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Measuring the Neutron Lifetime
with Record-Breaking Precision

An improved version of a “bottle” experiment lets researchers lower the

uncertainty on this important parameter—but a tantalizing discrepancy

remains.

By Shannon F. Hoogerheide

utside of atomic nuclei, neutrons decay

quickly into other particles, with an average lifetime T,

of approximately 15 minutes. Obtaining a precise value
for T, has potentially far-reaching consequences for our
understanding of the Universe, as it offers a way to test
important details of the laws of physics that are relevant to
particle physics, astronomy, and cosmology. Now, with an
experiment at the Los Alamos Neutron Science Center (LANSCE)
in New Mexico, the UCNT Collaboration has achieved the most
precise measurement of T, to date [1]. At 877.75 s, with a total
uncertainty of 0.039%, this measurement has less than half the
uncertainty of the previous best experiments—one conducted
by the same group [2] and one from a European collaboration

Figure 1: A cartoon image of the UCNT Collaboration’s experiment.
A known quantity of ultracold neutrons (blue cloud) is held in a
magnetogravitational trap (asymmetric pink bowl) for a specified
period. During that period, some neutrons undergo beta decay
(inset). At the end of the period, a detector (grey sheet) is lowered
into the trap to count how many neutrons remain.

Credit: APS/Alan Stonebraker

[3].

The new measurement was made using a so-called bottle
experiment, in which a trap (the “bottle”) is filled with a known
number of ultracold neutrons (UCNs). By counting how many
neutrons remain after a certain interval, the neutron decay rate,
and therefore the average neutron lifetime, can be calculated.
One of the challenges in performing this measurement is that
the neutron lifetime is long. Although 15 minutes might seem
like a manageable interval, achieving a sufficient number of
decays to reach the required statistical precision in a practical
amount of time requires the confinement of large numbers of
particles. Further challenges include slowing down, or
moderating, the neutrons (reactors or spallation sources
generate neutrons with several-hundred-MeV energies, whereas
trapping requires neutrons with energies of a few hundred neV),
controlling neutron losses, and evening out fluctuations in the
stored UCN energy spectrum.

These challenges have been managed to some extent during
earlier measurements conducted at LANSCE, but the new
experiment reduces the uncertainty deriving from these effects
to an unprecedentedly low level. The researchers use a setup
that is similar to their previous experiments, in which UCNs at
approximately 180 neV are polarized so that they seek
magnetic-field minima before being fed into a
magnetogravitational trap—an open-topped bowl made of
permanent magnets arranged in a so-called Halbach array (Fig.
1). The UCN sample is then “cleaned,” meaning the particles
with the highest energy are either captured by boron-10-coated
ZnS surfaces or scattered out of the trap. This cleaning process
is important to ensure the trap contains only the lowest-energy
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UCNs, which have little chance of escaping during the storage
period. Any escaping neutrons could lead to an error in the
determination of T,,. After cleaning, the UCNs are stored in the
trap for 20-1550 s and then counted.

The new study differs from previous experiments in the
addition of a buffer volume between the neutron source and
the trap in which the UCNs are held before the storage period
begins. This buffer flattens the energy distribution of the UCNs
by minimizing the effects of source fluctuations, and it serves as
an additional cleaning stage.

A further difference comes at the end of the storage period.
Whereas other UCN bottle experiments dumped the UCNs out
of the trap so that they could be counted at a separate detector,
the UCNT Collaboration utilizes an in situ detector that can be
lowered into the trap in stages. Not only does this technique
eliminate the possibility of incurring losses while the UCNs are
transported to the detector, but it also allows the team to map
out the energies and trajectories of the UCNs by taking
measurements at different heights. This additional information
provides a way of checking for systematic particle losses.

The UCNT researchers also improved the way they analyze their
data. In their latest study, they use three independent, blinded
analyses to reduce the contributions of all systematic effects, of
abnormal running conditions and unphysical data points, and
of statistical biases. Each analysis determines T;, by two
different methods: a “paired” analysis, which averages the
short- and long-storage-time runs, and a “global” analysis,
which uses a maximum likelihood fit over all acquired data. The
results of the blinded analyses are compared, and the data are
unblinded only when the three T, values agree to within 0.1s.
The final result for 7, comes from an unweighted average of the
central values from the three analyses.

As a result of these experimental and analytical improvements,
the researchers have been able to reduce the effect of all known
systematics to the level where the few corrections that must be
applied are smaller than the experiment’s overall uncertainty.
The resulting precision could help to shape our most
fundamental theories. For example, the neutron lifetime is one
of the inputs used to calculate the abundance of helium-4 in the
early Universe due to big bang nucleosynthesis (BBN) [4].
Combining BBN calculations with astronomical observations
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therefore offers a powerful probe of new physics.

An analysis of T;, in combination with other properties of
neutron beta decay can also be used to test the standard
model. For example, such an analysis can help to reduce the
uncertainty in the value of the weak axial vector coupling
constant, which governs processes involving charged weak
interactions including BBN, neutron star formation, solar
fusion, and (anti)neutrino detection. The standard model
predicts that this parameter, together with the vector coupling
constant, fully describes such interactions, while some
beyond-the-standard-model theories require additional scalar
and tensor terms, which would in turn affect the value of 7;,. A
combined analysis can also determine an important parameter
describing the weak interaction called the quark mixing matrix
element V, ;. The current best value for V,,; comes from
observing a set of nuclear beta decays involving complex nuclei,
but such derivations demand nuclear-structure corrections.
These corrections are unnecessary for free-neutron decay, so
extracting this parameter from 7,, may be more reliable. The
UCNT Collaboration’s new result means that free-neutron
determinations of V,,; are nearly competitive with those from
superallowed nuclear decays, giving physicists yet another
handle in their quest for new physics.

As impressive and important as this result is, it should be noted
that the improved precision is insufficient to resolve a lingering
discrepancy affecting neutron-lifetime measurements. Bottle
experiments like that conducted by the UCNT Collaboration, in
which the remaining neutrons are counted, represent just one
way of measuring 7;,. This value can also be measured by
observing the products of neutron beta decay in a cold-neutron
beam. On average, these beam experiments yield a value for 7,
about 8 s longer than that indicated by bottle experiments [5].
On its own, the UCNT Collaboration’s new result doesn’t close
this gap (the uncertainty in both types of experiments was
already much smaller than 8 s). Eliminating the discrepancy will
require new complementary measurements such as those
utilizing the beam method, measurements that combine both
beam and bottle methods, or even novel space-based
techniques [6]. Fortunately, many experiments are underway or
in development to do just that [7].
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