain at 21.4 MHz

• low noise figure

• 15 kHz baseband bandwidth

• Accurate frequency transition to 
baseband

• > 145 db shielding

• Reuse pickups and electronics 
• 21.4 MHz falls between 36th and 37th

Mu2E revolution harmonic
• Revolution freq: 590.018 KHz

Frequency Spectrum

electronics
bandwidth

May 15, 201820 ARIES Workshop, CERN



Tevatron 21.4 MHz Schottky System

Beam
view

Vertical Pickup with Resonator

21.4 MHz
Resonator

Receiver Electronics
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21 MHz Shottky Spectrum for Mu2E Tunes
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Preliminary 21 MHz Schottky Vertical Tune Measurements

• 5.3e10 coasting protons in delivery ring
• 21.397130 MHz is equal to a vertical 

tune of 0.7348
• Pbar Schottky tune was 0.7348 (old 

tune system)

Spectrum analyzer
• Speed time: 0.03 sec
• Averaging: 16 

No revolution line

Is this a Schottky tune line?
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Schottky Electronics Options?
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Pros:
– Already have VSA

– VSA has large signal dynamic range

– No down conversion

Cons:
– VSA not fast enough to update tune 

at 600 Hz

Pros:

– Have 14-bit 125 MHz ADC FPGA cards

– No down conversion

– Fast tune measurements

Cons:

– Limit signal dynamic range to only ~4e3 (assumes 

12 bits out of 14). 

• Is this enough? 

• Pros:

– Large signal dynamic 

range – 100 db?

– Fast tune measurements

• Cons:

– Need to buy or design and build ADC/processing system

• 24-bits MHz ADC chips available but not sure about board 

level

• DSP or FPGA board with 24-bit MHz ADC system probably 

needs to be designed and built



Summary

• The Mu2E experiment will look for physics beyond the 

standard model

• Construction of the experiment has begun and first beam 

commissioning is expected to start in 2020

• Slow extraction of protons from the delivery ring request 

monitoring of the tune during the spill

• We are investigating BBQ and Schottky techniques to make 

these measurements

• 21 MHz resonant Schottky detectors have been installed in 

the delivery ring and initial measurements are being made
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Thank you for your time and suggestions 

are welcomed.



• The general technique is to use protons to make pions, which quickly 

decay to muons, which are captured on an Aluminum target.

• Previous experiments were rate-limited by the need to gate off after 

individual protons to eliminate prompt backgrounds, which predominantly 

come from radiative pion capture.

• Mu2e will get around this by using a bunched beam of protons, and then 

waiting for the pions to decay before opening the live window.

• This will allow the experiment to achieve a single event sensitivity that is a 

four order of magnitude improvement of the previous best measurement.

Experimental Technique and Beam Needs
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Mu2e!

Pulsed Beam Requirements!

10/21/14!24!

• Suppress prompt backgrounds by many orders of 

magnitude by employing a delayed live gate.!

– Proton pulses must be narrow!

– Out-of-time protons must be suppressed!

Live Window 

Prompt%background%

Signal%

Proton%pulse% Proton%pulse%

D. Glenzinski - DOE CD-2/3b Review!


