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Executive Summary 
Free neutrons decay via the weak interaction with a mean lifetime of around 15 minutes. 
Knowledge of this lifetime is important as it provides constraints on the unitarity of the 
CKM matrix and is a key parameter for studies of Big-Bang nucleosynthesis. However, 
current laboratory measurements using two well-established techniques differ on average 
by more than 4 s. Recent analysis of data obtained from NASA’s MESSENGER and 
Lunar Prospector missions have demonstrated the possibility of using an alternative 
method, measuring the neutron lifetime from space. This new method should be explored 
further as a way to solve a significant and long-standing problem in fundamental physics. 

Introduction 
Free neutron b-decay is the archetypal semi-leptonic weak charged-current interaction. 
As such, it provides a direct route to study the underlying weak force.  Although free 
neutrons are known to decay with a mean lifetime, 𝜏", of around 15 minutes, there is 
significant disagreement about the exact value. Precise knowledge of 𝜏" is of great 
importance to both fundamental physics and cosmology [1,2].  

In the Standard Model of particle physics there are three generations of quarks whose 
flavor eigenstates are mixtures of their weak eigenstates. The Cabibbo–Kobayashi–
Maskawa (CKM) matrix describes the probability of flavor-changing weak decays, which 
are a consequence of the difference between quark mass and weak interaction 
eigenstates.  By convention the negatively charged quarks are taken to be those that take 
part in mixing so the matrix is parameterized as 
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If only three generations of quarks exist, then the CKM matrix must be unitary. Presently, 
the strongest constraint on this unitarity comes from the first row of the matrix, with |Vus| 
= 0.2245 ± 0.0008 from Kaon decay and |Vub| = (3.82 ± 0.24)×10-3 from B meson decays 
[3].  The most precise measurement of Vud comes from experiments measuring 0+ → 0+ 
transitions in super-allowed nuclear beta decays with |Vud| = 0.97370 ± 0.00014, where 
both experimental and theoretical uncertainties due to radiative corrections, contribute 
significantly to the error [3]. Taken together, these measurements yield a 3σ tension with 
unitarity due to the recent update to |Vud| resulting from a new calculation of the universal 
radiative correction for β decay based on dispersion relations [e.g., 4].  This disagreement 
between the Standard Model and experiments highlights the importance of accurately 
constraining Vud.  Free-neutron beta decay provides us with the method of measuring the 
up-down quark mixing with the smallest theoretical uncertainties by avoiding nuclear 
structure corrections [2]. Therefore, reducing the uncertainty on the measurement of is of 
great value. 
 
𝜏" is also a key input to calculations of primordial helium abundance, and the uncertainties 
in these predictions are presently dominated by those on 𝜏" [5]. Primordial 
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nucleosynthesis is one of the major lines of evidence for the big bang, along with the 
observed expansion of the universe and cosmic microwave background. 𝜏" determines 
the primordial elemental and isotopic abundances during Big-Bang nucleosynthesis due 
to its influence on the rate of proton to neutron conversion, the timing of the freeze-out of 
these reactions, and the reduction of the neutron-to-proton ratio between freeze-out and 
the end of nucleosynthesis. Thus, knowledge of 𝜏" is critical in understanding how matter 
came into being and evolved in the early universe. 

Currently, there are two competing values for 𝜏" based on the results of two different 
classes of long-established, high-precision laboratory experiments (Figure 1). The ‘bottle’ 
experiments involve counting the number of neutrons that survive within a material, 
magnetic, and/or gravitational trap as a function of time. The ‘beam’ experiments involve 
measuring the rate of production of β-decay products in a neutron beam passing through 
a trapping region. The average beam measurement 𝜏1234 = 888	 ± 2 s differs by over 4σ 
from the more precise ultra-cold trapped neutron average 𝜏19::;2 = 879.4	 ± 0.6 s. This 
discrepancy, which has persisted for more than 15 years, has become known as the 
‘neutron lifetime puzzle’. The most likely explanation for the discrepancy is the presence 
of an unaccounted for systematic error in one, or both, classes of experiment. However, 
given the direction of the disagreement, a physical explanation is possible where the 
neutron decays to unobserved particles outside of the standard model with a branching 
fraction of approximately 1% [6, 7]. 

Further measurements with errors comparable to those already obtained offer no 
prospect of resolving the discrepancy, as there will remain significant scatter in the results 
and no rigorous way of removing unhelpful points. Instead, progress in resolving the 
tension between the two methods of 𝜏"-measurement has been suggested to take the 
form of either refinement of the existing techniques to substantially reduce their 
uncertainty or a reexamination of the systematic effects in existing measurements. The 
first of these is being planned or attempted [e.g., 8, 9, 10], the latter has been attempted 
without success [11, 12]. However, there exists a third path: performing the measurement 
using a new method with systematics unrelated to both beam and bottle approaches. 
Recently, a space-based technique to measure 𝜏" has been developed and refined using 

Figure 1: The history 
of recent beam and 
bottle measurements 
of the neutron lifetime 
using the beam and 
bottle methods. The 
shaded regions 
indicate the average 
of each class and its 
associated 
uncertainty. 
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data taken by the neutron spectrometers onboard NASA’s MESSENGER and Lunar 
Prospector (LP) spacecraft [13,14]. 

Measuring 𝝉𝒏 from space 
The space-based approach relies on the detection of neutrons that escape from planetary 
bodies following their production in the collision of galactic cosmic rays (GCRs) with nuclei 
in the planets’ surfaces or atmospheres. Some fraction of the escaping neutrons have 
thermal energies and typical velocities on the order of a few kms-1. Therefore, the travel 
time of these neutrons to altitudes a few hundred to a few thousand km above the surface 
is 𝒪(𝜏"). Measurement of the rate of change of the neutron flux with altitude can therefore 
be used to infer the value of 𝜏". 

Although no dedicated mission or instrument has ever been flown to make use of this 
technique for measuring the lifetime, multiple planetary science missions have included 
neutron spectrometers to learn about the composition, particularly hydrogen abundances, 
of planets’ surfaces. The data taken during elliptical phases of these missions provide a 
ready-made resource for measuring 𝜏". Recent analyses of MESSENGER and LP 
neutron data were able to successfully make a measurement of 𝜏" and function as a 
proof-of-principle for space-based neutron lifetime measurements [13,14].  These results 
are shown in Figure 1 in the context of the beam and bottle measurements. The 
measurements were limited by the small amount of useable data (45 minutes for 
MESSENGER, three days for LP) and the large systematic uncertainties due to the 
missions being designed to do planetary science rather than nuclear physics.  However, 
further exploration of these and similar data sets can be used to refine the space-based 
method by improving understanding of systematic uncertainties and developing more 
advanced analysis techniques. Similar data that could be used for additional neutron 
analyses include those taken by Mars Odyssey during its insertion into orbit, 
MESSENGER during its 4.5 year orbital mission, and Dawn during its orbit of the asteroid 
Ceres. 

A dedicated mission to measure 𝝉𝒏 
Although study of existing data will be useful for refining analysis techniques, a dedicated 
mission is likely required to achieve the 3-s precision needed to distinguish between the 
beam and bottle measurements. Lawrence et al. [15] outlined two types of space-based 
measurement scenarios. The first type, orbital measurements, would function by 
measuring the rate of change of neutron flux with altitude and comparing it to models, 
assuming different values of 𝜏". The second type, landed measurement, would involve 
measuring both the rate of neutrons leaving an airless planetary body such as the Moon 
and the rate returning on gravitationally bound orbits.  The difference between these two 
rates is a function of 𝜏". Notional instrument designs for each of these techniques are 
shown in Figures 2 & 3. 

A landed lunar experiment has the advantage of frequent anticipated future missions to 
the Moon’s surface over the next decade under the Commercial Lunar Payload Services 
(CLPS) initiative and Artemis program. In addition, the multiple missions that have 
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characterized the Moon’s surface reduce the systematic uncertainty associated with 
composition. The nominal detector design illustrated in Figure 2 would be have sufficiently 
small mass and power requirements that it could be incorporated into any of the existing 
CLPS landers. These benefits motivate the further study of lunar landed measurements 
to assess their suitability for resolving the neutron lifetime puzzle. 

Orbital measurements could be taken around any body.  However, Venus is the ideal 
candidate location for making neutron lifetime measurements. At Venus a neutron 
detector, like that illustrated in Figure 3, could achieve a measurement with three-second 
statistical precision after less than a day and a one-second statistical precision in less 
than a week [15]. For the same observation time, Venus provides an almost order-of-
magnitude better statistical uncertainty than an Earth orbiting or Moon-landed experiment. 
The reason for this good expected performance is that Venus’s thick atmosphere is 
around 95% CO2 and therefore produces are large number of lower-energy thermal 
neutrons, which are used in the lifetime measurement.  The planet also offers other 
advantages such that its space environment is relatively benign since it has no significant 
magnetic field to generate energetic particles or location-dependent changes to the local 
GCR flux. In addition, compared to the Earth and Moon, its composition is relatively 
simple, being well-mixed and containing only two major components. However, more 
work  needs to be done to understand the extent to which uncertainties in Venus’ 
atmospheric composition and temperature would propagate to uncertainties in a derived 
neutron lifetime.  

One of the major challenges for making neutron lifetime measurements at Venus is the 
difficulty in getting to orbit. However, NASA recently selected two missions to Venus as 
part of its Discovery program [16].  Neither of these currently includes a neutron 
spectrometer but they provide the potential to host a neutron lifetime experiment on a 
mission already traveling to Venus, which would significantly reduce costs. D.J. Lawrence, J.T. Wilson and P.N. Peplowski Nuclear Inst. and Methods in Physics Research, A 988 (2021) 164919

Fig. 8. Notional sensor arrangement for a lunar landed neutron lifetime experiment. The experiment uses four Li-glass sensors with a size of 10 cm by 10 cm by 4 mm. One pair
of sensors look upwards, and one pair look downwards. Each pair is shielded by a 5-cm thick layer of 10B-enriched B4C. For each pair, one sensor is covered in a layer of Cd and
one sensor is bare. Each Cd-covered sensor provides a measure of epithermal neutrons and each bare sensor measures thermal plus epithermal neutrons. The count rate difference
between each sensor within the pair provides a measure of thermal neutrons. The distance to the surface can be anywhere from a few cm to approximately a meter.

Fig. 9. Upward (black solid) and downward (red dashed) neutron flux as seen from
the lunar surface for a highlands-type lunar material.

than modeled here, yet the detector areas for the two measurements
are similar at around 100 cm2.

There are two primary reasons for the large difference in required
observation times among Venus, Earth, and the Moon. Most impor-
tantly, Venus’ atmospheric composition with a large CO2 abundance
and low N2 abundance results in a very high flux of thermal neutrons
compared to the Moon and especially the Earth (Fig. 2). Second,
because both Venus and the Earth have a larger gravitational field
than the Moon, a larger fraction of thermal neutrons are gravitationally
bound, thus enabling a more robust ⌧n measurement. Thus, based on
these results, we conclude Venus is the optimum location for carrying
out orbital ⌧n measurements. However, within a one-year mission du-
ration, statistically significant measurements could also be carried out
in Earth orbit. Further, if a larger detector could be flown at any body,
the required accumulation time shown in Fig. 7 could be reduced by
the fractional area increase of detector size.

3. Surface based neutron lifetime measurements on the Moon

There is a recent effort with international space agencies to return
people as well as scientific and engineering instrumentation to the lunar
surface. With the recognition that this ‘‘return to the Moon’’ strategy
provides an opportunity to place a neutron lifetime experiment on the
lunar surface, here we investigate a notional experiment and how well
it could measure ⌧n.

In keeping with the sensor architecture of the orbital experiment,
here we suggest a four-sensor experiment that enables the separate
measurement of upward and downward thermal neutrons (Fig. 8). To
maximize detection area, we use flat Li-glass sensors (10 cm by 10 cm
by 4 mm), where a pair of the sensors look upwards and a pair look
downwards. One of each pair is covered in Cd to block out thermal
neutrons; the other of the pair is bare, thus allowing detection of both

thermal and epithermal neutrons. The difference between the measured
count rates of both detectors is the thermal-neutron-only rate. Each pair
of sensors is then placed within shielding material – here we assume
10B-enriched boron carbide (B4C) – to reduce background detections
of wide-angle thermal and epithermal neutrons. While the exact size
and thickness of shielding material would eventually be traded against
experiment mass and performance, here we assume a thickness of 5 cm.
One pair of sensors is configured to observe the upward flux of neu-
trons, and the other pair to observe the downward flux. The optimum
location for placing such an experiment would be where there are low
abundances of thermal-neutron-absorbing elements such as Fe, Ti, Gd,
and Sm, thus providing the highest fluxes of thermal neutrons on the
Moon [3]. Fig. 9 shows the respective upward and downward neutron
fluxes for an experiment placed on a location with low abundances
of neutron absorbing materials. Since the Moon’s gravity only traps a
fraction of the thermal neutrons escaping from the lunar surface, this
downward flux is relatively small compared to the upward flux.

With this sensor arrangement, we have determined the statistical
precision that can be achieved for measuring ⌧n as a function of
accumulation time using the same procedure that was described in
Section 2.3 for orbital measurements. The black dashed line in Fig. 7
shows the results, where a landed lunar measurement is statistically
similar to an Earth orbiting measurement. The primary reasons for the
improvement in statistical precision over that of a Moon orbiting mea-
surement are the increase in count rate due to being closer to the planet
and the clean isolation of low-energy, gravitationally bound, neutrons.
For one lunar sunlight period (half a lunar day, or 15 Earth days), a
measurement precision of Ì4 s could be achieved, with slightly better
than 3 s in a full lunar day. Longer-term (multi-month) operation on the
lunar surface will require accommodations to survive the cold lunar
night. However, if such a detector were accommodated with multi-
month operation, then a 1-s-precision measurement could be acquired
in less than a year of accumulation time. We therefore conclude that a
landed lunar measurement is feasible within existing technologies.

4. Expected systematic uncertainties

In Section 3, we showed that it is possible to make high-precision
measurements of ⌧n with both orbital and landed lunar measurements.
However, the driving factor for achieving a competitive ⌧n measure-
ment is likely not statistical precision, but systematic uncertainties.
Ultimately, the measurement of ⌧n will be obtained by generating
models of the expected count rates for given ⌧n values, and then com-
paring these simulations with the measured data. The degree to which
this model/data comparison can accurately measure ⌧n depends on
how well the simulations account for all the non-⌧n-dependent factors.
Uncertainties in these factors are the systematic uncertainties that need
to be understood in order to acquire a competitive ⌧n measurement.

Table 1 lists six different classes of systematic uncertainties that can
affect the ⌧n measurement, identified in part via the previous neutron
lifetime analysis efforts using MESSENGER and LP data. Fully under-
standing the extent and magnitude of these uncertainties is beyond
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Figure 2: Notional sensor arrangement for a lunar landed neutron lifetime experiment. 
The experiment uses four Li-glass sensors with a size of 10 cm by 10 cm by 4 mm. 
One pair of sensors look upwards, and one pair look downwards. Each pair is shielded 
by a 5-cm thick layer of 10B-enriched B4C. For each pair, one sensor is covered in a 
layer of Cd and one sensor is bare. Each Cd-covered sensor provides a measure of 
epithermal neutrons and each bare sensor measures thermal plus epithermal 
neutrons. The count rate difference between each sensor within the pair provides a 
measure of thermal neutrons.  
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Earth-orbiting measurements are also possible 
but have poorer statistical performance than 
measurements at Venus. A statistically robust 
measurement is achieved in a few months, and 
< 1-s statistical precision in less than a year of 
operation. Measurements at Earth have the 
clear advantage that it is much easier to reach 
Earth orbit than Venus. In addition, to increase 
statistical precision, more detector area could 
be used. We note that detector area (or 
equivalently, total counts) scales as 
observation time. Thus, increasing the total 
detector area by a factor of two would decrease 
the needed observation time by the same factor 
of two for an equivalent statistical precision. 

Summary and recommendations 
The neutron lifetime is an important parameter 
is several areas of physics.  Resolving the 
existing stalemate between the two laboratory methods is necessary to make progress in 
this area and a space-based measurement provides a potential route to this goal.   We 
make the following recommendations to support this project:  

• Support research and analysis to understand the systematic errors involved in 
orbital measurements of the free neutron lifetime at Venus and the Earth and 
landed measurements at the Moon. These uncertainty estimates will provide 
guidance for future mission design. 

• Support the continued investigation of existing planetary neutron data sets, taking 
the opportunities that are currently available to maximize the science achieved by 
previous missions.  

• Develop a detailed design concept to fly one or more missions to measure the 
neutron lifetime either in Earth orbit, on a lunar lander or as part of a ride-along 
with upcoming Venus missions. 
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Fig. 5. Notional sensor/spacecraft arrangement for an orbital neutron lifetime experi-
ment. The experiment uses four Li-glass scintillators with a size of 10 cm by 10 cm by
4 mm. The sensor package is spin stabilized with a rotation axis that goes through the
center of the four sensors. The sensors are arranged at right angles to each other with
the velocity such that each sensor cycles from maximum to minimum Doppler effect.

km/s) and thermal neutrons (a thermal neutron with energy of 0.025
eV has a velocity of 2.2 km/s). An enhancement of thermal neutrons is
measured when the spacecraft velocity vector is parallel with the sensor
normal vector; a relative decrease in thermal neutrons occurs when the
spacecraft velocity vector is anti-parallel to the sensor normal.

We posit a baseline neutron lifetime instrument design based on
experience with the MESSENGER Neutron Spectrometer (NS). Fig. 3
illustrates the MESSENGER NS, which measured a range of neutron
energies using a BP scintillator and two LG scintillators. The BP sensor
was a 10 cm3 cube of plastic scintillator. The two LG sensors were
10 cm by 10 cm by 4 mm LG plates placed on two opposite sides of
the BP sensor. Each sensor was read out by separate photomultiplier
tubes (PMTs). Thermal and epithermal neutrons were measured with
the two LG sensors using the Doppler filter technique [18].

Fig. 4 illustrates how the energy discrimination is accomplished
with the Doppler filter technique by showing a particular orbit of the
MESSENGER spacecraft around Mercury. In the normal MESSENGER
operations, the spacecraft was in an eccentric orbit around Mercury
with a periapsis altitude from Mercury of a few hundred km, and an
apoapsis altitude of Ì10,000 km [19]. Note that for the MESSENGER
mission, each 12- or 8-hour orbit had a large variety of pointing
attitudes in order to satisfy the various observational requirements of
the mission’s seven different instruments [19]. The neutron count rate
from the LG2 sensor is shown in Fig. 4c, where the increasing count rate
is due to the larger neutron flux at close distances to Mercury’s surface.
Due to the fact that the neutron sensors are largely hemispherical
detectors, measured neutron counts are statistically significant when
the detector is within one-body radius (2438 km) of Mercury’s surface.
The altitude and velocity-direction dot product with the spacecraft
x-axis direction are shown in Fig. 4a and b, respectively.

For the orbit shown in Fig. 4, the spacecraft executed a rotation
near the periapsis such that the velocity direction went from being
aligned with the normal to the LG2 sensor to being anti-aligned with
the LG2 sensor. This rotation is illustrated in Fig. 4b with the vector-
velocity dot product with the spacecraft x-axis (which is aligned with
the LG2 normal vector). The effect of the rotation is seen where there is
a relatively large thermal-neutron count rate prior to the rotation, and
a count-rate drop after the rotation. Note that the spacecraft velocity
of 3.5 km/s at periapsis corresponds to a neutron energy of 0.065 eV.

The effect varying neutron lifetimes would have on the neutron
count rate is shown by simulated count rates (colored traces) in Fig. 4c.
The details of how these simulated count rates were implemented is

described in various prior studies [4,7,11,18,20,21], with the founda-
tional algorithms given by [14]. Neutron lifetime effects manifest as
count-rate variations for different ⌧n values when thermal neutrons are
detected prior to the rotation. Specifically, short lifetimes yield lower
count rates and long lifetimes yield higher count rates. In contrast, post-
rotation lifetime-derived variations are suppressed since the LG2 sensor
only measures higher-energy epithermal neutrons that are not notice-
ably affected by lifetime. The relative count-rate difference between
pre- and post-rotation measurements therefore provides a measure
of ⌧n. We note that while this particular orbit provides an optimum
configuration for a ⌧n measurement (and well illustrates the technique),
many similar such orbits are needed to achieve a statistically significant
measurement.

Based on this one-orbit scenario, Fig. 5 shows a notional detector
arrangement that could carry out a sequence of orbits to achieve a
statistically significant neutron lifetime measurement. This design uses
four 100 cm2 by 4 mm thick LG detectors arranged around an axis
of rotation that is perpendicular to the spacecraft velocity direction
around a planet. For an appropriate rotation speed (e.g., one rotation
per few minutes), each detector will cycle through measurements rang-
ing from thermal to epithermal energies. The four detectors provide an
increase in statistics over a single detector, as well as redundancy if a
detector fails. The four identical detectors in a constant rotation also
allows a consistent detector-to-detector normalization to account for
time dependent count-rate changes, such as from time variable cosmic
ray flux variations (see Section 4).

In regards to engineering considerations, this baseline design has
a number of benefits. Most important, the sensor technology has very
high spaceflight heritage, as the identical scintillator and photomulti-
plier tubes used for MESSENGER could be used here. The four-sensor
configuration is ideally suited for existing four-channel electronics
systems being used on planetary neutron gamma-ray and neutron
experiments planned for launch in the near future [22,23]. Finally,
this sensor arrangement is appropriate for implementation on a small
satellite, which can reduce neutron background and systematic mea-
surement effects (see Section 4), as well as lower satellite design and
launch costs.

2.3. Neutron lifetime measurements at the Earth, Moon, and Venus: Statis-
tical uncertainty and required measurement time

Here we explore mission scenarios using the detector arrangement
in Fig. 5 to estimate the statistical performance for possible measure-
ments at the Earth, Moon, and Venus. Earth orbit is the most easily
accessible location for a space-based neutron detector, and was the
location assumed by Feldman et al. [2] in the initial study that proposed
space-based neutron lifetime measurement. While not as accessible as
low-Earth orbit, lunar orbit is visited by many spacecraft, and with
renewed interest in lunar exploration will likely be a more frequent
destination by spacecraft. Finally, while Venus orbit is more difficult
to reach than Earth or lunar orbit, it is nevertheless visited with some
frequency either for dedicated missions or gravity assist flybys. For
any of these locations, a neutron lifetime mission could be flown as
a stand-alone mission or as a hosted payload for another mission.

To understand the fundamental statistical performance of a detector
in orbit about these planetary bodies, we first simulated a circular orbit
about each planet. For Earth and Venus, we assume an altitude of
500 km; for the Moon due to its smaller size, we assume an altitude
of 50 km. These are straightforward altitudes to obtain for orbiting
spacecraft around these bodies. We also simulated elliptical orbits at
Venus with periapsis and apoapsis altitudes of 250 km and 750 km,
respectively. This orbit keeps approximately the same average 500-
km altitude as the circular orbits. For this simulation, we assumed
the four sensors are rotating around the sensor center line with a rate
of 0.5 rotations per minute. Fig. 6a shows the simulated count rates
for one orbit using one of the four sensors with different assumed ⌧n
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Figure 3: Notional sensor 
arrangement for an orbital neutron 
lifetime experiment. The experiment 
uses four Li-glass scintillators with a 
size of 10 cm by 10 cm by 4 mm. 
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