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Mu2e (FNAL) and COMET (J-PARC)

The AlCap Collaboration (jointly formed by Mu2e and COMET)
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Proposal

WP1 (proton emission after muon capture)
WP2 (gamma and X-ray emission after muon capture)
WP3 (neutron emission after muon capture)
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Summary
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μ-e Conversion Search

3



Yoshitaka Kuno, Study of Muon Capture for Muon to Electron Conversion Experiments

μ-e Conversion Search
Two experiments are going to start to search for the μ-e conversion process: 
COMET@J-PARC and Mu2e@FNAL. 
These are stopped muon experiments. When a μ- in stopped in a material, ...

3



Yoshitaka Kuno, Study of Muon Capture for Muon to Electron Conversion Experiments

μ-e Conversion Search
Two experiments are going to start to search for the μ-e conversion process: 
COMET@J-PARC and Mu2e@FNAL. 
These are stopped muon experiments. When a μ- in stopped in a material, ...

3

What is Muon to Electron Conversion?

1s state in a muonic atom

nucleus

µ−

muon decay in orbit

nuclear muon capture

µ− + (A, Z)→νµ + (A,Z −1)

µ− → e−νν 

Neutrino-less muon 
nuclear capture

µ− + (A, Z)→ e− + (A,Z )
nucleus

Event Signature : 
a single mono-energetic 
electron of 100 MeV
Backgrounds:
(1) physics backgrounds 

ex. muon decay in orbit (DIO)
(2) beam-related backgrounds 

ex. radiative pion capture, 
muon decay in flight,

(3) cosmic rays, false tracking

Fates of the μ- within the SM
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Backgrounds:
(1) physics backgrounds 

ex. muon decay in orbit (DIO)
(2) beam-related backgrounds 

ex. radiative pion capture, 
muon decay in flight,

(3) cosmic rays, false tracking

Beyond the SM
μ-e 

conversion
Forbidden by the SM, because
the lepton flavor is changed to μ-flavor to e-flavor. 

a single mono-energetic electron of 100MeV
Event signature :

in the SM + ν masses
μ-e conversion can be occur via ν-mixing, but 
expected rate is well below the experimentally 
accessible range. Rate ~O(10-54)

Discovery of the μ-e conversion is 
a clear evidence of new physics 
beyond the SM.

in the SM + new physics
A wide variety of proposed extensions to the 
SM predict observable μ-e conversion rate.
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Both experiments have received strong endorsements from Japan and US communities.
COMET : ”is a high priority component for the J-PARC program.” (KEK/J-PARC-PAC March/2012)

The IPNS proposed, as the first priority item in the next 5-year plan, to construct a proton beam line 
and the 1st half of solenoid magnets for COMET Phase-I. The PAC endorsed the laboratory plan.

Mu2e : “should be strongly encouraged in all budget scenarios considered by the panel.” (P5 report)
got the CD-1 approval in July 2012!

These experiments are now optimizing their parameter to get the final design.  

4

COMET @J-PARC Mu2e @FNAL

COMET Phase-I : 
physics run 2017-
BR(μ+Al→e+Al)<7x10-15 @ 90%CL
  *8GeV-3.2kW proton beam, 6x109 µ/s, 18 days

      *90deg. bend solenoid, cylindrical detector
      *Background study for the phase2

COMET Phase-II : 
physics run 2021-
BR(μ+Al→e+Al)<6x10-17 @ 90%CL
 *8GeV-56kW proton beam, 1011µ/s, 2x107s

 *180deg. bend solenoid, bend spectrometer,  
   transverse tracker+calorimeter

Mu2e : 
physics run 2021-
BR(μ+Al→e+Al)<6x10-17 @ 90%CL
 *8GeV-8kW proton beam, 3 years
 *2x90deg. S-shape bend solenoid, 
  straw tracker+calorimeter

Chapter 1: Executive Summary 

Mu2e Conceptual Design Report 

1-3 

• Design and construct a facility to house the Mu2e detector and the associated 
infrastructure (see Figure 1.2). This includes an underground detector enclosure 
and a surface building to house necessary equipment and infrastructure that can be 
accessed while beam is being delivered to the detector. 

 

 
Figure 1.1. The Mu2e Detector.  The cosmic ray veto, surrounding the Detector Solenoid is not 
shown. 

 
Figure 1.2. Depiction of the above-grade portion of the Mu2e facility.   

Mu2e is integrated into Fermilab’s overall science program that includes many 
experiments that use the same machines and facilities, though often in different ways.  
Because of the overlapping needs of several experimental programs, the scope of work 
described above will be accomplished through a variety of mechanisms.  The NOvA and 
g-2 Projects both include upgrades to the Recycler Ring that will be used by Mu2e. In 
addition, there is infrastructure required by both Mu2e and g-2 that will be funded as 

Stopping
Target

Production 
Target 

Detector Section

Pion-Decay and
Muon-Transport Section

Pion Capture Section
A section to capture pions with a large 
solid angle under a high solenoidal 
magnetic field by superconducting 
maget

A detector to search for 
muon-to-electron conver-
sion processes.

A section to collect muons from 
decay of pions under a solenoi-
dal magnetic field.

Detector Section

Pion-Decay and
Muon-Transport Section

Pion Capture Section
A section to capture pions with a large 
solid angle under a high solenoidal 
magnetic field by superconducting 
maget

A detector to search for 
muon-to-electron conver-
sion processes.

A section to collect muons from 
decay of pions under a solenoi-
dal magnetic field.

Stopping 
Target 

Production 
Target 

a factor of 10,000 better sensitivity than the current upper limit (SINDRUM II)

Staging approach 
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Both experiments have received strong endorsements from Japan and US communities.
COMET : ”is a high priority component for the J-PARC program.” (KEK/J-PARC-PAC March/2012)

The IPNS proposed, as the first priority item in the next 5-year plan, to construct a proton beam line 
and the 1st half of solenoid magnets for COMET Phase-I. The PAC endorsed the laboratory plan.

Mu2e : “should be strongly encouraged in all budget scenarios considered by the panel.” (P5 report)
got the CD-1 approval two days ago!

These experiments are now optimizing their parameter to get the final design.  
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a factor of 10,000 better sensitivity than the current upper limit (SINDRUM II)

Staging approach 

cylindrical drift chamber (CDC)

S.Mihara, J-PARC PAC Meeting, 16/Mar/2012

Cylindrical Detector
• Collimator of 200 mm diam. at 
the end of 90 degree bend

• determine a beam size

• eliminate high-p particles

• Beam particles not stopped on 
the target will escape from the 
detector

• Optimization of detector 
configuration

• pt threshold > 70MeV/c

• trigger counter (5mm thick) 
as a proton absorber

1.5m

0.805m

COMET Phase-I and CDC
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Schedule of COMET and Mu2e
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Schedule of COMET and Mu2e
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For both experiments critical design 

decisions need to be finalized in the 

next 12-18 months.
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Three Work Packages
WP1: Charged Particle Emission after Muon Capture

Kammel (Washington) and Kuno (Osaka)

Rate and spectrum with precision 5% down to 2.5 MeV

WP2: Gamma and X-ray Emission after Muon Capture

Lynn (PNNL) and Miller (Boston)

X-ray and gamma-ray for normalization (by Ge detector), and radiative 
muon decay (by a NaI detector)

WP3: Neutron Emission after Muon Capture

Hungerford (Houston) and Winter (ANL)

rate and spectrum from 1 MeV up to 10 MeV

BG for calorimeters and cosmic-ray veto, damage to electronics
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ready to start
in spring 2013
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in spring 2013

plan to carry
out early 2014
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The AlCap Collaboration
Univ. Washington

P. Kammel, D. Hertzog, 
F. Wauters, M. Murray 

Boston University
J. Miller, E. Barnes, A. Kolarkar

Univ. Massachusetts Amherst
D. Kawall, K. Kumar

FermiLab
R. Bernstein, V. Rusu

Pacific North National Laboratory
D. M. Asner, R. Bonicalzi, M. 
Schram, G.Warren, L. Wood
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Osaka University
Y. Kuno, 
H. Sakamoto, 
T. Itahashi, Y. Hino, 
A. Sato. T. Yai, 
T.H. Nam

Univ. College London
M. Wing, 
M. Lancaster, 
A. Edmonds

Imperial College London
B. Krikler, A. Kurup, 
Y. Uchida

COMET Mu2e

Joint force



WP1: Charged Particle Emission 
after Muon Capture
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WP1: Design issue with protons
A crucial component in optimizing the designs is the background from the products of the 
nuclear capture process. In particular, protons are a significant source of hits in the tracking 
detectors. Probability of proton emission would be 0.05~0.15 per muon.

Both COMET Phase-I and Mu2e need the rate and energy spectra of proton 
emission as a function of the target thickness

13

μ-

Signal electrons (105MeV/c)
Energy loss in the targets and 

absorber makes worse E resolution 

Protons

Must be stopped in the absorber 
to reduce the detector hit rate

Cylindrical tracker

Absorber
Stopping targets

109~10μ stop/s

* Tracker dead time
* mis-reconstruction

Optimization of the target thickness and the absorber
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WP1 Current Exp. Data : Rate 

14

no Ti data

D.F Measday, Phys. Rep. 354 (2001) 243–409
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WP1 Current Exp. Data : Rate
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282

�

A . WYTTENBACH e r a l .

TABU . l

Reac t i on probab i l i t i es pe r cap t ur ed muon ° )

An as t e r i sk i nd i ca t es a pa r t i a l probab i l i t y whe r e e i t he r t he ground s t a t e or an i some r i c s t a t e was no t
measur ed .

' ) The numbe r o f i r r ad i a t i ons i s g i ven i n br acke t s .
` ) Con t r i bu t i ons f rom r eac t i ons on o t he r Fe i so t opes a r e probab l y sma l l and have been neg l ec t ed .
° ) On l y f or r eac t i on l ead i ng t o 65 s °aMn ; ex i s t ence o f t he 3 a me t as t ab l e s t a t e i s doub t f u l and has been

i gnor ed .
° ) Ca l cu l a t ed w i t h t he assump t i on t ha t [65 CU (h - , p2n ) 62 Co ] / [63 Cu (p , P) 6= CO ] w 5 .
' ) Ca l cu l a t ed w i t h t he assump t i on t ha t [ " Cu (u - , p3n ) 6 ' Co ] / [ 63CU (p . pn )6 ' Co ] x 0 . 7 .

Ca l cu l a t ed w i t h t he assump t i on t ha t [61 Cu (p - , a ) 6 ' Fe ] > [ 63 Cu (u - , 2p ) " Fe ] .
For r eac t i on go i ng t o 4 . 0 h " °Za on l y .

` ) Ca l cu l a t ed w i t h t he assump t i on t ha t [ " Zr (p - , p3n ) 9 =Sr ] / [ " Zr (p , pn ) 9' Sr ] x 0 . 7 .
~) For r eac t i on go i ng t o 2. 4 m ' 1 f t I n on l y , w i t hou t t he r eac t i on go i ng t o 18 m " ' I n , ca l cu l a t ed w i t h t he

assump t i on t ha t [ ' s 3Sb (p - , p3n ) " 9 I n ] / [ ' = ' Sb (u - , pn ) " 9I n ] x 0. 7 .
` ) For r eac t i on go i ng t o 8. 5 a " " I n and 4 . 5 m " " I n on l y . Con t r i bu t i on by 133 Sb (p - , p4n ) l ' s° I n i s

neg l ec t ed .
Ca l cu l a t ed w i t h t he assump t i on t ha t [ ' 23Sb (p- , p5n ) " ' 1n ] < [ " ' Sb (p - , pan ) " 7I n ] . .

° ) For r eac t i on go i ng t o 20 m ' 7 s°Lu on l y .
' ) Us i ng nuc l ea r da t a g i ven i n subsec t . 2 . 5 .
° ) Ca l cu l a t ed w i t h t he assump t i on t ha t [20SPb (p - , pa ) so6 j 4] / [ ao7pb (p- , p ) ' °6H $] w 6 .
P) The l a rge e r ror i s due t o unce r t a i n t y o f decay scheme o f I " - Hg .

Ta rge t

A , Z

Produc t
Reac t i on

Fac t or
. t aw

Pur i t y M

A- 1 , Z -2
( l 1 -. P)
(10 - ` )

A-2 , Z -2
(P - , pn )

(10 -3 )

A-3 , Z -2
(h - , Pm)

(10-3 )

A-4 ,
( , « - , pan )

(10 -7 )

Z -2 A-4 , Z -3
( l + - , a )
( l 0 -3 )

23
11

Na > . 99 . 5 11 . ±1 . 5 (3)
; 3A l 99 . 99 28 ±4 (2) 7 . 6 ±1 . 1 (2)
i 'sP 99 . 5 38 ±5 (2) 23 ±3 (2) 13 ±2 (2)
4 g I C > 99 . 5 28 ±4 (1)
i âV 99 . 7 29 ±4 (3) 8. 4±1 . 2 (2) 8 . 8±1 . 3 (1) 1 . 5 ±0 . 2 (1)

=3Mn 99 . 9 28 ±4 (5) 12 ±2 (5) 11 ±1 . 5 (5) 1 . 6 ±0 . 2 (5)

2 6Fe > 99 . 5 4 . 6 ±0 . 7 (1) ` )
21CO 99 . 5 19 ±2 (4) ° ) 24 ±3 (4) 11 ±1 . 5 (4)
s9CU > 99 . 5 29 ±6 (2) 1) 14 ±3 (1)
21 -65C > 99 . 5 8 . 9±1 . 6 (2) 14 ±3 (2) ° ) 12 ±3 (1) 1) 0. 7 ±0 , 2 (1)
" ' As 99 . 999 14 ±2 (3) 7. 4±1 . 1 (3) 5 . 1±0 . 7 (3) *0 . 28±0 . 04 (2) ~

> 99 . 5 4 . 5±09 (1) ' ) .
" : I n 99 . 99 5 . 3±0 . 8 (1) 3 . 1±0 . 4 (2) 3 . 1±0 . 4 (1)
' ; ; Sb > 99 . 5 ' 2 . 2±0 . 3 (2) ) "2. 4±0 . 4 (2) ' ) 2 . 8±0 . 4 (2) 7
M51 Sb > 99 . 5 ' 1 . 7±0 . 3 (2) ' )
133,

5
99 . 98 4 . 8±0 . 7 (1) 2 . 5±0 . 4 (1) 1 . 9±0 . 3 (2)

' 6s7Ho 99 . 9 3 . 0±0 . 4 (2) 1 . 5±0 . 2 (4) 1 . 6±0 . 2 (3)
' s , 3Ta > 99 . 5 2 . 6±0 . 4 (2) ro . 4±0 . 1 (2) °)
=s=Pb 99 . 999 1 . 3±0 . 2 (3) ' ) 1 . 0±02 (3) ' ) 19±0 . 8 (3) P)

=é3B i 99999 . 0 . 8±0 . 1 (6)

no data no data no data

no Ti data

D.F Measday, Phys. Rep. 354 (2001) 243–409

A. Wyttenbach, et al, Nucl. Phys. A294 (1978) 278-292Activation experiment
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WP1 Current Exp. Data : E dist.

16

Phys. Rev. C 20 (1979) 1873-1877

Al
t1.27mm

Energy range is too high 
for our purpose.

Beam quality was not enough to 
stop muons in a thin target.

thick target : 1.27mm

no low energy data

large background rate
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WP1 Current Exp. Data : E dist.
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Draft Dec 2008

Concept for Muon Stopping Target Studies at PSI

P. Kammel et al.

1 Introduction

The configuration and dimensions of the muon stopping target and the proton absorbers are essential
for the overall electron resolution of the Mu2e experiment. Here we discuss motivation and first ideas
to directly measure the charged particle emission in muon capture required for these optimizations 1.

Below some literature to this subject is referenced.

Author Reference Comment
Hungerford [2] MECO note 34
Morse [5] MECO note 82
Measday [4] General review
Sobottka et al. [6] Si measurement
Lifshitz and Singer [3] theory
Wyttenbach et al. [7] activation technique

Table 1:

Figure 1:

The results are summarized in a slightly expanded table 4.14 from ref.[4]. Hungerford[2] fits the Si
spectrum[6] in fig. 1 with an empirical function

p(t) = A(1� Tth

t
)↵e�t/T0 ; (1)

1
R. Bernstein is currently studying the individual contributions to the detector resolution.

1

Charged particle spectrum 
from muons stopped in Si.

Phys. Rev. Lett., 20(12):596 (1968)Si (active target)

Good energy range, but Si

Both COMET and Mu2e are using this 
spectrum with a parameterization for 

their design optimization. 
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WP1 Current Exp. Data : Summary
There are no data, in the relevant energy range, on the 
products of muon nuclear capture from an Al target (and Ti). 

ratio of p:d:α
the absolute proton rate
energy distribution

Mu2e and COMET are presently using parameterization of 
the muon-capture data taken from Si in 1968.
Uncertainties in the proton spectra have significant 
ramifications for the design of COMET Phase-I and Mu2e.

We must measure them. This WP1 proposal.

18
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WP1: Experiment
Goal of the experiment

to measure the rate and energy spectra of the charged particles (p, d, α) emitted 
after muon captured on some targets: 

Al : the default stopping target for COMET and Mu2e
Ti : possible target for future μ-e conv. experiments.
Si (active) : for cross-check against the previous data and systematics studies

A precision of 5% down to an energy of 2.5 MeV is required for both the rate and 
the energy spectra. (2.5 MeV~71 MeV/c for proton).

19

Essential points
Thin targets and a low energy muon beam with a 
small Δp/p

to achieve a high and well determined rate of 
stopped muons
Due to ΔE of the charged particles in the target, 
we need to correct the energy spectra by a 
response function. To reduce the systematic 
uncertainty from the response function, the ΔE 
in the target must be small enough.

TRIUMF EEC New Research Proposal Detailed Statement of Proposed Research for Experiment #: 1371
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Figure 4: Calculated proton emission spectrum as a function of target thickness (red: 0 µm, green: 50 µm,
blue: 100 µm, black: 1000 µm. The initial spectrum is taken from [9].

the silicon detectors to potentially observe higher energy protons and to veto throughgoing electrons.
Runs with di↵erent configurations of the silicon detectors are envisaged to enable a thorough under-
standing of the impact of the detector resolution on the energy spectra measurement. A comparison
of the signals between the detectors on opposite sides of the target is a powerful means to moni-
tor systematic e↵ects. Di↵erences between the detectors can be used to indicate backgrounds due
to di↵erent stopping materials or muon scattering and to determine the uniformity of the stopping
distribution. The experiment will be shielded with lead and with a geometry to ensure there are no
low Z materials (except the target) exposed to muons. This will maximise the rare proton emission
signal over the background from direct and scattered muons.

The number of muons stopping in the aluminum target will be determined using a germanium
detector and a scintillator telescope. The germanium detector will record the X-rays emitted as the
stopped muons transitions to the 1s state and the telescope will be used independently to detect
electrons from muon DIO.

In common with many TRIUMF experiments, our scintillation and solid state detectors will require
high voltage. These voltages will be supplied in accordance with laboratory safety guidelines. We
have successfully operated the vacuum chamber in our previous testrun at PSI in 2009. The vac-
uum window is 100µm Mylar, built by PSI according to their standard design and specifications of
secondary beamline windows.

The main systematic uncertainties and how we propose to address them are listed below.

• Response Function. Uncertainties can be minimised by using an optimal cloud muon beam and
through the use of the active silicon target where both the initial and final proton energies can
be determined.

• Absolute Rate. The proton detection e�ciency will be determined from a detailed GEANT4 simu-
lation of the silicon detectors. The number of stopped muons will be determined independently
from both the germanium detector and the electron telescope and cross-checked using data
from the active silicon target.
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Measurement SetupMeasurement Setup

Target
Al

Trigger plastic
counter-1

Trigger plastic
counter-2

Charged particle
detectors
Si (t65µm)

Si (t1500µm)
plastic scinti.

This setup is an improved version of a test experiment 
performed by part of this collaboration at PSI in 2009.

The most of the equipments are already available.
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Particle Identification by dE/dx
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WP1 Rates estimation

Event rates were estimated using Geant4 simulations. The total event 
rate is below 100 Hz for all the considered targets.
the rates of protons are rather low (5 Hz) and as such approximately 1.5 
days of data taking will be required to accumulate the necessary 
statistics (~0.5 M events) for a given target.
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WP1 Systematic Uncertainties
Response Function

Uncertainties can be minimized using 
an optimal cloud muon beam at πE1 and 
the use of the active Si target 

where both the initial and final proton energies can be 
determined. 

Absolute Rate
The proton detection efficiency will be determined from detailed 
GEANT4 simulations of the Si detectors. 
The number of stopped muons will be determined independently 
from both 

the Ge detector and 
the electron telescope and 
a cross-checked using data from the active silicon target. 
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WP1 Systematic Uncertainties
Particle Identification Efficiency

Particle identification will be made 
using dE/dx vs. E in the Si detectors, with the 
efficiency determined from the GEANT4 simulation. 

Backgrounds
Electron background will be determined using 

using dE/dX vs. E and the veto counter.
Muon scattering background will be eliminated by 
putting lead shields.
A GEANT4-based evaluation of backgrounds from 
muons that stop in the lead shields.
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WP1 Estimation of Running time
A precision of 5% for energy spectra (2.5 - 10MeV) 
is required for both the rate and the energy spectra.

500 k proton events needed for each sample.
energy bin size = 0.1 MeV → 75 bins
average 6k events for each bin

proton rate ~5 Hz → 100k sec ~ 30 hours for each
about 1.5 days for each sample.

including a time for changing targets, pumping 
chamber, beam tuning

3 sample each for Al and Ti (6 in total), plus 2 Si 
active targets (8 samples in total)
total: about 12 days for proton measurement.
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WP1: Readiness
Most of equipments are already available:

chamber, pump, targets, lead shields, detector mounts
Si and plastic scintillator detectors
preamps, PMT, ...

A vacuum chamber has been tested at UW
Si and plastic scintillators have been tested at UW and OU
A custom DAQ based on “Midas” is being developed, and 
tested with the detectors (OU)
A study of Monte Carlo simulation is being done to the 
optimize geometry (OU)
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WP2 Present Knowledge
When a negative muon is captured in an atomic orbit, it cascades 
down to the 1s level with 10-13 s by emitting X-rays and Auger  
electrons. The muonic X-ray from 2p to 1s transition occurs ~80% 
of the time.
Muonic X-rays can be used to count a number of muons stopped in 
the target.
Radiative muon decays (RMD) have been measured.
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Table 2: Total numbers of hits in the first layer by protons emitted from muon capture for di↵erent
trigger counter thickness. 100 k proton events were generated for COMET Phase-I. 15 % protons per
muon capture is assumed.

proton degrader thickness 0 mm 5 mm 7.5 mm

hits 2644 103 30
hits per proton emission 2.6 % 0.1 % 0.03 %
hits per muon capture⇤ 3.9⇥ 10�3 1.5⇥ 10�4 4.5⇥ 10�5

3.2.2 WP2: Gamma and X-ray Emission after Muon Capture.

Present knowledge

When a negative muon is captured in an atomic orbit, it cascades down to the 1s level within 10�13s.
Initially the cascade occurs with Auger emission, but near the n = 5 atomic level, muonic X-rays start
to dominate the process. Theoretical determination of the energy levels is complex, due to e↵ects
such as screening of the nucleus by inner electrons, shift of low-level states due to the finite charge
distribution of the nucleus, relativistic corrections, and fine structure splitting of levels. Nevertheless,
muonic X-rays have been used to identify the capturing element, typically from the 2p ! 1s transition
X-ray, which occurs ⇠80% of the time. An X-ray spectrum for phosphorus is shown in figure 6.

The spectra of prompt gammas from muon capture have been measured for Al [11] but not for Ti,
using time coincidences with the incoming muon. To our knowledge there are no data for singles mode
or for delayed gammas from decays of unstable nuclei produced in the muon capture process.

The RMD photon spectra have been measured in previous experiments (including MEG) and is the-
oretically well reproduced for a free muon. We propose to evaluate the feasibility of measuring the
spectrum using a NaI detector for energies between 20 and 54 MeV. In this region the spectrum is
only slightly distorted by the fact that the muon is bound in an atomic orbit.

We also propose to confirm with existing data, the high energy tail of the electron and photons from
RMD, DIO, and RMC. We note that the high energy tails for RMD and DIO are the result of atomic
binding, which is absent in free muon decay. There is a recent theoretical calculation [12] of the DIO
electrons which should be tested. Due to rates at PSI, we would only be able to observe spectra at
energies below 80 MeV. The spectra near the end-point energy can only be observed with the extremely
large number of stopped muons envisioned in the Mu2e and COMET experiments.

Figure 6: A typical muonic X-ray spectrum [13].

11

a typical muonic X-ray spectrum Figure 7: A typical radiative muon decay spectrum.

Relevance for µ� e Conversion Experiments

The rate of muon capture in the stopping target is critical for proper normalization of data in the
µ

�
N ! e

�
N experiments, and the proposed method of observing this rate will count muonic X-rays

as the µ ! e data are collected. A germanium detector will be placed far from the stopping target to
reduce both rate and damage to the detector. A dipole magnetic field will be used to remove charged
particles moving along the field of view from the detector to the target. However, the environment
will be challenging, as high photon rates and a significant neutron background will be present. Pacific
Northwest National Laboratory is currently developing high-rate germanium detectors utilizing such
methods as custom fast preamplifiers and segmented detectors. Measurements using these designs
in muon beam tests at PSI will be invaluable proofs of principle for the Mu2e experiment. Also,
identifying how the gamma and neutron backgrounds a↵ect the gamma and X-ray lines as a function
of dose is of critical importance.

In the past, experiments that have studied muonic X-ray spectra used time coincidence between the
observed X-ray and the incident beam muon. In the Mu2e experiment, the muon beam will be pulsed,
with an average muon stopping rate in excess of 1010 Hz. This is too large for a beam gate to tag muon
arrival. Thus, it is necessary to operate the Ge detector in singles mode, and the PSI measurements
are essential to determine whether the X-rays can be detected above background in this situation.

In case background in singles mode are too severe, two alternate means to monitor the Mu2e stopping
rate will be evaluated. In one of the alternatives, simultaneously with the collection of muonic X-ray
spectra, we will search for delayed gammas arising from the decay of nuclei activated by nuclear muon
capture. For example, in the case of muon capture on 27Al, the reaction 27Al(µ�

, ⌫)27Mg occurs in
16% of the captures. The lifetime of the 27Mg is 9.458 minutes. It decays to excited states in 27Al,
leading to a 1014.45 keV gamma 21% of the time, and an 843.76 MeV gamma 100% of the time. In
normal operation, Mu2e will have a steady stream of 8 GeV proton pulses on the production target
(spaced at 1.5 microsecond intervals) for about 0.4 s, followed by about 0.9 s period of beam-o↵. It
may be possible to observe the 27Mg decays with a Ge detector in the reduced background environment
when the beam is o↵. At PSI, we would test whether these gammas can be cleanly separated from
background. Another normalization alternative would be the measurement of energetic photons from
the radiative decays of the muons bound in atomic orbits in the stopping target (RMD). Similar to
free muon decay, the branching ratio for photons above 10 MeV relative to regular decay is about
1.4% and the energy distribution peaks at low energy, uniformly decreasing up to about 54 MeV (see
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radiative muon decay (simulation)



Figure 14: Two dimensional plots of energy deposit in Si1 (65 µm) vs sum of that in Si1 (65 µm) and
Si2 (1500µm) (horizontal) counters. The protons can be distinguished from deuterons and tritons in
the range of 2.5 � 10 MeV. The low energy particles near zero point are electrons and photons.

flux is expected to be small.

A large NaI detector will be used to measure the high energy photons from the muon stopping target,
with the primary goal of evaluating alternative means of monitoring the stopped muon rate. Photons
from radiative muon decay have a probability distribution that decreases to nearly zero at about
54 MeV. The NaI detector has 9 PMTs viewing a large single crystal, whose signals will be digitized
using waveform digitizers and then fed into the regular DAQ data stream. The rate of photons from
radiative muon capture, ranging up to about 80-90 MeV, will also be measured.

Table 6: Energies of muonic X-rays in selected target elements.

Transition Si (keV) Al (keV) Ti (keV)
2p ! 1s 400 347 1021
3p ! 1s 477 413 1210
4p ! 1s 504 436 1277
3d ! 2p 77 66 189

4.3 Neutrons Emission after Muon Capture

The measurement of neutron emission after muon capture proposes to use an Al target of su�cient
width and depth to capture and stop all muons from the low momentum beam incident on the target.
The emitted neutrons are to be detected with counters using pulse shape discrimination, as described
below, with detector readout is triggered by muon entry into the target. The number of captured
muons is given by counting the muonium x-rays, as described previously. A beam rate of a few kHz
prevents signal overlap in the detector(s) and provides a su�cient statistical sample in a few days.

20

Yoshitaka Kuno, Study of Muon Capture for Muon to Electron Conversion Experiments

WP2 Relevance for µ-e conversion
A method of proper normalization of a number of stopping muons has to be 
established.

(1) Measurement of muonic X-rays in a pulsed beam will be used as the primary 
method. 
(2) As an alternative, delayed gamma-rays after muon capture can be measured in 
a spill-off time. For Al, 1.01 MeV and 843.76 MeV delayed gamma from excited 
state of Al, where 27Mg lifetime is 9.5 min.
(3) As an another alternative, bound radiative muon decays can be used, in 
particular energy range of 55 MeV to 75-85 MeV (BR~10-5 )

Ge detectors are used for (1) and (2), whereas a NaI detector is used for (3).
PNNL develops a high-rate segmented Ge detector with fast amp.
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WP2 Experiment
The AlCap collaboration propose to test several schemes to monitor the number of stopped 
muons in the muon-stopping target. 
High purity Germanium detector

We will install a high-purity germanium (HPG) detector at the port of the vacuum chamber 
for WP1 to measure muonic X-rays. A typical resolution of 2 keV for 1 MeV photon. The 
normalization method can be cross-checked with an active Si target run in WP1.
A high-speed 14-16 bit data acquisition system will be used to record high-resolution raw 
waveform data, in addition to online monitoring.
The measurements would include muonic X-rays and delayed gamma-rays.
The study of both immediate and long-term effects of neutrons on the HPG detector. 

NaI Detector
A NaI detector will be used to measure high energy photons from the muon stopping target, 
with the primary goal of evaluating alternative means of monitoring the stopped muon rate.
The NaI detector has 9 PMTs and their signals are digitized by waveform digitizers.  The rate 
of photons, up to about 80-90 MeV, will be measured.
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WP3 Present Knowledge
Neutron emission after muon capture 
is not well understood, and can be 
described by direct and evaporation 
processes (via giant dipole 
resonances). 
High energy neutrons (above 10 
MeV) come from direct emission with 
an exponential decrease as a 
function of increasing energy.
Low energy neutrons that may come 
from evaporation processes depend 
on nuclear structure and is less well 
defined.

Average neutron multiplicity from 
measurements are shown in right
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protons, but protons move with Fermi motion in the nucleus so an energy spectrum is produced. Thus
correlated proton-neutron emission and proton-photon emission would be expected. Examples of this
are described in radio-chemical experiments [17].

C Target 

O Target 

Figure 8: Spectra of neutron energies after muon
capture showing emission from giant resonance exci-
tations in C (above) and O (below). Note the rise in
evaporative emission at low energies [15].

Figure 9: Higher energy neutron spectrum
for various light nuclei. Note the exponential
decrease with energy [18].

A number of experiments studied high energy neutron emission from targets as light as Si in order to
observe the neutron asymmetry. In the process of such measurements neutron spectra were extracted
[18] and examples are shown in Figure 9. These spectra have a low energy cut-o↵ ranging from 4 to
10 MeV as only direct emission is expected to preserve asymmetric emission. They are consistent with
an exponential decrease as a function of increasing energy, and show no indication of an evaporative
increase or resonance emission at lower energies. However, the break in the slope of the spectrum in
heavier nuclei occurs around 10 MeV, and evidence of a spectrum break may have been missed due
to the energy cut o↵ . From these data on Si, the measured number of emitted neutrons per muon
capture above approximately 4 MeV is approximately 0.43. This experimental result is corrected for
multiple neutron emission which is small, at least at the measured energies.

In summary, the neutron energy spectrum seems reasonably determined for neutron energies above 10
MeV. Low energy emission depends on nuclear structure and is less well defined. At energies of less
than a few MeV there is an evaporative increase as well as emission from giant resonant states.
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neutron energy spectra of low (left) and high (right).

Fig. 7). Above 54 MeV, the free muon probability is zero, but the energy endpoint actually goes above
100 MeV for bound µ

�, albeit with very small probability. In addition to this inner bremsstrahlung
process, there will be a calculable contribution from the bremsstrahlung of electrons from the dominant
decay mode of the muon, DIO. At energies above 10 MeV, the backgrounds are much less than at
lower energies, possibly allowing a good signal to background ratio for a normalization measurement.
Using tagged electrons from DIO, we would measure RMD as well as DIO rates. Photons from RMD
(and hence electrons from pair production in the target surrounding materials) and electrons from DIO
have endpoint energies equal to the conversion electron energy, with probabilities decreasing rapidly
as the energy approaches the endpoint. These potential backgrounds are controlled with su�ciently
good conversion electron energy resolution. We note that using RMD photons may not be as clean
as using muonic X-rays or activation gammas, depending on the quality of photon collimation to the
detector, since the RMD spectrum is not unique to the target species, and the energy distribution is
not ideal, dropping rapidly with increasing energy.

A NaI calorimeter will be used to measure the higher energy photons and electrons from RMD and
DIO. We have access to a large NaI detector, however we are searching for a more easily managed
small array of crystals for this task which will be easier to transport, mount, and shield. With the
implementation of an NaI calorimeter, we have the additional possibility to a�rm old measurements
of the rate of radiative muon capture (RMC) at energies from 55 MeV (just above the bulk of the
muon decay flux) to about 75-85 MeV (where the rate becomes too small to measure at the integrated
fluxes envisioned at PSI). The branching ratio is on the order of 10�5. Pair production from the
photons produce electrons detectable above background in approximately the same energy range, with
the precise endpoint depending on the rest energies of the daughter nuclei

3.2.3 WP3: Neutron Emission after Muon Capture

Present knowledge

Nucleon emission after muon capture, particularly the nuclear dynamics, is not well understood. Neu-
tron emission is described by direct and evaporative processes with energies ranging from thermal up
to some 50 MeV. However, most neutrons, at least for heavy nuclei, are emitted by evaporation after
an excited nucleus is formed. Theoretical studies indicate that giant resonance levels, [8, 14] are
important doorways leading to neutron emission. If this is the case, the reaction occurs through a
two-step process as described by;

µ

� +A(N, p) ! ⌫µ +A(N + 1, p� 1)⇤ (2)

A(N + 1, p� 1)⇤ ! xN + x

0
p + x

00
�

In the above reactions, the x’s represent emission of any number of particles including photons as
the nucleus de-excites. If neutrons are emitted from giant resonance excitation, broad peaks at lower
energies would be expected and are observed, Figure 8 [15]. Also, one would expect multi-particle
emission, as has indeed been observed for various targets [16, 17]. Multiplicity measurements for
targets of relevance ( close to Atomic Numbers of Al and Ti) are shown in Table 3.

Table 3: Neutron multiplicities for various targets. The distribution is adjusted to 0.545 [16].

Multiplicity
Target Avg. Mult. 0 1 2 3
Al 1.262± 0.059 0.449± 0.027 0.464± 0.028 0.052± 0.0013 0.036± 0.007
Si 0.864± 0.072 0.611± 0.042 0.338± 0.042 0.045± 0.0018 0.000± 0.008
Ca 0.746± 0.032 0.633± 0.021 0.335± 0.022 0.025± 0.0009 0.004± 0.006
Fe 1.125± 0.041 0.495± 0.018 0.416± 0.019 0.074± 0.0011 0.014± 0.005

At higher energies, direct emission involves photo-production on a proton in the nucleus, with the
emission of a neutron. The end-point energy of this process is approximately 6 MeV for at rest
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two steps via evaporation

Fig. 7). Above 54 MeV, the free muon probability is zero, but the energy endpoint actually goes above
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�, albeit with very small probability. In addition to this inner bremsstrahlung
process, there will be a calculable contribution from the bremsstrahlung of electrons from the dominant
decay mode of the muon, DIO. At energies above 10 MeV, the backgrounds are much less than at
lower energies, possibly allowing a good signal to background ratio for a normalization measurement.
Using tagged electrons from DIO, we would measure RMD as well as DIO rates. Photons from RMD
(and hence electrons from pair production in the target surrounding materials) and electrons from DIO
have endpoint energies equal to the conversion electron energy, with probabilities decreasing rapidly
as the energy approaches the endpoint. These potential backgrounds are controlled with su�ciently
good conversion electron energy resolution. We note that using RMD photons may not be as clean
as using muonic X-rays or activation gammas, depending on the quality of photon collimation to the
detector, since the RMD spectrum is not unique to the target species, and the energy distribution is
not ideal, dropping rapidly with increasing energy.

A NaI calorimeter will be used to measure the higher energy photons and electrons from RMD and
DIO. We have access to a large NaI detector, however we are searching for a more easily managed
small array of crystals for this task which will be easier to transport, mount, and shield. With the
implementation of an NaI calorimeter, we have the additional possibility to a�rm old measurements
of the rate of radiative muon capture (RMC) at energies from 55 MeV (just above the bulk of the
muon decay flux) to about 75-85 MeV (where the rate becomes too small to measure at the integrated
fluxes envisioned at PSI). The branching ratio is on the order of 10�5. Pair production from the
photons produce electrons detectable above background in approximately the same energy range, with
the precise endpoint depending on the rest energies of the daughter nuclei
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Present knowledge

Nucleon emission after muon capture, particularly the nuclear dynamics, is not well understood. Neu-
tron emission is described by direct and evaporative processes with energies ranging from thermal up
to some 50 MeV. However, most neutrons, at least for heavy nuclei, are emitted by evaporation after
an excited nucleus is formed. Theoretical studies indicate that giant resonance levels, [8, 14] are
important doorways leading to neutron emission. If this is the case, the reaction occurs through a
two-step process as described by;
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In the above reactions, the x’s represent emission of any number of particles including photons as
the nucleus de-excites. If neutrons are emitted from giant resonance excitation, broad peaks at lower
energies would be expected and are observed, Figure 8 [15]. Also, one would expect multi-particle
emission, as has indeed been observed for various targets [16, 17]. Multiplicity measurements for
targets of relevance ( close to Atomic Numbers of Al and Ti) are shown in Table 3.

Table 3: Neutron multiplicities for various targets. The distribution is adjusted to 0.545 [16].

Multiplicity
Target Avg. Mult. 0 1 2 3
Al 1.262± 0.059 0.449± 0.027 0.464± 0.028 0.052± 0.0013 0.036± 0.007
Si 0.864± 0.072 0.611± 0.042 0.338± 0.042 0.045± 0.0018 0.000± 0.008
Ca 0.746± 0.032 0.633± 0.021 0.335± 0.022 0.025± 0.0009 0.004± 0.006
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At higher energies, direct emission involves photo-production on a proton in the nucleus, with the
emission of a neutron. The end-point energy of this process is approximately 6 MeV for at rest
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Relevance for µ� e Conversion Experiments

The Mu2e and COMET experiments stop negative muons in an 27Al target. The signal of interest
is an electron, emitted with approximately 100 MeV/c momentum. The Mu2e tracking detector,
which is constructed of straw-tubes or a drift chamber, is relatively insensitive to neutrons, but this
is not the case for the calorimeter, the cosmic ray veto scintillators, and the readout electronics inside
the detector solenoid. There is a large flux of neutrons from the production target which is reduced
by shielding between the production and detection solenoids. With this shielding in place, simulation
shows that neutrons from muon captures in the stopping target then dominate the neutron background
in the tracker, Table 4. Due to their proximities, neutron backgrounds in the cosmic ray veto, and
particularly the calorimeter, are more sensitive to neutrons emitted after muon capture in the beam-
stop.

Table 4: Neutron Background Sources on the Tracker as a function of Neutron Kinetic Energy, T

Neutrons/cm2 (⇥1010)
Source Thermal(T < 1 eV) Epithermal (1eV < T < 1 MeV) Fast (T > 1 eV)

Stopping Target 16 77 100
Muon Beam Stop 0.2 2 0.8

Beam Flash 0.2 1 2
Production Solenoid 0.6 0.09 0

Aside from radiation damage to the electronics, fast neutrons cause single event upsets (SEU) during
dynamic operations in electronic systems. Depending on the upset, redundancy, and software verifi-
cation, these either could be ignored, result in data contamination, or in electronic failure. A dose of
5⇥ 104 n/s/cm2 was found using a MARS estimate of the neutron spectrum from the stopping target
(see Fig. 10). Thus, for a nominal IC area of 1cm2, each IC must be tolerant to about 1012 neutrons
which would be expected in 4⇥107 beam-on-target seconds. Better limits on these estimations should
be obtained.

Figure 10: The neutron energy spectrum after emission from an Al Target as obtained from a MARS
Simulation and used as input to neutron background calculations

Many muons, protons, and photons produced in the stopping target reach the calorimeter. The
estimated rates of neutrons and gammas in the calorimeter are approximately 300 kHz and 85 kHz,
respectively. Simulation shows this introduces pileup probabilities of 40% and 20%, but with average
energy depositions of 0.5 MeV and 0.7 MeV, respectively.
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WP3 Relevance for µ-e conversion
Neutrons emitted from muon capture at the muon-
stopping target (beam stop) at Mu2e and COMET 
would become a problem for single rates of the electron 
calorimeters and the cosmic-ray veto, although tracking 
chambers are not sensitive to neutrons. 

Estimated calorimeter rates of neutrons and 
gammas are about 300 kHz and 85 kHz 
respectively.
Simulation shows those introduces pileup probability 
of 40% and 20% (with energy deposition of 0.5 MeV 
and 0.7 MeV) respectively.

Fast neutrons will cause damages on the front-end 
electronics.

From the MARS simulation, a dose of 5x104 n/s/cm2 
is obtained. For a IC ship of 1cm2 area,  4x107 
second running time is allowed to get the tolerant 
level of about 1012 neutrons.

Therefore, it would be important to understand the 
rate and spectrum of neutrons emitted after muon 
capture.
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Relevance for µ� e Conversion Experiments

The Mu2e and COMET experiments stop negative muons in an 27Al target. The signal of interest
is an electron, emitted with approximately 100 MeV/c momentum. The Mu2e tracking detector,
which is constructed of straw-tubes or a drift chamber, is relatively insensitive to neutrons, but this
is not the case for the calorimeter, the cosmic ray veto scintillators, and the readout electronics inside
the detector solenoid. There is a large flux of neutrons from the production target which is reduced
by shielding between the production and detection solenoids. With this shielding in place, simulation
shows that neutrons from muon captures in the stopping target then dominate the neutron background
in the tracker, Table 4. Due to their proximities, neutron backgrounds in the cosmic ray veto, and
particularly the calorimeter, are more sensitive to neutrons emitted after muon capture in the beam-
stop.

Table 4: Neutron Background Sources on the Tracker as a function of Neutron Kinetic Energy, T

Neutrons/cm2 (⇥1010)
Source Thermal(T < 1 eV) Epithermal (1eV < T < 1 MeV) Fast (T > 1 eV)

Stopping Target 16 77 100
Muon Beam Stop 0.2 2 0.8

Beam Flash 0.2 1 2
Production Solenoid 0.6 0.09 0

Aside from radiation damage to the electronics, fast neutrons cause single event upsets (SEU) during
dynamic operations in electronic systems. Depending on the upset, redundancy, and software verifi-
cation, these either could be ignored, result in data contamination, or in electronic failure. A dose of
5⇥ 104 n/s/cm2 was found using a MARS estimate of the neutron spectrum from the stopping target
(see Fig. 10). Thus, for a nominal IC area of 1cm2, each IC must be tolerant to about 1012 neutrons
which would be expected in 4⇥107 beam-on-target seconds. Better limits on these estimations should
be obtained.
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Figure 10: The neutron energy spectrum after emission from an Al Target as obtained from a MARS
Simulation and used as input to neutron background calculations

Many muons, protons, and photons produced in the stopping target reach the calorimeter. The
estimated rates of neutrons and gammas in the calorimeter are approximately 300 kHz and 85 kHz,
respectively. Simulation shows this introduces pileup probabilities of 40% and 20%, but with average
energy depositions of 0.5 MeV and 0.7 MeV, respectively.
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WP3 Experiment
Rate and spectrum of neutrons emitted from muon capture on Al target will be 
measured. 
Neutron counters from the MuSun experiment will be used. They are six cylindrical cells of 
13cm diameter and 13cm depth, containing 1.2 liters of BC501A organic liquid scintillator. 
They are coupled to PMT.
Instead of TOF, the neutron spectrum unfolding technique is considered with a detector 
response function.
The 12-bit, 170 MHz waveform digitizers (from MuSun) will be used for readout. The 
digitization allows separation of neutrons from gammas by pulse shape discrimination (PSD).
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measurements at PSI if R(E,E

0) was not fully quantified.

Over the course of the next weeks, we intend to test existing unfolding codes [20] with Monte Carlo
generated input test distributions �(E) and typical detector response functions R(E,E

0). We also
intend to study the influence of the knowledge of R(E,E

0) on the precision with which the neutron
energy spectrum can be extracted.

4.5.1 Neutron detectors and readout

We propose to use at least one of the six identical neutron counters from the MuSun experiment2.
These counters are cylindrical cells of 13 cm diameter by 13 cm depth and contain approximately
1.2 liters of BC501A organic scintillator. The cell is coupled to a 13 cm diameter photo-multiplier
tube. For comparison, we might also employ one of the two home made neutron detectors which were
built by Regis University. While they are similar in size to the six BC501A ones, these detectors
are filled with the EJ-301 and EJ-309 liquid scintillator, respectively. However, there are no major
di↵erences in the three types of available detectors.

Any of these detectors would use 12-bit, 170 MHz custom-built waveform digitizers, and an eight
channel board from the MuSun experiment is available. Each board can sustain data rates of a few
MB/s before loss of data packages occurs. While the expected neutron rates are well below this limit,
additional background rates in the experimental hall can be suppressed by su�cient shielding around
the detector. Fig. 17(a) shows a typical, digitized signal from one of the BC501A neutron detectors
with 5.88 ns binning (170 MHz). The full digitization of each signal allows separation of neutrons from
gammas by means of pulse shape discrimination (PSD). The two dimensional plot in Fig. 17(b) of the
so-called slow integral (the sum of the bins 5 to 20 to the right of the signal peak in Fig. 17(a)) versus
the total integral reveals two distinct bands. The lower band are �’s mainly from the background in
experimental hall whereas the upper band is composed of the neutrons. Both integrals are expressed
in terms of the electron-equivalent energy which were obtained from calibrations with 60Co and 137Cs
sources.

(a) (b)

Figure 17: a) Digitized signal from a BC501A neutron detector (x-axis in ns). b) Neutron-gamma
separation via pulse shape discrimination. The slow integral corresponds to the sum of the bins 5 to
20 to the right of the peak of the digitized signal. The lower band contains �s and the upper band the
neutrons.

The PSD analysis of the fully digitized neutron signals has been successfully employed in the MuSun
experiment. The distance between the neutron and the � peaks divided by the sum of their FWHM
defines the figure of merit M . A higher value of M indicates a better performance. It should be
mentioned that the waveform digitizer board was optimized for these neutron detectors by fine tuning
a low-pass filter on the analog input. This led to a significant improvement of the figure of merit M .

2
http://muon.npl.washington.edu/exp/MuSun/
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4.4 Simulation

A particle emission simulation was obtained using the FLUKA simulation code, version FLUKA2011.2..
The model uses a thick, cylindrical target of pure Al. The incident low energy muon is completely
stopped in the target, and is captured in an atomic orbit. The captured muons are then allowed to
decay in orbit (DIO) or capture in the Al nucleus with nucleon emission, as well as photons and a
muon neutrino. The simulation of the energies of the neutron, proton, and gamma particles emitted
after µ capture in Al is shown in Figure 15. Emission from a Si target is similar. The Si target
does have approximately 25% more gamma emission, with the excess gammas at very low energies.
The simulation produces a ratio, 0.57, of gammas above 0.5 Mev per µ capture, and a ratio, 0.72, of
gammas per emitted neutron. The correlation between neutron and gamma emission is shown in a
correlation plot of neutron vs gamma energy in Figure 16. In this plot the highest neutron energy is
plotted against the highest gamma energy, so multiplicities are not counted. The simulated spectrum
only includes prompt photons.

Figure 15: The FLUKA simulated spec-
trum for proton(red), neutron(blue), and
gamma(black) emission per µ stop after µ cap-
ture on Al

Figure 16: A FLUKA simulation of the energy
correlation between neutron (vertical) and prompt
gamma (horizontal) emission after µ capture on Al

4.5 Determination of the Neutron Spectrum

While we are still evaluating the possibility of the neutron TOF measurement to determine the neutron
energy distribution, we propose the use of neutron spectrum unfolding techniques [20]. The information
used in this method requires the measured pulse energy for each detector hit and a detector response
function, R(E,E

0). For a neutron energy spectrum �(E), the measured detector response N(E0) is
given by:

N(E0) =

Z

E
R(E,E

0) · �(E) dE, (4)

If R(E,E

0) is well known, the neutron energy spectrum can be obtained by unfolding the measured
energy distribution with R(E,E

0). In this method, the TOF is not used but only the pulse integral to
obtain N(E0) of the neutrons coming from the target. Therefore, the detector can be moved closer to
the muon stopping target when compared to the TOF method.

Response function, R(E,E

0), measurements with known neutron energy distributions spanning the
entire energy range of interest, have to be obtained. This can be achieved with a combination of dif-
ferent neutron sources, specific reactions with emission of mono-energetic neutrons, or measurements
at facilities with neutrons of known energy distribution. We will explore the optimal choice such input
measurements over the next weeks in order to calibrate R(E,E

0) prior to mounting the experiment
at PSI. We have had initial discussions with the TUNL facility on this matter. While it would be
advantageous to measure R(E,E

0) ahead of running the experiment, we could still proceed with the
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Beam Requirement
Experiment area:
πE1 beam line

Required beam properties:
particle: µ-
momentum: 25-35 MeV/c
momentum bite: < 2% FWHM
beam spot: <2 cm in diameter
intensity: 2x104 s-1

beam purity: < 10 % electrons 
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Beam Time Request
We request two two 4 week PSI beam blocks. One is scheduled 
in 2013, and the next one is in 2014.
In spring 2013, we like to carry out WP1 (proton emission) with 
WP2 (muonic X-ray emission).

week 1: setup. commission beam counters and detectors, a 
vacuum chamber.
week 2: beam optimization,
week 3: high statistics measurements with 3 targets of Al and Ti, 
25-200µm.
week 4: high statistics measurements (continued). Last days 
dedicated neutron measurements.

In early 2014, we like to carry out WP3 (neutron emission) with 
WP2 (muonic gamma-ray emission and RMD).
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Currently M = 1 is achieved at an electron-equivalent energy of 200 keV corresponding to a neutron
energy of about 0.7MeV (MuSun analysis, see also [21]).

5 Organization

5.1 Organization and Responsibilites

The organization and responsibilities for the three work packages is given below.

Table 7: Main responsibilities for work packages of the AlCap experiment

Work Package Set-up Detectors Electronics DAQ Simulation/Analysis
WP1 UW, OU UW, OU, FNAL UW, OU OU, UCL OU, UCL, UW
WP2 PNNL PNNL, BU PNNL,UW PNNL, OU PNNL, BU
WP3 UH, ANL UH, UW ANL ANL, OU UH, ANL

5.1.1 WP1

We have a vacuum chamber and Si detectors, which were used for a similar measurement at PSI in
2009. The vacuum chamber is being tested now at University of Washington (UW). The two exiting
Si detectors are also being tested at UW. A possibility to prepare another set of Si detectors is being
considered. Amplifiers for the existing SI detects are available. The Osaka University (OU) group
is preparing DAQ system based on a PSI standard data acquisition system (MIDAS). Monte Carlo
simulations necessary to optimize detector configuration is undergoing at OU and University College
London (UCL).

Data will be analyzed independently at Osaka University, University of Washington, and University
College London, using standard analysis libraries and our own analysis routines. There is no special
requirement on data analysis support to PSI.

5.1.2 WP2

PNNL has a number of HPGe detectors available; one appropriate for the experiment will be chosen
and tested in advance. A mechanical cooling system is currently under test at PNNL as well and is
expected to be used at PSI. Due to the desired high rate and resolution requirements for the raw HPGe
pulse data, PNNL will provide its own DAQ system for data collection. The raw data will be provided
to the other DAQ system if desired, and the coordination and timestamps between the two systems
will be handled carefully.

HPGe data will be analyzed at Pacific Northwest National Laboratory using standard analysis libraries
and our own analysis routines. There is no special requirement on data analysis support to PSI.

5.1.3 WP3

As mentioned above, we plan to use existing neutron detectors and readout electronics provided by
the MuSun collaboration. We are also considering to build a small neutron detectors, with optimal
resolution. We plan to calibrate the detectors before the final experiment and have started to study
and test unfolding methods.

5.2 Requests to PSI

We request limited hardware support from PSI. This includes
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Organization and Responsibilities
main responsibilities for work packages of the 
AlCap experiment.
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Summary
Search for μ-e conversion would have a great potential to 
find an evidence of physics beyond the Standard Model. 
The two experiments in preparation, Mu2e at FNAL and 
COMET (Phase-I in particular) at J-PARC, need to finalize 
their detector design in one year. For design optimization, 
we need accurate data sets of particle emission from 
muon capture.
The AlCap collaboration, formed jointly by Mu2e and 
COMET, proposes an experiment to measure the rate and 
energy of particle emissions after muon capture at the 
πE1 beam channel, in two 4-week blocks of the beam 
time in spring 2013 and early 2014.
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Silicon Detectors
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