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The neutron lifetime is one of the important parameters for particle physics and astrophysics.
There is a 4.6𝜎 (9.5 s) discrepancy between the results of the two typical methods. To solve this
discrepancy, a new neutron lifetime experiment with a different method is in progress at J-PARC,
and this experiment published the first result in 2020 of 898 ± 10(stat.) + 15/−18(syst.) s. We have
performed improvements to reduce systematic uncertainties towards 1 s accuracy. The methods
to measure the amount of 3 He injected and in the working gas have been upgraded, and a new
model for the space charge effect in the Monte Carlo simulation has been implemented.
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1. Introduction

2. Neutron lifetime experiment at J-PARC
A new neutron lifetime experiment is in progress at J-PARC MLF BL05. In this method, the
neutron flux and decay electrons are measured simultaneously by a time projection chamber (TPC)
filled with a working gas mixture of 4 He of 85 kPa and CO2 of 15 kPa, and 3 He gas to evaluate the
neutron flux. The systematic uncertainties are different from the previous beam method because
we measure the decay electrons, whereas the previous beam experiments measured decay protons.
The pulsed neutron beam is divided into 5 bunches by the spin flip chopper (SFC), which consists
of flipper coils and magnetic supper mirrors, and is injected into the TPC. Forming short neutron
bunches about 40 cm, the interactions between neutrons and wall materials in the TPC can be
significantly reduced by a time-of-flight selection. The TPC consists of the multi-wire proportional
chamber (MWPC), a drift plate, and 6 LiF internal walls. Then the neutron lifetime is determined as
𝜏𝑛 =

1 (𝑆3 He /𝜀 3 He )
 ,
𝜌𝜎0 𝑣 0 𝑆 𝛽 /𝜀 𝛽

(1)

where 𝜌 is the number density of 3 He nuclei, 𝜎0 = 5333 ± 7 barn is the cross-section of 3 He(𝑛, 𝑝) 3 H
reaction at the neutron velocity 𝑣 0 = 2200 m/s, 𝑆3 He and 𝑆 𝛽 are the numbers of measured events
of 3 He(𝑛, 𝑝) 3 H reactions and the 𝛽 decays respectively, and 𝜀3 He and 𝜀 𝛽 are the signal selection
efficiency determined by Monte Carlo (MC) simulation. The first result of this experiment was
published in 2020 [3]:
𝜏𝑛 = 898 ± 10(stat.) + 15/−18(syst.) s.
(2)

3. Improvement of systematic uncertainties
We have performed the upgrades of the measurement environment and MC simulation to
reduce systematic uncertainties towards 1 s (0.1%) accuracy.
3.1 The number density of 3 He nuclei
The TPC is in a vacuum chamber filled with a working gas mixture of He and CO2 of 100 kPa.
To measure the neutron flux, 3 He gas with a pressure of about 100 mPa is admixed in the chamber,
and the chamber is sealed to keep the number density constant. The total number density of 3 He,
𝜌, is the sum of two components:
𝜌 = 𝜌inject + 𝜌workgas ,
(3)
2
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A free neutron decays into a proton, an electron, and an antineutrino in a lifetime of about 880 s.
The neutron lifetime dominates the uncertainty on 4 He abundance in the Big Bang Nucleosynthesis,
and it also determines 𝑉𝑢𝑑 term in the Cabibbo-Kobayashi-Maskawa quark mixing matrix. Although
the neutron lifetime is very important in modern physics, there is a 4.6𝜎 (9.5 s) discrepancy
between the results of the two typical methods: the beam method (888.0 ± 2.0 s) and the storage
method (878.4 ± 0.5 s) [1, 2]. The beam method measures the neutron flux and decay products by
different detectors, and the storage method counts survival neutrons after some storage times. This
discrepancy is called the neutron lifetime puzzle and is unsettled.
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𝜌workgas =

𝑆3 He /𝜀 3 He 𝜎14 N
𝜌N ,
𝑆14 N /𝜀14 N 𝜎3 He 2

(4)

where 𝑆3 He and 𝑆14 N are the number of measured events of 3 He(𝑛, 𝑝) 3 H reactions and 14 N(𝑛, 𝑝) 14 C
reactions respectively, 𝜎3 He and 𝜎14 N are their capture cross-sections, and 𝜌N2 is the number
density of nitrogen gas. We have performed the measurement of 𝜎14 N with high accuracy (1.868 ±
0.007 barn) [4]. The results of the two methods were consistent, and the uncertainty of 𝜌workgas by
the N2 method achieved to 0.4% as shown in Table 1.
Table 1: The 3 He amount in the commercial He cylinders.
3 He/4 He

Mass spectrometry
𝑁2 method

ratio of cylinder #1
0.0919 ± 0.0040 ppm
0.0918 ± 0.0006 ppm

3 He/4 He

ratio of cylinder #2
0.0908 ± 0.0016 ppm
0.0920 ± 0.0004 ppm

3.2 Gain reduction model in MC simulation
In wire chambers, the gas multiplication factor is reduced by positive ion clusters around the
anode wires generated by primary and secondary electrons. This effect is known as the space charge
effect, and the effect is implemented in the MC simulation as a gain reduction factor 𝑠 [5]:


log 1 + 𝑓 𝑑𝐸
𝐺
𝑑𝑙 0
𝑠=
,
(5)
𝑑𝐸
𝑓 𝑑𝑙 𝐺 0
where 𝑓 is a fitting parameter, 𝐺 0 is the multiplication factor without gain reduction, and 𝑑𝐸/𝑑𝑙
is an energy deposit per unit length along the anode wire. The current model causes a difference
between the measured energy deposit spectrum and that of MC as shown in the left side of Fig. 1.
The difference results in the uncertainty of the efficiency of 𝛽 decays, 𝜀 𝛽 , and the value is 0.3–1.0%.
3
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where 𝜌inject is the gas amount injected from a 3 He gas cylinder, and 𝜌workgas is the small 3 He
amount of about 10 mPa in the commercial He.
To inject 3 He gas of about 100 mPa into the vacuum chamber with high accuracy, the 3 He
gas is injected into a small reference volume with high pressure of about 3 kPa, then released
into the chamber. The volume ratio of the reference volume to the vacuum chamber is necessary
to be measured with high accuracy since it also determines the accuracy of 𝜌inject . The volume
ratio was calculated by the pressure change when He gas is diffused from the small volume to
the vacuum chamber. Due to the dynamic range of the pressure gauge, the measurement was
done in several steps. A new type of transducer with a wide dynamic range and a 300 cm3 larger
bottle were introduced to obtain a more accurate volume ratio. The volume ratio was determined
as (2.0145 ± 0.0013) × 103 , whereas the ratio was equivalent to (2.0159 ± 0.0035) × 103 in the
previous measurement. The resulting accuracy of 𝜌inject is about 0.1%.
The measurement accuracy of 𝜌workgas by a conventional method, mass spectrometry, was
1–2%. We developed a new method to measure the number density of 3 He in the commercial He
using N2 gas with neutron beam in the TPC. Then the density is calculated as
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Figure 1: Energy deposit spectra of previous MC (left) and improved MC (right). The red and blue hatches
represent the energy deposit distribution of 𝛽 decay events and 3 He(𝑛, 𝑝) 3 H events, respectively. The black
dots show the measured energy spectrum.

4. Conclusion
A new experiment to solve the neutron lifetime puzzle is in progress at J-PARC. We have
performed improvements to reduce systematic uncertainties towards 1 s accuracy. To improve the
measurement accuracy of the number density of 3 He injected and in the working gas, new methods
to determine the volume ratio and to measure 3 He amount in the commercial He are developed. A
new model to calculate the space charge effect in the MC simulation has also been implemented. By
these improvements, an accuracy of 1 s has been achieved for several of the systematic uncertainties.
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To reduce the difference, a new model was implemented to the factor 𝑠. In the previous
computation, the factor 𝑠 was calculated by the number of electrons in a mesh divided into 2–6 mm
sections along the anode wires. We newly introduced the contribution of electrons dispersed by
a Gaussian distribution from the neighboring meshes. The parameters 𝑓 and 𝐺 0 have also been
refined. As a result, the new computational model has improved the reproducibility of the energy
deposit spectrum as shown in the right side of Fig. 1, and the uncertainty is reduced to 0.04–0.8%.

