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Abstract
The design study of the experimental search for µ-e conversion in nuclear
ﬁeld at sensitivity of 10−14 with pulsed proton beam from RCS has performed
extensively. The preliminary measurement of the after proton had done; the
level of the after proton is very likely to be much smaller than the required
level.A realistic Monte Carlo shows that the decay-in-orbit background is much
less than that quoted in the proposal and that the cosmic-muon background
will be negligibly small. We can expect 1.4 signal events taking into account all
realistic eﬃciencies for 2 × 107 sec of data taking time if the branching ratio of
µ-e conversion in silicon is 3×10−14 . Since the backgrounds are small enough, it
is technically possible to extend the running time much more. If we can extend
the running time to 8 × 107 sec, we can expect 6 signal events for 3 × 10−14 of
the branching ratio with the number of backgrounds less than 0.5. The DeeMe
collaboration does not see any technical impediments to the realization of the
proposed experiment.

1

Overview

The minutes from J-PARC PAC in the last meeting stated that the PAC recognized
the scientiﬁc merit of timely realization of the proposed experiment, and ﬁve major
issues were listed. These are:
1. a plausible estimation of the after protons, and a clear plan to evaluate the
amount of after protons,
2. the method to evaluate the signal sensitivity,
3. further studies on the optimization of silicon-carbide target in consideration of
the impacts on other experiments,
4. encouragement to the lab to construct H-line,
5. background estimation, and the way to measure the background in situ.
The experimental group certainly agrees that the most important issue is the evaluation of the after protons. A working group with RCS accelerator specialists and
physicists were formed in the collaboration, and it has been engaging itself on the
after-proton issue. The working group has been studying the issue from two sides:
from experimental measurements and from theoretical estimation. The experimental
study went very smooth, and the preliminary measurement was performed in February, 2011, with very promising result. Then the improved measurement was planned
to be performed in May, 2011, but it was interrupted by the recent earthquake hit
in the north-east area of Japan. The measurement will be resumed in the February,
2012.
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Despite of the interrupt in the after proton measurement, we have been pushing
forward other studies.The realistic Monte Carlo study has made rapid progress, and
the estimations of major backgrounds was updated. The conceptual design of H-line
was completed; the bidding of beamline magnets were already called.

2

Answer to the Issues

The response from the collaboration to the issues raised by the PAC will be summarized. Section numbers in which the corresponding details are described are shown
together.

2.1

Plan to Evaluate the Amount of After Protons

Beam-loss counters located at the RCS extraction region can provide us information about the protons scattered after extraction from the RCS. By studying the
beam dynamics numerically, we can evaluate the correlation between the activity at
the beam-loss counters and the amount of protons heading towards the extraction
beamline. Thus the measured value at the beam-loss counters can be converted to
the amount of after protons. The preliminary measurement conducted in February
2011 shows that the level of after protons seemed to be 10−19 , which is two orders of
magnitude smaller than the requirement (Section 3).
During the physics data taking of the DeeMe experiment, the beam-loss counters
at the RCS will be monitored all the time, and provide us the estimation of after
protons with much better sensitivity than the signal. In addition, high momentum
region of H-line acceptance will be also used to monitor the amount of after-proton
background in situ (Section 6.4). This measurement will directly provide us indispensable information to discriminate the signal in case that the number of signal
events becomes larger than a few events.

2.2

Method to Evaluate the Signal Sensitivity

The momentum spectrum of the decay-in-orbit electrons close to the end point energy
will be monitored by the magnet spectrometer in situ (Section 6.3). It will be used
to calibrate the total number of µ− stopped in the muon target as well as the shape
of the decay-in-orbit spectrum.
The magnet spectrometer will be calibrated by using Michel edge of the µ+ decay
and mono-energetic electron peak from π + → e+ ν decay. In calibration runs, the
2nd bending magnet (HB2) of the beamline will be turned oﬀ and a thin plate will
be placed at the middle of it. The beamline magnets upstream of the HB2 will
be set at either 30 MeV/c for µ+ or 60 MeV/c for π + . Magnets downstream of
HB2 including the spectrometer magnet will be set at either 52.8 MeV/c for the
Michel edge measurement or 69.3 MeV/c for the πe2 measurement. Prompt beamﬂash electrons will pass through the thin target and not hit the detector, but the
daughter electrons coming from the decay in the thin target will hit the spectrometer
3

with certain geometrical acceptance. The spectrometer performance thus measured
at 52.8 MeV/c and 69.3 MeV/c will be compared to the Monte Carlo calculation, and
scaled up to the case for 105 MeV/c electron.

2.3

Silicon-Carbide Target

The estimation of the radiation dose to the equipment is ongoing by using PHITS[1].
The preliminary result showed that the radiation will be doubled due to neutron.
It is noteworthy that the silicon-carbide target is also beneﬁcial to the surface
muon programs since the surface muon yield will be also doubled owing to the increase
of pion production yield in the target.
This issue is rather political than technical. The proton loss in the muon facility
is allowed up to 10% in the agreement between MUSE and neutron facility. Beamline
equipments and radiation shielding are all designed based on the 10% loss in the
muon facility. It is now only 5% since the other 5%-loss is reserved for the use of the
2nd target station in future. However, we do not have the 2nd target station yet,
and the installation of the 2nd target station will not be earlier than the completion
of the proposed experiment. Therefore, it is reasonable to increase the proton loss in
the present target station temporary, and perform the proposed experiment, and put
back the original target when the 2nd target is installed. The discussion with MLF
is ongoing.

2.4

H-Line Construction

The lab has been showing an extremely favorable interest on the fundamental muon
programs proposed in H-line. Actually, the installation of magnets in the H-line
upstream tunnel is scheduled in summer, 2012. We also came up with the short
version of H-line that can accommodate the proposed experiment (Section 4). The
cost of the new beamline is reasonably less than the estimated value in the proposal.

2.5

Background Estimation

Realistic estimation of major backgrounds such as decay-in-orbit, cosmic-induced
and beam-related, has done based on the Monte Carlo simulation. Experimental
methods to evaluate these backgrounds in situ have been reviewed∗ ; the decay-inorbit backgrounds can be simultaneously measured by the magnet spectrometer in
the momentum range below the signal region, the cosmic-induced backgrounds can be
monitored during the beam-oﬀ time which is more than 10000 times longer than the
beam-on period, and the beam-related backgrounds will be simultaneously measured
by the magnet spectrometer in the momentum range above the signal region as well
as the beam-loss counters in RCS. (Section 6.3–6.5).
∗
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After Proton Study

Diﬃculties in the estimation of the after protons lie in both experiment and theory.
In the experimental approach, we have to measure a small numbers of hits following
a huge ﬂash of normally extracted protons (main protons). A detector has to be
protected against the main ﬂash while it should have a good sensitivity to the small
signals following the main ﬂash. In the theoretical approach, it is not practical to
simulate the beam dynamics by tracking more than 1017 beam particles. Therefore,
we have to build a model to describe how the after protons are produced, and split
the simulation to multiple steps based on the model.
In this experiment, combining both the experimental and the theoretical approaches, we came up with a novel technique to monitor the after protons. The
technique enabled us to successfully perform a preliminary measurement with very
promising result.
The study was interrupted by the recent earthquake, and it will be resumed once
J-PARC is recovered. Nonetheless, we believe that the concept of the after-proton
measurement itself is solid.

3.1

Preliminary Measurement of After Protons

In order to measure the after protons experimentally, a detector is expected to survive
the beam ﬂash coming from the main protons, and has to be sensitive to a small
number of signals following the main protons. Some novel mechanism is required to
make the detector eﬃciency selectively lower to the main protons. It is noteworthy
that the same diﬃculty also exists in a proton extinction monitor system for Mu2E
and COMET experiments[2, 3]; no concrete design has been established yet for either
experiment.
In our case, because the beam extraction scheme of RCS is totally diﬀerent from
that of MR, we can adopt such a “mechanism” utilizing the diﬀerence of beam proﬁles
between main and after protons. The beam emittance of main protons is well localized
in a core region and a halo is very small while the emittance of after-protons are very
broad without core structure. This diﬀerence in the beam emittance was partially
conﬁrmed by a preliminary beam dynamics calculation described in Section 3.2.
Based on the idea above, a preliminary measurement, a long-term monitoring
of beam-loss counters, was performed in February, 2011. The beam-loss counters
these we monitored were located along the extraction beamline downstream of RCS
extraction septum magnets. Figure 1 shows a location of the beam-loss counters, and
Figure 2 shows the photograph of the counters. Since the original purpose of the
beam-loss counters are to evaluate the radio-activation of accelerator equipment, the
size of counter was not large; it was typically 1 cmφ × 20 cm. Each beam-loss counter
was read by a photomultiplier with an ampliﬁer to provide suﬃcient gain, and was
sensitive to a single hit of a charged particle. Figure 3 shows a typical response of the
counter hit by a cosmic ray; fast raise time (' 10 nsec) with large amplitude (> 1 V)
is observed.
In this preliminary measurement, the ampliﬁed photomultiplier signals from the
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Figure 1: Locations of beam-loss counters in the RCS extraction section. Two counters, S-BLM19 and S-BLM20, were used in the preliminary measurement.
beam loss counters were fed into a digital oscilloscope. A signal from a beam position
monitor in the RCS ring, located nearby the extraction kicker, was also fed into the
oscilloscope. The fed signals were recorded in the oscilloscope in the persistence mode
for 258 hours (106 s).
The result of the preliminary measurement is shown in Figure 4. The ﬁrst two
white parallelograms from the left of the snapshot correspond to ﬁlled-RF-bucket
timing in the ring, a few hits were observed in the beam-loss counters probably due
to the scattering-oﬀ protons. The next two correspond to the extraction timing;the
bipolar noise in the beam-loss counter signals are observed. This electric noise is
known to be coming from the extraction kicker. Because of the noise, it is not easy to

Figure 2: Beam-loss counters installed by
the side of the extraction beamline. Two
black bars in the center of photograph are Figure 3: Typical response of the beamthe beam-loss counters.
loss counter signal by a cosmic ray.
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Figure 4: A snapshot of the digital oscilloscope after the accumulation of the beamloss counter signals for 258 hours. Yellow lines are signals from a beam position
monitor in the RCS ring, showing the timing of proton-ﬁlled RF buckets. Red and
green lines are signals from the beam-loss counters. White parallelograms are drawn
to show the time diﬀerence between the beam position monitor and the beam-loss
counters. See text for more details.
identify the particle-hit signals at the extraction timing, but clusters of hits are still
observable right after spikes of the kicker noise. These hits are caused by beam-halo
hitting the counters when the proton beam core passes through the beam duct of
the extraction beamline. The 5–6th parallelograms correspond to the after-proton
timing. No signal from the beam position monitor (shown in yellow) in the ring are
seen since the main protons were already extracted out of the ring. No clear hits are
observed in either beam-loss counters (shown in read and green).
Based on this observation, we obtained a rough estimate of the after-proton rate
by using the formula:
RAP =

NBLM /ε
,
NP

(1)

where NBLM is the number of beam-loss counter hits observed, ε is the ratio of the
probabilities between after protons hitting the beam-loss counter and passing through
the extraction beamline, and NP is the total number of main protons extracted during
the measurement period. It is clear that ε strongly depends on how protons are
extracted. For main protons, ε is naturally expected to be very small since the beam
duct is designed so that the core proton beam can go through and only the beam
halo has a possibility to hit the beam-loss counters. For instance, let us just assume
the number of beam-loss counter hits during the extraction to be a level of 100† , then
†

It is very hard to read this number from the Fig. 4 since pulses are overlapped. But the density
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ε = 100/Np . The beam power at the time of measurement was 220 kW, thus the
number of protons per second is 4.6 × 1014 /sec. The time length of the observation
is 258 hours; the total number of main protons is NP = 4 × 1020 ; thus, ε = 3 × 10−19
for the main proton buckets. In short words, the beam-loss counters are “protected”
from the main proton ﬂash by a factor of ε = 3 × 10−19 .
On the other hand, ε is larger for the after protons since they are scattered oﬀ the
ring and never go through the center of the extraction beamline; it will be described
in details in Section 3.2. Therefore, it is conceivable that ε is in the order of the ratio
of cross sections of beam duct and counters, which is about 20 for this preliminary
measurement, ε = 0.05. Based on this assumption, we obtained RAP < 10−19 from
this preliminary measurement, which is two orders of magnitude better than the
requirement quoted in the proposal.
There is another way to estimate RAP from this measurement. From Fig. 4, the
number of hits in the timing of the 1st and 2nd buckets is 2 (or less than several).
Thus, the number of protons potentially entered to the extraction beamline without
kicker activation is 2/ε = 100. Total number of protons in the beam core in the
258-hours of observation is 4 × 1020 ; the probability of beam-halo entering to the
extraction beamline without kicker is 2.5 × 10−19 per single proton. The result is
consistent with the one described in the previous paragraph.

3.2

RCS Beam Dynamics Study

We have been performing a computer simulation to study RCS beam dynamics. This
is intended for the following two purposes:
1. to estimate the after-proton rate from the simulation,
2. to evaluate ε.
The former is very diﬃcult since it needs the tracking of very large number of particles.
However It may be possible if the simulation is divided into several uncorrelated
steps, which is currently ongoing. The later is relatively easier, and it is important
to interpret the beam-loss counter measurement using ε evaluated in this manner.
Figure 5 shows the layout of the RCS extraction insertion. It consists of 8 pulse
kicker magnets, and 3 septum magnets. The Twiss parameters of the beam at the
entrance of the extraction section are
βx = 7.59 m, αx = −1.57 ,
βy = 19.10 m, αy = 2.34 .

(2)

The total kick angle by kickers is 17 mrad and thus simply a proton with a transverse
emittance of 2200π mm·mrad or larger may enter the extraction channel without
kicker activation, but it corresponds to more than 6 times larger emittance than
the ring acceptance. The ring acceptance is physically deﬁned by the secondary
collimators (∼ 350π mm·mrad) in the ring.
of overlapped pulses in the 4th bucket seems to be lower than that in the 3rd bucket, then such a
diﬀerence may not be clearly seen if the number of pulses is very large.
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Figure 5: Layout of the extraction insertion of RCS. The total kick angle by 8 pulse
kickers is 17 mrad.
Figure 6 shows two extreme cases of the beam orbits that might be extracted to
the extraction beamline without kicker activation. They correspond to the beamemittance region larger than 1900π mm·mrad. Since the beam emittance in the
ring is limited to be less than 350π mm·mrad, it is very unlikely to have protons
coming to the large-emittance phase space, 1900π mm·mrad, and extracted by the
septum magnet. The observation in the preliminary measurement support this fact;
the amount of such accidental protons will be only a level of 10−19 per main proton.
Then, the plausible scenario of the after-proton production may be as follows: a
proton, probably located at the edge of RF bucket in longitudinal phase space, may
receive incomplete kick from the extraction kicker during the extraction, moves to
the large emittance region but not extracted at the time, and go around the ring once
more, and is extracted in the next turn. However, as it is shown in the Fig. 7, once the
proton falls in the large-emittance phase space, it will hit the secondary collimators
of the ring during the ﬁst turn, and never come back to the extraction section again.
As for ε estimation, Figure 6 already visualized that the emittance of the protons
in the ring that pass through the center of the extraction beamline without being
kicked by pulse kicker magnets is larger than that hit beam ducts, beam-loss counters
and/or magnets. If there is any large-emittance protons generated in the ring, they
mostly hit equipment.In order to demonstrate this, the beam trajectory around the
entrance of the 1st septum magnet was calculated for the beam in the large-emittance
region (> 2000π mm·mrad). The kickers were all supposed to be oﬀ, and the Twiss
parameters above were used to generate the beam ellipse in the horizontal phase space.
The result is shown in Figure 8. The beam mostly distributes in the large-emittance
region, which means protons hit the beam duct rather than being transported through
the center of the beam duct. This hints us the order of ε may be even larger than
1, and supporting the validity of the after-pulse monitoring scheme by using the
beam-loss counters.
There are still room for improvement in the calculation in order to better understand how the after-protons could be generated. However, we would like to stress
9

Figure 6: Two extreme cases of the beam orbit that potentially be extracted without
kicker activation. Blue orbits are those x0 > 16 mr, and thus the emittance should
be larger than 1900π mm·mrad. Red orbits are those x < 92 mm, and thus the
emittance should be larger than 2600π mm·mrad.
that the after-proton monitoring scheme described here is realistic and doable.

3.3

Improved Measurement

The success in the preliminary measurement led us to plan the improved measurement. The further measurement was actually planned to be performed in May, 2011,
but was postponed due to the severe damage of J-PARC by the earthquake. In the
next measurement, we are planning to do the following:
1. optimize the location of the counters,
2. optimize the size of the counters,
3. install pulse-by-pulse waveform recorder.
In order to increase the probability of the counters catching more scattered protons at
the post-extraction timing, the location of counter will be optimized by using the RCS
beam dynamics simulation of the large-emittance proton scattering. The counter size
will be maximized in the available space. The waveforms of the counter signals will be
recorded pulse-by-pulse by using waveform digitizers, for oﬀ-line analysis. The bipolar
electric noise from the kicker magnet could be reduced by using digital ﬁlter and/or
base-line template subtraction techniques. these have been proved to be eﬃcient in
the test measurement performed at D-line[4].
The new counter system will be installed in this autumn, and the measurement
will be performed in the next February or whenever RCS is in operation.
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Figure 7: Typical orbit of the proton beam in the RCS ring. Black lines are the
physical aperture of the ring set by the vacuum ducts of the magnets. Green box
shows the position of the secondary beam collimator which limit the beam emittance
less than 350π mm·mrad. Top plot shows several tracks with x0 = 0 at the left most
position, from x = ±32 mm (315π mm·mrad) to x = ±92 mm (2600π mm·mrad).
Bottom plot shows several tracks with x = 0 at the left most position, from x0 =
±6.5 mrad (320π mm·mrad) to x0 = ±16 mrad (2000π mm·mrad).

4

H-Line Design

We fully agree to the statement in the minutes of the last PAC meeting:
..., the new H beamline which has 10 times larger acceptance would
accommodate the experiment better.
The physics sensitivity should be maximized aiming the potential discovery of the µ-e
conversion signal. Therefore, the design study have been focused on the measurement
option with the new large-acceptance beamline, H-line. The original design of the Hline was provided by Jaap Doornbos in TRIUMF as shown in Fig. 9; it supports three
experimental ports and be able to accommodate three experiments with time-sharing.
In this design, the fringe ﬁeld of the solenoid was ignored, thus there might be
large uncertainties in the estimated performance of the beamline. Therefore, the
optics design was newly modeled by using G4Beamline[5], in which the fringe ﬁeld
of the solenoid can be treated more realisticaly, and the beamline performance was
evaluated with the G4Beamline. The result turned out to be very consistent with the
original design by Jaap Doornbos.
Preparation of H-line construction at the most upstream side (1st solenoid and
1st dipole magnets) has been started at KEK. In parallel to this, a new design of the
H-line has been considered. The design is based on the same principle at the most
11

Figure 8: The horizontal and vertical axes are the position of proton in horizontal
and vertical phase space, respectively. Both x and y are taken from the center of the
extraction beamline. The distribution is more dense in the large emittance region;
protons rather hit the beam duct than go straight through the center of the beamline.
upstream side but with shorter length at the downstream side. The 2nd bending
magnet in the previous design is omitted in this new design. The G4Beamline model
of the short H-line is shown in Fig. 10. The construction cost of the short H-line would
be substantially less than the long version, which is quite important for the realization
of the proposed experiment in timely manner. There is also another advantage in the
short version; the acceptance in the higher momentum region is almost twice than
that of the long version. It improves the performance of the simultaneous monitoring
of beam-related backgrounds. The monitoring of beam-related background will be
described in details in the Section 6.4
The short H-line option will be used as the baseline design in the following Monte
Carlo studies. Please note that it does not necessarily mean we abandon the possibility of using the long H-line conﬁguration. We, as the experimental group, still hold
the both possibilities; we will start the experiment with either short version or long
version whichever realized ﬁrst.

4.1

Beamline Performance

The typical beam proﬁle for 105-MeV/c electrons is shown in Fig. 11. Since the
geometrical aperture of the H-line kicker magnets are limited due to the available
technology of the kicker power supply, they has to be located between HS2 and HS3
where the beam envelop becomes narrow. An electrostatic separator, which is located
downstream of HS3, will be only used for the surface-muon application.
At the exit of the beamline, a sector bending magnet, HB4, is placed for the
purpose of momentum analysis. The bending angle is 80◦ in order to improve the
momentum resolution. Horizontal focusing of the sector magnet helps to minimize
the beam loss in the sector bending magnet. The beamline acceptance as a func12

Figure 9: The original layout of the H-line proposed by Jaap Doornbos. It consists of
three experimental area: for DeeMe (DEEME), surface muon program (MUONIUM)
and muon g − 2 (GM2B). They can time-share the beamline for the eﬃcient use of
the proton beam. S1–5 are solenoids, B1–4 are dipole bends, K1–4 are H-line kicker
magnets, Qdoub and Qtrip are quadruple- doublet and triplet, respectively. Direction
of the magnetic ﬁeld in S2 and S3 are opposite so that the momentum-dispersion axis
of the beam stays horizontally at the bending magnet position.
tion of beam momentum, which was estimated by G4Beamline, is shown in Fig. 12.
The momentum bite is about 11 MeV/c (FWHM), and it can accept electrons from
90 MeV/c to 120 MeV/c. Thus, the momentum acceptance of the beamline is fairly
“wide” as intended by using large solenoid magnets as the focusing elements.
This wide momentum bite of the H-line can be divided into three regions according
to the nature of the beam particles observed:
A: 90.0–102.0 MeV/c decay-in-orbit (DIO) background region,
B: 102.0–105.6 MeV/c µ-e conversion signal region,
C: 105.6–120.0 MeV/c beam-related background monitoring region.
The geometrical acceptance of the signal region (region B) is 110 msr in average, which
is very close to the geometrical acceptance deﬁned by the beam port of the target
vacuum chamber. In short words, the transmission loss for the central momentum
particle is very small in the H-line.

4.2

H-Line Kicker Performance

According to the Geant4 Monte Carlo calculation described in Section 6, the number
of particles hitting through the tracking device of the magnet spectrometer will be
13

Figure 10: A G4Beamline model of the short version of H-line. Beamline components
are, from left to right, HS1, HB1, GV, HS2, HK1–4, Slit, HS3, Separator, HB2,
Quadruple triplet and HB4. HS are solenoids, HB are bending magnets, HK are
H-line kicker magnets. Typical electron tracks are also drawn.

Table 1: Speciﬁcation of the H-line kicker magnet for the measurement at H-line.
Magnetic Field
Gap
Width
Length
Number of Magnets
Fall Time
Repetition

> 385 Gauss
320 mm
320 mm
400 mm
4
< 300 ns
25Hz

2 × 108 for each proton pulse if H-line kickers are not installed. If this beam ﬂash hits
through gas wire chambers, the chambers will be totally blinded and will take more
than µsec to be recovered. It is not acceptable to open the signal window; the detector
should be operational soon after the beam ﬂash. In order to protect the detectors
from the beam ﬂash, four H-line kicker magnets (HK1–4) will be energized during the
beam ﬂash. The H-line kicker parameters are shown in Table 1. They are evaluated
considering realistic component design, and the production cost of the magnet was
estimated to be in a reasonable range. The electron beam transport through the Hline with kicker magnet excitation was simulated taking the parameters into account.
Figure 13 shows the beamline acceptance as a function of the beam momentum when
the H-line kickers are turned on (0.0385 T). None of the beam particles passed through
downstream of the separator within the statistics of the simulation. The expected
number of particles hitting through the detector will be only at a level of 30k per
proton pulse.
14

Figure 11: Beam proﬁle of the 105-MeV/c electron passing through the H-line short.
Electron source is shaped in rectangular with 30 mm of horizontal full width and
60 mm of vertical full height. The curve in the plot shows 3σ proﬁle, where σ is a
root mean square of the beam distribution. For instance, if the beam distribution is
square shaped, the 3σ is 70% larger than the actual beam proﬁle.

4.3

Area Layout

In order to see if there is any potential conﬂict between the adjacent surface-muon
beamline and the DeeMe detector, the layout of the current H-line short option was
superimposed over the MUSE layout as shown in Fig. 14. There is no conﬂict at the
moment, but the radiation shield might have to be combined together between the
adjacent beamline to save the space and eventually production cost.

4.4

Momentum Acceptance Calibration

As it will be described in the Section 6, the beamline acceptance as a function of
momentum has to be well understood for background estimation and muonic atom
yield estimation. It would be very useful if the momentum acceptance of the beamline
can be evaluated experimentally.
The acceptance calibration will be performed by utilizing the ﬂatness of the
prompt-ﬂash electron momentum. Figure 15 shows momentum spectra of the prompt
electrons from Geant4 simulation. The momentum spectrum is monotonically decreasing in the region of interest; it is fairly ﬂat in the momentum region 80–120 MeV/c.
During the acceptance calibration, the prompt-rejection H-line kickers will not be
used to pass the prompt electron through the spectrometer. However, the detector
rate still has to be reduced.Any slits and/or jaws in the H-line may not be used since
they will potentially distort the momentum acceptance of the beamline. Therefore,
the intensity of the primary proton beam should be reduced by factor 10−8 to protect
the detector. From our experience in the pulsed proton R&D for the COMET experiment, the primary proton beam intensity is know to be reduced by a factor of 10−7
15
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Figure 12: H-line (short) acceptance as a function of beam momentum.
by using the beam chopper in LINAC. Another order of reduction can be achieved by
decreasing the number of LINAC pulses injected to RCS. When the average number
of hits per proton pulse is adjusted to one, dedicated calibration run for 24 hours
would be able to provide enough statistics.

5

Spectrometer Performance Study

The magnet spectrometer will be installed at the exit of H-line to measure the electron
momentum precisely. The momentum resolution has to be better than 0.5 MeV/c at
105 MeV/c in order to suppress the decay-in-orbit backgrounds.
Figure 16 shows a close-up view of the G4Beamline model of the spectrometer
part. It consists of the following devices:
1. a spectrometer magnet (sector type),
2. four tracking chambers (WC1–WC4),
3. a trigger counter hodoscope(HD1),
4. a time-of-ﬂight hodoscope(HD2).
The bending angle of the magnet is chosen to be 80◦ to achieve the best momentum resolution. The thickness of the tracking chamber was assumed to be 143-µmKapton equivalent, which is almost twice thicker than the drift chamber used in MEG
experiment[6].
16
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Figure 13: H-line acceptance as a function of beam momentum in case that all four
H-line kickers are turned on.

5.1

Track Fitting

A track ﬁtting in the following spectrometer study was performed by using Kalman
ﬁlter[11] technique. The open class library GENFIT[12] (revision 303) was used with
a few bug-ﬁxes applied by ourselves. GENFIT takes into account both the multiple
scattering and energy loss in material. Figure 17 shows a typical probability distribution of the track ﬁtting result for 105 MeV/c electrons. The probability is fairly
ﬂat with a peak at zero, which might be caused by non-Gaussian behavior of electron
tracks such as large angle multiple scattering, Møller scattering, Bremsstrahlung and
so on. The implementation of such non-Gaussian behaviors to a Kalman ﬁlter algorithm is not trivial, and it was not included in GENFIT. The probability better than
5% is simply required to reduce the non-Gaussian eﬀect; the tracking eﬃciency after
the selection is 90%. The track momentum distribution after the probability selection
is shown in Fig. 18. The momentum resolution of the core part is 0.23 MeV/c (RMS),
and the non-Gaussian tail toward low-momentum region is observed, but no tail in
the high-momentum region.

5.2

Momentum Resolution Study

The momentum resolution of the magnet spectrometer was evaluated for several different conﬁgurations: diﬀerent tracker resolutions and bending angles. The result is
shown in Figure 19. From this result, it is concluded that the larger bending angle provides better resolution. The important thing is that the detector acceptance
does not largely decrease as the bending angle increases. This is because that the
emittance of the electron beam is already deﬁned in the H-line, and also that the
sector magnet provides horizontal focusing. We choose 80◦ as the bending angle
for the following study. With this bending angle, the momentum resolution better
than 0.3 MeV/c(RMS) can be achieved even with the 0.3 mm (RMS) tracker resolu17

Figure 14: An example of how the H-line short can be installed in the current MUSE
facility. The detailed discussed with MLF is needed.
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Figure 15: Momentum spectra of prompt electrons at the entrance H-line. A close-up
around 100 MeV/c is shown in an inset.
tion. This tracker resolution corresponds to the average resolution of 1-mm spacing
MWPC, which is very modest requirement.

5.3

Detector Calibration

Both the absolute momentum scale and the momentum resolution should be precisely
calibrated in the DeeMe experiment, otherwise the decay-in-orbit (DIO) electrons
might be misidentiﬁed as the µ-e conversion signal. We need suﬃcient amount of
beam particles with well-deﬁned momentum to perform a reliable calibration.
Both mono-energetic (69.3 MeV/c) positrons from π + → e+ νe and high momentum edge of the positrons from Michel decay of µ+ (52.8 MeV/c) will be used as
the momentum standard. In these calibration measurement, a degrader and a thin
calibration target will be placed in the middle of the 2nd bend (HB2). Both HB2
and the H-line kicker magnets will be turned oﬀ. The thickness of the degrader is
adjusted so that the beam pions and muons will stop in the calibration target, but
electron ﬂash will go through it. Pions and muons stopped in the target will produced
decay positrons, and some of them will enter the magnet spectrometer. The polarity
of the magnetic ﬁeld of the spectrometer will be ﬂipped and scaled down so that it
can accept 69.3 MeV/c positrons for πe2 calibration. It will be set at 52.8 MeV/c for
Michel calibration.
According to the Monte Carlo study, number of π + in the beam ﬂash is about 107
per pulse. Even after taking into account the smallness of the πe2 branching ratio,
and the geometrical acceptance of the magnetic spectrometer, the expected number
of hits per pulse will reach 20. The yield will be even more for the Michel positrons;
we may have to reduce the rate by using small-sized calibration target, or by closing
19

Figure 16: Layout of the magnet spectrometer located at the exit of the H-line. Small
dark-green disks represent tracking chambers (WC1–WC4), and large dark-blue disks
represent hodoscope counters (HD1–2). They are simply represented as such due to
the limitation of the simulation tool (G4Beamline). The shapes of actual devices will
be diﬀerent.
beam slits if necessary, or even by reducing the primary proton beam power. It will
be possible to accept one positron per pulse in average, and the number of pulses is
50 per second; more than 106 of calibration events could be accumulated in a day.
Both πe2 and Michel positrons will be used to see the momentum dependence of
the spectrometer performance, and it will be scaled up to 105 MeV/c with a help
from Monte Carlo simulation. It will be also possible to use Michel electrons from µ−
stopped in the calibration target.

6

Signal Sensitivity and Backgrounds

A signal sensitivity and major backgrounds were studied with Monte Carlo simulation.

6.1

Monte Carlo Event Generation and Analysis

The study had been split into four steps:
1. production of stopped-µ− by Geant4,
2. production of DIO and µ-e electrons by Geant4,
3. transport of electrons through H-line by G4Beamline,
4. and track ﬁtting by GENFIT.
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Figure 18: Reconstructed momentum
spectrum for 105 MeV/c electron tracks.
Figure 17: Typical probability distribution Track-ﬁt probability is required to be
of the track ﬁtting using GENFIT library. larger than 5%. The result of Gaussian ﬁt
on the core part of the peak is shown in red
curve. The width is 0.23 MeV/c (RMS).
6.1.1

Yield of Stopped µ−

Negative muons stopping in the primary proton target were generated by using Geant4
Monte Carlo simulation code[7]. The target geometry in the simulation is shown in
Fig. 20; it is the same as described in the proposal except that the target material
is replaced with silicon-carbide (SiC) with a density of 3.1 g/cm3 . The geometrical
thickness of the muon target is the same to the original muon target, 20 mm. The
proﬁle of the proton beam hitting the muon target is round-shaped and the size is
2.2 cm in diameter. The kinetic energy of the proton beam is 3 GeV.
The hadron code QGSP BERT HP is used for the calculation. It gives consistent
result as HARP measurement for carbon target[8], and the comparison with a test
measurement of the muonic carbon yield performed at D-Line shows good agreement
within 30% of uncertainly‡ .
A history of particle changes, such as decays and nuclear captures, was recorded
inside the Geant4 user code for each event, and was used to trace down π → µ → e
decay chains. Figure 21 shows muon total energies at birth, where the muons were
produced by pion decays. A peak in the plot for µ+ corresponds to π + → µ+ νµ decay
at rest. The absence of the same peak in the µ− plot proves that the stopped π − , in
Geant4 calculation, does not go π − → µ− νµ decay at rest but is quickly absorbed by
nucleus; it is quite consistent with what happens in the real world.
Negative muons are mostly produced from the in-ﬂight decay of negative pions,
and will be captured by nucleus once they stop in the muon target. In case of a
compound material such as silicon-carbide, the negative muon is captured by either
element according to the probability proportional to the atomic number, Z, based
on the Fermi-Teller Z rule[9]. In the simulation study, the muon nuclear capture
‡

Please refer to the Chapter 3 in the proposal[4] for details.
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Figure 19: Momentum resolution as a function of spatial resolution of tracking device.
Plots are made for 30◦ , 50◦ and 70◦ of bending angles of the spectrometer magnet.

Figure 20: A 3D model of the rotation target implemented in Geant4 code.
process is treated as a simple process that produce a single dummy electron§ . The
position of the dummy electron at birth is recorded only if the electron is produced
from the stopped µ− and that µ− is produced by π − decay. This position represents
the position of a muonic atom. The type of the target element, whether it is carbon
or silicon, is also recorded.
The production of the Monte Carlo events was performed for 1.4 × 109 of the
initial protons. The number of stopped µ− produced are 5821 and 2973 for silicon
and carbon nuclei, respectively. Their ratio, about 2, is consistent with the FermiTeller Z rule. Figure 22 shows stopped-µ− position distribution thus obtained. The
width of the distribution perpendicular to the proton beam direction is almost 40 mm;
§

It is called “dummy” since this electron was only used for seeing the µ− stopping position, but
not used in the following steps.
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Figure 22: Monte Carlo generated distribution of µ− stopping position in the muon
target. Proton beam directs along z axis and centered at (x, y) = (0, 0).
the width of the muon target in the radial direction should be larger than 80 mm in
order to maximize the stopped-µ− yield. The distribution along z-axis is fairly ﬂat
with sharp peak at the target surface. Density at the upstream side is as large as that
at the downstream side. It would be because that the low-energy pions are almost
isotropically produced[3]. The production yield of the muonic silicon and carbon
atom from this simulation study is 1.1 × 1010 /s and 0.5 × 1010 /s, respectively, for
1 MW operation of RCS¶ .
6.1.2

Electron Generation

Decay-in-orbit (DIO) electrons from muonic atoms were generated by using the µ− stopping position distribution obtained in the previous section. In order to increase
the statistics,the total number of DIO electrons produced is increased to 7 × 106 ,
which is almost 800 times more than the available number of stopped-µ− position
data. The randomness of the produced electrons is secured by using the following
¶

Correction to a timing-cut on the dummy electrons were applied.
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Figure 23: Top: left and right plots are y and z distribution, respectively, of the
stopped µ− position generated in the 1st step. Bottom: left and right plots are y and
z distribution, respectively, of the position randomly generated in the 2nd step.
method:
1. stopped-µ− positions for both silicon- and carbon-atoms were used,
2. three dimensional position parameter, (x, y, z), were divided into (x,y) and z,
3. (x,y) position was smeared with two dimensional Gaussian distribution with
σ = 5 mm,
4. z value was randomly picked up from the position list, and smeared with Gaussian,
5. combine (x,y) and z to form (x, y, z).
The width of the Gaussian used for the z value smearing was a function of z position
so that the produced distribution preserves the sharp peak at the surface region.
Figure 23 shows y and z distributions of both the original positions and randomly
produced positions. The statistical ﬂuctuation in the y distribution was well smeared
out, and the distribution is smooth. The statistical ﬂuctuation in z direction is
not perfectly smeared out, although it is acceptable. Directions of electrons were
randomly produced with isotropic distribution.
As for the energy distribution, electrons were uniformly produced in 0.511–110
MeV energy region, but the “weight” of an individual event is calculated according
to the DIO spectrum described in the proposal. With this “weight”ing method,
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Figure 24: Monte Carlo generated DIO electron momentum spectra. Black histogram
is for muonic carbon atom, and red histogram is for muonic silicon atom.
the statistical signiﬁcance of events close to the end-point energy is increased. The
normalization of the “weight” was properly chosen so that the weighted integration
over the whole energy region gives the number of DIO events. Figure 24 shows DIO
electron energy spectra for both muonic silicon and carbon atoms.
6.1.3

Electron Tracking in the Target

The DIO electrons thus generated were further tracked by Geant4 with the same
target geometry as used in the stopped-µ− generation. An initial position can be
outside the target material because of the Gaussian smearing in the previous step.
Such event is simply discarded at this step. Position, direction and momentum of
electrons coming out of the target region (50-cm-radius sphere centered at the beam
spot) were recorded for further tracking by G4Beamline.
6.1.4

Electron Tracking through H-Line

The position, direction and momentum of electrons were fed to G4Beamline, and
tracked down through H-line (short conﬁguration) and the magnet spectrometer. The
hit information on beam monitors, which are actually tracking chamber planes in the
experimental setup, was recorded. Since hits on each beam monitor are recorded
independently in the G4Beamline, the event-by-event information is reconstructed
by using the serial number of initial electrons afterward. Then, the event data were
analyzed with a Kalman-ﬁlter tracking code to obtain a reconstructed momentum
distribution.
The tracking for µ-e conversion electrons was also performed with the same procedure with the initial electron momentum of 104.925 MeV/c and 105.097 MeV/c for
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Figure 25: Expected spectra of the track-reconstructed momenta of electrons. Green
histogram is of µ-e conversion signal from muonic silicon atom assuming BR=3 ×
10−14 . Red histogram is of decay-in-orbit electrons including both from silicon and
carbon muonic atoms. Purple histogram is of beam-related background assuming
the number of after-protons in the signal time window (2 µsec) to be 10−19 of total
protons based on the preliminary measurement. Error bars indicate statistics errors
of the Monte Carlo calculation.
muonic silicon and carbon atom, respectively.

6.2

Signal Sensitivity

Figure 25 shows the expected µ-e signal and backgrounds after 2 × 107 sec of running
time. The tail toward the lower momentum is caused by the energy loss in the muon
target. The electron momentum distribution at the H-line entrance is very broad as
shown in Fig. 26, and only 16% of them has momentum larger than 100 MeV/c. The
z position distribution of the initial electron is shown in Fig. 27 for the event whose
reconstructed momentum is larger than 102.0 MeV/c. The total thickness of the
muon target is 20 mm and muons stop all along the target, but the electrons coming
from only 4 mm of the downstream layer can be accepted in the signal regionk . The
eﬃciency of this eﬀect is automatically included in the Monte Carlo study.
Based on the assumption that the branching ratio of µ− + Si → e− + Si being
BR = 3 × 10−14 , the expected number of event is 1.4 after 2 × 107 sec of data taking
k

It is note worth that the 16-mm of upstream layer is still important for the pion production.
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Figure 26: The momentum of µ-e electrons Figure 27: Z position at birth for electrons
whose reconstructed momentum lie within
at the H-line entrance port.
signal region (> 102.0 MeV/c).
with 1 MW operation of RCS.

6.3

Decay-in-Orbit Background

The expected DIO background spectrum is also shown in the Figure 25. Since the Hline acceptance is wider than the momentum region of the signal (102.0–105.6 MeV/c),
DIO events can be obtained in the momentum region below 102.0 MeV/c in situ. The
expected number of events is almost 300 for the 2 × 107 sec of running time. These
DIO events will be used to see the shape of the background spectrum and to check the
validity of the Monte Carlo estimation of the DIO background. It is also important
to deﬁne the energy scale by using the steep slope of the spectrum with convolution
with the resolution function. It is, then, used to normalize the total number of µ−
that we observe.
The expected number of DIO in the signal region is only 0.09, which is much
smaller than the estimation shown in the proposal. The reason why the number is
improved is mostly due to the improvement in the momentum resolution. It was
conservatively assumed to be Gaussian distribution with 0.5 MeV/c(RMS) in the
proposal, but now it was estimated based on the realistic Monte Carlo study, which
mutually includes non-Gaussian tail eﬀects.

6.4

Prompt Background

The expected electron spectrum coming from the beam-related background is also
shown in the Fig. 25. In order to estimate contribution from the prompt background,
the prompt particles produced by 3-GeV protons hitting the muon target are directly
fed to the H-line beam transmission calculation with G4Beamline, then GENFIT
track-ﬁtting for those particles is performed. The spectrum shown in the Fig. 25 is
estimated with the assumption that the number of after-protons in the signal time
window (2 µsec) is 10−19 of total protons based on the preliminary measurement. The
27

Figure 28: H-line G4Beamline model with shielding concrete blocks and iron blocks.
The concrete blocks are drawn in black lines and the iron blocks are drawn in blown
lines. Blue shapes are beamline magnets, Purples are beam ducts.
spectrum covers whole the momentum region of H-line acceptance, and the expected
number of event is 0.003 in the signal momentum region, and 0.006 in the highmomentum region (p > 105.6 MeV/c). This high momentum region events can be
used for the real-time monitoring to the beam-related background just for the case
that the after-protons were much more than our estimation. If we observe 0 events in
this region, we have a direct proof that the expected number of events in the signal
region is less than 1.2(90% C.L.). Anyway, much tighter estimation of the beamrelated backgrounds will be obtained by using the beam-loss counter method. The
beam-loss counter will be used for monitoring all the time during data acquisition.

6.5

Cosmic Muon Background

In order to estimate the cosmic-muon induced background, the radiation shielding
iron blocks around the muon target and concrete blocks covering whole the H-line
and detector system were modeled in the G4Beamline as shown in Fig. 28. Then,
2×108 of cosmic muons are generated and tracked by G4Beamline, which corresponds
to 1.5 × 107 sec of beam time. The momentum and angular spectrum of the cosmic
muons were modeled based on the approximate formula given in [10]. Figure 29 shows
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Figure 29: Momentum spectrum of electrons that hit the 4th tracking chamber, WC4.
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Figure 30: Cosine of the electron direction measured from the beamline axis.
electron momentum distribution at WC4. There are some events around 100 MeV/c
observed, but it is before applying any event selection criteria.
First of all, direction of electrons are totally diﬀerent between the signal electrons
and cosmic induced electrons as shown in Fig. 30. The angle distribution of µ-e signal
is extremely forward direction, which is in good contrast with that of cosmic induced
electrons. In addition, the eﬀective area of WC4 in the G4Beamline model is 10 times
larger than the actual size of tracking chamber due to the technical limitation of
G4Beamline. Taking into account these two factors, the expected number of cosmicmuon induced background is 0.018 ± 0.006 events for 2 × 107 sec of running time. The
further reduction could be possible by requiring the matched track through WC1–
WC4, which is not applied in the current study due to the lack of enough statistics.
As for the direct hit of the cosmic muons, It was only less than 0.02 events after
angle and momentum selection. In addition, time-of-ﬂight information will be used to
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reject any muon-like tracks. The expected number of cosmic-muon induced muon-like
track is less than 0.001, negligible small.
It is very instructive to investigate why the expected number of cosmic-muon
induced background is so small compared to, for examples, SINDRUM-II. First reason
is the small duty factor; the live time of the detector is only 2 µsec for each RCS
extraction in our case, and the extraction is only 25Hz. Therefore, the duty factory is
only 1/20000, while it is almost 1 for SINDRUM-II. The second reason is the direction
of the track; it is mostly horizontal in our case while vertical in the SINDRUM-II,
and cosmic-muons mostly come in vertical direction.
In the real data taking, The cosmic induced background will be estimated by
monitoring the detector actively during the beam-oﬀ period. It is possible to accumulate 20000 times longer live time, therefore 20000 times larger statistics, for the
cosmic-induced background.

7

Summary

The solid method to monitor the after protons was developed, and the preliminary
measurement was performed with very promising result. The expected after protons
is very likely to be even much smaller than our original requirement.
The realistic Monte Carlo simulation was performed; the result is summarized in
Table 2. The expected number of signal event is 1.4 after 2 × 107 sec of data taking
with 1 MW of RCS operation if the branching ratio of µ− + Si → e− + Si is 3 × 10−14 .
The total number of backgrounds is 0.12.
Because the backgrounds are very small, it is conceivable to extend the running
time to increase the event signiﬁcance, if it turns out to be necessary. If we extend the
beam time up to 2 years, the expected backgrounds will be 0.24. The probability of
seeing the background events more than 2 events is less than 0.002. If we could extend
the beam time up to 4 years, the total number of backgrounds will be still only at a
level of 0.5 events; the probability of seeing the background events more than 3 is only
0.0015, while the expected number of signal is 6 for BR[µ− +Si → e− +Si] = 3×10−14 .
The shape of the momentum acceptance of the beamline, which is very important
to understand the signal acceptance and background rate, can be performed by using
the prompt beam ﬂash with reduced rate. The absolute momentum scale and the
momentum resolution of the magnet spectrometer will be calibrated by the special
run using πe2 - and Michel-decay positrons.
The conceptual design of H-line has completed, and the concrete action towards
the construction has already began. The bids for the two magnets in the tunnel had
already called.
We, the DeeMe collaboration, do not see any technical impediments to the realization of the proposed experiment. The experimental method of the proposed
experiment is sound.
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Table 2: Expected Signal and Backgrounds with the following assumptions: BR[µ− +
Si → e− + Si] = 3 × 10−14 , After-protons being 10−19 of main protons, running time
being 2 × 107 sec.
µ-e signal
DIO Background
Beam-related Background
Cosmic-Muon Induced Electron Background
Cosmic-Muon Induced Muon Background

1.4
0.09
< 0.01
0.018
< 0.001
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A
A.1

R&D Activities
Wire Chamber Development

The tracking detector should be operational at a high counting rate, approximately
33000 particles per single beam bunch is expected to enter the detector region as a
prompt burst. Thus the tracking detector should be designed to dedicate for such an
irradiation environment. In order to fulﬁl the requirement, very small size of drift
cell, 500µm pitch, is adopted. In general, the use of a small drift cell provides fast
removal of the positive ions produced in the avalanche process, and hence, this allows
reducing the collection time of the positive ions and increasing the rate capability of
the device by reducing the space-charge eﬀect.
Assuming the calculated size of primary ionization and the factor of gas ampliﬁcation, this prompt burst generates ∼5×109 electrons. It corresponds to 4×10−12
Coulomb per wire, and hence, an expected instantaneous voltage depression is 1 ∼ 2 V
for a few pF of wire capacitance. The depression of electric ﬁeld around anode wires
caused by the space charge eﬀect of the slow-moving ions will be less than 1%, and
the impact to the gas gain will not be large. Therefore, the major issues in the development are the stability of the chamber against potential discharges caused by the
burst of avalanche during the prompt beam burst, and the readout electronics that
can handle a real hit after a burst signal whose charge is 100 times larger.
The “proto-prototype” of the wire frame was constructed to perform some high
voltage test. This proto-prototype is composed of almost the same wire conﬁguration
as one in proposal. Several studies: high voltage applying, humidity dependence,
breakdown voltage, etc. are currently ongoing. Figure 31(a) shows the study using
proto-prototype, and a closeup view of electrodes is shown in Figure 31(b). This
proto-prototype is used in order to ensure the capability of stable high voltage supply,
and to provide feedbacks to the design of prototype.
In parallel to the study using proto-prototype, the design work for prototype
chamber is progressing. Figure 32 shows the current design of the anode/potentialwire frame of the prototype chamber. In order to avoid any physical conﬂict between
electrodes, anode wire and potential wire is mounted on the individual support frame
(G10) in the current prototype design, and fabricated face-to-face by staggered half
cell. Although this design helps a lot for mounting process, a spot welding with
stainless support is additionally adopted in order to avoid any conﬂict caused by
soldering.
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(a) Study of HV applying

(b) Closeup view of electrodes

Figure 31: Proto-prototype of Tracking Chamber

Figure 32: Current design of Prototype Chamber
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