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Abstract

Negative muonium atom (µ+e
−

e
−, Mu−) has unique fea-

tures stimulating potential interesting for several scientific

fields. Since its discovery in late 1980’s in vacuum, it has

been discussed that the production efficiency would be im-

proved using a low-work function material. C12A7 was a

well-known insulator as a constituent of alumina cement,

but was recently confirmed to exhibit electric conductivity

by electron doping. The C12A7 electride has relatively low-

work function (2.9 eV). In this paper, the negative muonium

production measurement with several materials including a

C12A7 electride film will be presented.

INTRODUCTION

Negative muonium atom (µ+e
−

e
−, Mu−) has unique fea-

tures catalyzing potential interesting in several scientific

field. Because Mu− is a pure leptonic system, it offers a

sensitive test of quantum electrodynamics (QED) as is the

case with neutral muonium atom (µ+e
−, Mu). Recently Mu−

is successfully accelerated using a radio-frequency accel-

erator [1]. After further acceleration and charge exchange

process, an energy-variable Mu beam can be achieved. It

is really new type of quantum beams and expected to open

new branch of science such as antimatter gravity study [2].

Mu− has been observed in vacuum for the first time in

late 1980’s [3–5]. In these experiments, Mu− is generated

by injecting µ+ to a thin target. In this method, the conver-

sion efficiency from µ+ to Mu− is limited to the order of

10−5. Since all the potential applications need an intense

Mu−, we need to understand the Mu− production process.

It has been discussed from first Mu− observation that the

conversion efficiency would be enhanced with materials of

low-work function [3, 6]. C12A7 (12CaO·7Al2O3) was a

well-known insulator as a constituent of alumina cement,

but was recently confirmed to exhibit electric conductiv-

ity by electron doping [7]. The C12A7 electride has lower

work function (2.9 eV) than Al used in our previous experi-

ment [8] and it is stable in atmosphere and vacuum. It was

reported that nearly the same negative current signal as that

with a bi-alkali material coated metal were observed in H−

formation [9].
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We have measured Mu− intensity using several targets

including a C12A7 electride film [10]. First, we show ex-

perimental setup of the Mu− measurement. Then, we show

results of the experiment. Finally we summarize our experi-

mental results.

SETUP

The experiment was conducted at the Japan Proton Accel-

erator Research Complex (J-PARC) muon science facility

(MUSE). The MUSE facility provides a pulsed µ+ beam

produced by π+ decay near the surface of the production tar-

get. The muon beam pulse width is approximately 40 ns in

rms. The repetition rate of the beam pulse is 25 Hz [11]. For

this experiment, the beam power of the J-PARC Rapid Cycle

Synchrotron (RCS) was 500 kW with two bunch operations.

Figure 1 shows experimental setup for the experiment.

The µ+s were injected to a Mu−production target after pass-

ing through a SUS window. The thickness of the SUS win-

dow was 50 µm. The Mu−generated in the target was acceler-

ated to 20 keV by the SOA electrostatic lens [12]. Then, the

Mu−was transported to the detector location via a series of

electrostatic quadrupole (EQ1-4), an electrostatic deflector

(ED), and a bending magnet (BM). A micro-channel plate

(MCP) assembly (Hamamatsu photonics, F1217-01 [13])

detector was employed to measure time of flight (TOF) from

the Mu−production target. The µ+ arrival time at the Mu−

production target was measured with a set of scintillating

counters located at the side of the Mu− production target.

Three types of the Mu−target combining the Kapton foil

as degrader are installed during the experiment; an Al foil,

a C12A7 electride foil, and a SUS foil. The thickness of

the Mu− production target and the Kapton foil is summa-

rized in Table 1. The C12A7 electride foil consists of the

C12A7 electride deposited on the Al substrate with the thick-

ness of 200 µm. The thickness of the C12A7 electride de-

position is approximately 10 µm. The dimensions of the

Mu−production target were 43 × 40 mm2.

The applied voltage to EQ’s and ED, and the applied cur-

rent to BM are tuned based on the previous experiment [14]

and commissioning using H− [15]. The energy acceptance

of the beamline is estimated to be 1.4% by the GEANT4

simulation [16].
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Figure 1: Schematic of the experimental setup.

Table 1: Mu− Production Target Used in the Experiment

target thickness Kapton

Al 200 µm 150 µm

SUS 100 µm 75 µm

C12A7 electride 200+10 µm 150 µm

The electrical signal from the MCP was amplified using

fast-filter amplifier (ORTEC 579 [17]) and digitized using

CAEN V1720 [18]. The waveform in an interval of 10 µsec

around each 25-Hz beam pulse, was recorded for analysis. A

pulse higher than noise level was regraded as a signal pulse.

The leading edge of the signal pulse was defined as the signal

timing. The pulse height is defined by the maximum height

within the signal window of 40 ns.

RESULT

Figure 2 (A) shows pulse height vs TOF for observed

signal. The background events are constituted of decay

positrons from muon stopped in the experimental setup and

the decay positron events have lower pulse height than that of

the Mu− events [19]. After pulse height selection, the TOF

distribution is obtained as shown in Fig. 2 (B). Two peaks

at approximately −300 ns and 300 ns are due to prompt

positrons, that are transported through the µ+ beamline with

same momentum of µ+. The prompt positrons arrive earlier

than µ+since they are faster. Blue and red curves shows

fitting result assuming the decay positron background (blue)

and the Mu− signals (red). The background is consistent to

the exponential decay curve with the muon decay constant

(τ = 2.2 µsec). The Mu−peak width is consistent to that of

the primary µ+beam. The time interval of the Mu−peaks is

consistent to that of the primary proton beam pulses. The

Mu− TOF is consistent within few percents to expectation

estimated by the GEANT4 simulation where the initial en-

ergy of Mu− is assumed to be 0.2 keV. In conclusion, we

succeeded in observing the Mu−’s.

(A)

(B)

Figure 2: (A) Pulse height vs TOF for observed signal. (B)

TOF distribution after pulse height selection. The red line

and blue hatched line shows the fitting result assuming the

Mu− event and the decay positron background.

The Mu− event rate is estimated by subtracting the back-

ground rate estimated by off-time region from the on-time

event rate. The on-time region is defined as 440-640 ns and

1040-1240 ns. The off-time region is defined as side band

regions of the on-time region.

Figure 3 shows dependence of the Mu− event rate on

the momentum of the injected µ+ beam. The event rate is

maximum for the C12A7 electride (red square) and the Al

foil (blue circle) when the beam momentum is 26.2 MeV/c

and 26.0 MeV/c, respectively. In this beam momentum, the

half of the beam muons stopped in the target and the den-

sity of the muon stopped around the downstream surface

is maximum. The Mu− intensity is consistent within sta-

tistical uncertainty of ∼10% among the three targets. This

systematic measurement on the input beam momentum is

important input to understand the Mu− production process.

Now we are developing the Monte Carlo simulation for the

Mu− production processes based on this result.

Figure 4 shows dependence of the Mu−event rate on ac-

celeration voltage of the SOA lens. Because the beamline
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Figure 3: Dependence of the Mu− event rate on the in-

jected µ+ beam momentum. Blue circle: Al foil, red square:

C12A7 electride, and purple triangle: SUS foil.

setting is same except the SOA lens and the central energy

of the transport beamline acceptance is 20 keV, Mu− with

an initial energy of 1 keV should be transported, for exam-

ple, when the acceleration voltage is 19 keV. The energy

dependence with the C12A7 electride (red square) and the

Al foil (blue circle) is consistent each other within statistical

error. Assuming the Mu− energy distribution as exponential

function, the average energy of the Mu−s is estimated to be

0.2 ± 0.1 keV. It is consistent to previous experiment [3].

This result is also used for development of the Monte Carlo

simulation for the Mu− production processes.

Figure 4: Dependence of the Mu− event rate on the SOA

acceleration voltage. Blue circle: Al foil, and red square:

C12A7 electride

CONCLUSION

We succeeded in measuring the Mu− intensity with several

targets including a low-work function material of the C12A7

electride. The systematic study on the momentum of the

injected muon beam and the energy distribution of Mu−

emitted from the target is important input to understand the

Mu− production process. Now we are developing the Monte

Carlo simulation for the Mu− production process based on

the measurement results.
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