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A B S T R A C T

Beta-delayed one-neutron (𝛽𝑛) emission has been investigated by confining radioactive ions in an ion trap and
detecting the 𝛽 particles and recoiling nuclei that emerge following decay. In this approach, the 𝛽𝑛 energy
spectrum and branching ratio can be deduced without needing to detect the neutrons, as the neutron emission
is inferred from the observed time of flight of the recoiling ions. This paper details the dominant effects that
influence the extraction of the neutron energy from the time-of-flight measurement and explores the impact
they have on the energy calibration and resolution.

1. Introduction

Beta-delayed neutron (𝛽𝑛) emission is an energetically-viable pro-
cess when the 𝛽-decay 𝑄𝛽 value of the parent (precursor) nucleus
is greater than the neutron-separation energy (𝑆𝑛) in the daughter
(emitter) nucleus, populating states in the granddaughter (𝛽𝑛 daugh-
ter) nucleus after neutron emission. This decay mode occurs in many
neutron-rich nuclei that are more than a few nucleons off stability,
and occurs with probability 𝑃𝑛, defined as the neutron-to-𝛽 emission
branching ratio for the precursor. For 𝛽-delayed one neutron emission,
the neutron-energy spectrum can extend up to 𝑄𝛽-𝑛 = 𝑄𝛽 − 𝑆𝑛 − 𝐸𝑅,
where 𝐸𝑅 is the small amount of energy imparted to the recoiling 𝛽𝑛
daughter nucleus. Decays which result in the emission of multiple neu-
trons will not be discussed in this paper as the recoil-ion spectroscopy
method described here would need to be adapted for multiple neutron
emission.

The 𝛽𝑛 process impacts applications of nuclear physics, such as
nuclear-energy generation, and can yield valuable insights into the
structure of nuclei and the production of heavy elements in the cosmos.
For nuclear reactors, these delayed neutrons play a critically important
role, as their contribution to the fission yield is essential for maintaining
the stability of the fission chain reaction. Delayed neutrons limit the
rate at which reactor power can drop, determined by the half-life of the
longest lived precursor. They also contribute to the heat production in a
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reactor shortly after shutdown. Modern nuclear-reactor designs benefit
from accurate nuclear data to ensure adequate safety margins, but there
is limited information for 𝑃𝑛 values and neutron-energy spectra for
individual fission products. Nuclear data are also critical for improving
nuclear structure and decay models, which in turn are used in simula-
tions of the astrophysical rapid neutron capture (𝑟) process [1,2]. The
𝛽𝑛 process impacts the latter stages of the 𝑟 process during neutron
freeze out, in which the flux of free neutrons rapidly decreases and
nuclides 𝛽 decay back to stability. The emission and capture of these
neutrons can affect the mass flow back to stability and ultimately the
final isobaric abundance pattern. Uncertainties in the 𝛽𝑛 properties
used in global 𝑟-process models significantly affect calculated isobaric
abundance patterns, and sensitivity studies have been undertaken to
identify which individual 𝛽𝑛 precursors will have the most significant
impact [3]. Currently, there are few measurements available [4], so
studying the 𝛽𝑛 emission of these key precursors is vital to understand
deficiencies in models that are used in 𝑟-process simulations.

Making precision measurements of 𝛽𝑛 emission is experimentally
challenging. However, the use of atom and ion traps has opened
up many new opportunities for precision 𝛽-decay studies [5]. These
devices enable the determination of the low-energy nuclear recoil
following decay, which allows for measurements of certain decay prop-
erties that would otherwise not be possible. For example, 𝛽-𝜈 angular
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correlations have been measured with magneto-optical traps [6–9] and
Paul traps [10–12], and trapping has been employed to study the
charge-state distribution of the daughter ions [13–17]; a review of the
use of atom traps for studying 𝛽-decay angular correlations can be
found in Refs. [5,18] and references therein.

Building on the successes of these precision measurements, a new
recoil-ion spectroscopy approach to studying 𝛽𝑛 emission was demon-
strated [19] by using the Beta-decay Paul Trap (BPT) [20]. This ap-
proach has recently been used to collect nuclear data on the 𝛽𝑛 emission
of several isotopes [21,22] produced at the CAlifornium Rare Isotope
Breeder Upgrade (CARIBU) at Argonne National Laboratory (ANL).

Recoil-ion spectroscopy avoids the difficulties inherent in direct
neutron detection by instead inferring 𝛽𝑛 properties from the momen-
tum imparted to the recoiling nucleus. By measuring the time of flight
(TOF) of the recoiling ion following the detection of the 𝛽 particle, 𝛽𝑛
events can be identified, and the neutron-energy spectrum can be re-
constructed. As there are few backgrounds with similar TOF signatures,
measurements can be made with beam intensities potentially as low as
∼ 0.1 ions/s, which opens up a wide range of exotic nuclei for study.

The focus of this paper is on the phenomena that influence the
reconstruction of the neutron energy from the measurement of the
nuclear recoil. In a simple approximation, the momentum imparted
to the recoiling 𝛽𝑛 daughter nucleus can be determined from the TOF
and the distance traveled, and is equal and opposite to the momentum
of the emitted neutron. However, considerations beyond this simple
approximation give rise to shifts and broadening of the inferred neutron
energy. These include experimental conditions, such as the spatial
extent of the trapped-ion cloud and the RF field used to confine it, and
the contributions from the emitted leptons, which depend on 𝛽-decay
properties, such as 𝑄𝛽 and the angular correlations that arise between
emitted particles. With existing data [14,21–23], these phenomena can-
not be isolated and so simulations were employed to fully understand
the magnitude of each contribution. The insights gained by doing so
are imperative for designing future high-precision measurements of 𝛽𝑛
emission using this technique.

The effects of these phenomena on the inferred neutron energy, 𝐸′
𝑛,

are quantified using simulations of 137I, 99Y, and 135Sb 𝛽𝑛 decay in
the BPT. These isotopes were selected to span a range of 𝑄𝛽-𝑛 values
(2002 ± 8, 2567 ± 11, and 4772 ± 4 keV, respectively [24]). In addition,
the isotope 137I has been well characterized with a variety of different
techniques [25–27] and serves as an IAEA benchmark for 𝛽𝑛 emission
in the heavy-mass peak of fission product distributions [28]; 99Y is a
precursor from the light-mass fission peak that is relevant for nuclear-
energy studies [29–31]; and 135Sb is the isotope with the largest 𝑄𝛽-𝑛
value that has been measured in the BPT [22].

2. The recoil-ion spectroscopy method

The recoil ions emerging from the ion cloud following 𝛽 and 𝛽𝑛 de-
cay are distinguishable by their TOF; the emission of a neutron results
in a higher recoil-ion momentum and energies typically extending up to
tens of keV, compared to ≲ 500 eV following 𝛽 decay. In addition to the
neutron-energy spectrum, 𝑃𝑛 can also be extracted from the fraction of
recoil ions with TOFs characteristic of 𝛽𝑛 emission. Suspending nuclei
in a trap is critical for this method, as the use of any foil or target
backing material would significantly perturb the recoil energies.

A Paul trap is employed to confine a cloud of singly-charged precur-
sor ions in vacuum using time-varying electric fields. When a trapped
ion decays, the emission of a 𝛽 particle causes the ion charge state to
increase by one unit (or more, if accompanied by the loss of atomic
electrons) and the recoil energy imparted to the nucleus causes it to
emerge from the trap confinement.

The neutron energy is related to the momenta of the decay products
through the following relation:

𝐸𝑛 =
|𝑝𝑅 + 𝑝𝛽 + 𝑝𝜈̄ +

∑

𝑝𝛾 |2

2𝑚𝑛
(1)

where 𝑝𝑅, 𝑝𝛽 and 𝑝𝜈̄ denotes the momentum of the recoiling ion, 𝛽
and 𝜈̄, respectively, and ∑

𝑝𝛾 is the summed momenta of all emitted
𝛾 rays. Due to the relative sizes of the neutron and lepton momenta,
the decay kinematics of the neutron and recoiling 𝛽𝑛 daughter nucleus
is nearly back-to-back; in the approximation that the lepton and 𝛾-
ray contribution to the nuclear recoil can be neglected, the neutron
momentum 𝑝𝑛 is equal and opposite to 𝑝𝑅 and

𝐸𝑛 ≈
|𝑝𝑅|2

2𝑚𝑛
. (2)

As a concrete example, the most intense 𝛽𝑛 feature in the decay of 137I
is the emission of a 377-keV neutron from a 4400-keV state in 137Xe, to
the 136Xe ground state. In the case where the 𝛽 particle is emitted with
the maximum kinetic energy (e.g. 𝐸𝜈 = 0), then 𝐸𝛽 = 1622 keV from
the energy difference between 𝑄𝛽-𝑛, 𝐸𝑛 and the energy of the recoiling
𝛽𝑛 daughter nucleus, 𝐸𝑅. In this case, 𝑝𝛽 = 2.1MeV/𝑐 is more than an
order of magnitude smaller than the momentum, 𝑝𝑛 = 26.6MeV/𝑐, for
the 377-keV neutron. The energy sharing between the particles and the
relative orientation of their momenta in Eq. (1) affects the recoil energy
(and hence the reconstruction of 𝐸𝑛) and will be discussed in Section 4.

2.1. The Beta-decay Paul Trap

The BPT [20] was originally designed and built to measure 𝛽-decay
angular correlations [10,12] for tests of the Standard Model, and also
has been adapted for 𝛽𝑛 studies. The BPT is a linear radio-frequency
quadrupole (RFQ) trap that is used to confine a ∼ 1mm3 cloud of
precursor ions. The trapping potential for the BPT, determined from
the Mathieu equations [32], was chosen such that low-energy precursor
ions in a 1+ charge state delivered to the trap would be stably confined,
but recoiling ions following 𝛽 decay, which have charge states 2+ and
higher, would not, regardless of their energy. The planar trap electrodes
have an open design allowing detectors to be placed in a box geometry
around the ion cloud, shown in Fig. 1. Two 𝛥𝐸-𝐸 plastic scintillator
telescopes placed at 90◦ to each other (‘top’ and ‘left’ with respect
to the beam) allow for the detection of the 𝛽 particle, with the 𝛥𝐸
detector providing the start signal for the TOF measurement. The other
two sides of the box geometry (‘bottom’ and ‘right’) have resistive-
anode position-sensitive microchannel plate (MCP) detectors to detect
the low-energy ions emitted following decay. The momentum of the
recoil-ion 𝑝𝑅 can be determined from the distance 𝑑 and time of flight
𝑡 of the recoiling ion’s trajectory from the ion cloud to the impact
location on the MCP detector, and therefore the inferred neutron energy
𝐸′
𝑛 = 𝑀2

𝑅(𝑑∕𝑡)
2∕2𝑚𝑛. The detectors are oriented such that the 𝛽-ion

coincidences can be detected over a range of angles centered at 90◦

and 180◦.

2.2. Simulations of 𝛽 and 𝛽𝑛 decay in the BPT

Simulations of the recoil-ion trajectories in the electric field and
the particle energy depositions in detectors were undertaken using the
SimIon 8.1 [33] and GEANT4 [34] simulation packages, respectively.
The 𝛽-decay input was produced with an event generator, originally
developed for 𝛽-𝜈 angular correlations [13,35] and adapted for 𝛽𝑛
emission [19]. For each precursor, decays are generated using an
allowed 𝛽-decay energy spectrum to a set of excited states in the emitter
nucleus as defined by the user. Allowed Gamow-Teller (GT) decays of
1+ precursor ions to emitters with a charge state of 2+ were simulated
in each case. The phase space, 𝑊 (𝜃), for 𝛽𝑛 decay is given by

𝑊 (𝜃) ∝ 1 + 𝑎𝛽𝜈
𝑝𝛽
𝐸𝛽

cos(𝜃𝛽𝜈̄ ) +

𝐺12
𝑝𝛽
𝐸𝛽

[

cos(𝜃𝛽𝑛) cos(𝜃𝑛𝜈̄ ) −
1
3
cos(𝜃𝛽𝜈̄ )

]

,
(3)

2
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Fig. 1. A cross-sectional view of the BPT setup (not to scale), depicting an example
of a 𝛽-delayed neutron event with dashed arrows.
Source: Figure adapted from Ref. [21].

which is adapted from Ref. [36] and neglects the recoil-order terms2.
For these GT decays, the 𝛽-𝜈 correlation coefficient 𝑎𝛽𝜈 = − 1

3 and the
spins accessible are restricted. The 𝛽-𝜈̄-𝑛 triple correlation, with 𝜃𝑥𝑦 as
the angle between emitted particles 𝑥 and 𝑦, arises because the leptons
carry away angular momentum and leave the spin of daughter nucleus
oriented. As a result, this correlation depends on the spin sequence of
the 𝛽𝑛 decay, where 𝑗′ and 𝑗′′ represent the spins of the emitter and
𝛽𝑛-daughter nuclei, respectively, and on the neutron orbital angular
momentum, 𝐿. The coefficient for this term is typically of order unity
and is determined by 𝐺12 ≡ 1

10 𝑔12𝜏𝑗′𝑗′′ , where the factors 𝑔12 and 𝜏𝑗′𝑗′′
are defined in Refs. [12,36]. Previous work has shown [14,15,37–39]
that 𝛽 decay leads to a charge-state distribution of the recoiling ions
resulting from the loss of atomic electrons, but the most likely outcome
is that all the atomic electrons are retained. For simplicity, here the 2+
charge state, in which all the atomic electrons are retained, was the
focus of this work. Simulations indicate that the energy imparted to a
recoiling ion following 𝛽𝑛 decay is great enough that its charge does
not significantly affect the trajectory.

The BPT detector setup and trap voltages are based on the con-
figuration used at CARIBU [14,21–23] in order for the simulations to
represent realistic experimental conditions. The central 46 × 46mm2

of the MCP detector was used as the fiducial area in the data analy-
sis [14], and each MCP was placed 52.0(3)mm away from trap center.
A pulse-height threshold was applied to the MCP signals and a 𝛽-energy
threshold of 75 keV was applied to the plastic-scintillator 𝛥𝐸-detector
signals [21,40]. To explore the neutron-energy reconstruction, 𝛽 decays
populating individual, highly-excited states were simulated, occurring
in an ion cloud with a Gaussian distribution at the trap center with
a full width at half maximum (FWHM) of ∼ 1mm in all three spatial
dimensions. The simulated states were chosen so that neutrons were
emitted with energies at regularly-spaced energy intervals up to ∼
500 keV lower than the 𝑄𝛽-𝑛 value for each precursor (above that
energy, the efficiency for detecting 𝛽-ion coincidences drops rapidly
because of the 𝛽-particle detection threshold). Details of the events
simulated are discussed with the individual results.

3. Determination of the recoil-ion momentum

The recoil-ion momentum is determined from the TOF and the
distance traveled by the recoiling ion, and the uncertainty in these

2 Equation (53) of Ref. [36] requires a correction in the sequential number-
ing of spectral functions: the second instance of 𝑔11 should be 𝑔12, 𝑔12 should
be 𝑔13, and 𝑔13 should be 𝑔14.

quantities determines the resolution with which the momentum can be
reconstructed.

The TOF resolution is determined by the 3-ns FWHM timing res-
olution achieved with the coincident detection system consisting of
𝛥E plastic scintillators (TOF start) and MCP detectors (TOF stop). This
resolution yields a 1% timing spread for the shortest TOFs of 300 ns,
and an even smaller fractional spread for the longer TOFs. A 3-ns
FWHM Gaussian timing resolution has been applied to the TOF used
to reconstruct the neutron-energy spectra in Fig. 2. The effect of the
timing resolution is minimal except at the highest neutron energies,
but even there it is considerably smaller than the effect from the ion
cloud size, which will be discussed later in this section.

The −2.5-kV MCP bias voltage accelerates the ions and increases
their energy for detection. A grounded 89% transmission grid, mounted
4.5 mm in front of the MCP, prevents the recoil ions from being
perturbed by the MCP bias for most of their trajectory. The impact
the MCP bias voltage has on decreasing the TOF after the ions pass
through the grid is calculated analytically, as the force on the ion from
the approximately uniform electric field in that region is known (details
of which can be found in Ref. [41], Appendix D). For the full range of
TOFs observed in the experiment, the TOF correction for recoil ions is
on the order of ∼0.6–4.6%, which corresponds to an energy correction
of 1.2–9.3% [40].

The distance depends on the ion cloud size as well as the trajectory,
which we approximate as a straight line from the trap center to the
impact position on the MCP detector. Although the RF fields perturb
the trajectories, simulations indicated that this effect has a negligible
impact on the reconstructed ion momentum; simulations without RF
reproduce the TOF peak for the recoil ions, and so the straight line
trajectory assumption is valid. The MCP detectors have a position
resolution significantly better than 1mm (position calibration details
given in Ref. [41]), which at a distance of 53mm from trap center,
yields a relative uncertainty in the distance measurement of < 1% in
the most extreme case of a recoil ion hitting one corner of the MCP
fiducial area.

The impact an ion-cloud size of ∼ 1mm FWHM in all three dimen-
sions [14] has on the 𝐸′

𝑛 spectrum was investigated with simulations.
Fig. 2 shows the results of a simulation of monoenergetic neutrons
emitted following the 𝛽𝑛 decay of the precursor 137I, resulting in 136Xe
ions of charge state 2+. Neutrons were generated with energies at 200-
keV intervals, up to 1800 keV. The spectra are generated under identical
conditions except for the initial decay locations which was set to be
either a point source (Fig. 2𝑎–𝑑) or an extended ion cloud described
by a 1-mm FWHM Gaussian distribution in all three spatial directions
(Figs. 2𝑒, 2𝑓 ).

The location of the decay position within the ion cloud is the
dominating uncertainty in determining the distance traveled by the
recoiling ion. For a 1-mm3 ion cloud, the broadening increases linearly
with 𝐸𝑛, dominating the resolution at high neutron energies. Fig. 2 also
shows how well the average value for the reconstructed 𝐸′

𝑛 matches the
true 𝐸𝑛; these agree well for the 90◦ detector combination, but for the
180◦ detector combination, a minor shift in 𝐸′

𝑛 is due to the additional
momentum imparted by the leptons. A point-like ion cloud will be used
for the subsequent investigations to better isolate the impact of the
other contributions.

4. Lepton recoil

The emission of the 𝛽 and 𝜈̄ contribute to the total momentum
imparted to the recoil ion, which in turn affects the 𝐸′

𝑛 reconstruction,
as shown in Eq. (1). For 𝐸𝑛 ≳ 100 keV, the neutron momentum is much
larger than that of the leptons or 𝛾 rays, and so 𝑝𝑅 is dominated by the
neutron. However, if the recoil energy is solely ascribed to the neutron,
this typically causes an overestimation of 𝐸′

𝑛.
The orientation of 𝑝𝛽 and 𝑝𝜈̄ influences the size of this effect. The

triple correlation is complicated, but a positive 𝐺12 value leads to an

3
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Fig. 2. Simulations of reconstructed monoenergetic neutron-energy (𝐸′
𝑛) spectra for 2+ recoil ions following the 𝛽𝑛 decay of 137I. Vertical dotted lines represent the true energy

(𝐸𝑛) of the emitted neutron. The results in (a) to (d) are for a point-like ion cloud, where panels (c) to (f) also incorporate a 3-ns timing resolution (see text), and (e) and (f)
are for a cloud with 1mm FWHM in all three dimensions. The results in (a), (c) and (e) are for the detector combinations at 90◦ and in (b), (d) and (f) are for the detector
combinations at 180◦. The numbers above the 200- and 1800-keV peaks are the FWHM for those peaks in keV. Energy thresholds have been applied; see text.

Table 1
Calculated 𝐺12 values for different precursor to emitter to 𝛽𝑛 daughter (𝑗 → 𝑗′ → 𝑗′′)
spin sequences. The lowest values of the neutron orbital angular momentum 𝐿 are
listed. The angular momentum of the final nucleus coupled to the neutron spin can
have multiple values for the same 𝐿, leading to multiple values of 𝐺12.

𝑗 → 𝑗′ → 𝑗′′ 𝐿 𝐺12 ≡
1
10
𝑔12𝜏𝑗′ 𝑗′′

137I

7
2

+
→ 5

2

+
→ 0+ 2 0.2857

7
2

+
→ 7

2

+
→ 0+ 4 −0.9524

7
2

+
→ 9

2

+
→ 0+ 4 0.667

99Y

5
2

+
→ 3

2

+
→ 0+ 2 0.2

5
2

+
→ 5

2

+
→ 0+ 2 −0.9143

5
2

+
→ 7

2

+
→ 0+ 4 0.4188

135Sb

7
2

+
→ 5

2

+
→ 0+ 2 0.2857

7
2

+
→ 7

2

+
→ 0+ 4 −0.9524

7
2

+
→ 9

2

+
→ 0+ 4 0.667

7
2

+
→ 5

2

+
→ 2+ 0 0

7
2

+
→ 7

2

+
→ 2+ 2

{

−0.1361 (5∕2+)
−0.8163 (3∕2+)

7
2

+
→ 9

2

+
→ 2+ 2 0.5238

7
2

+
→ 5

2

+
→ 4+ 2

{

0.102 (9∕2+)
−0.1735 (7∕2+)

7
2

+
→ 7

2

+
→ 4+ 0 0

7
2

+
→ 9

2

+
→ 4+ 0 0

average increase in the recoil kick from the leptons, and causes an
overestimation of 𝐸𝑛. Thus a larger lepton recoil correction is needed.
This increase in recoil energy can be as high as 36% for the limiting
case of a 100-keV neutron from the 𝛽𝑛 emission of 135Sb, as shown
in Fig. 3, but only a 1% increase for a 4-MeV neutron using identical
simulation parameters. The effect is much smaller when 𝐺12 < 0; the
recoil ion will receive a smaller kick from the leptons, and 𝐸′

𝑛 will be
close to 𝐸𝑛. As multiple decay paths and spin sequences are possible
from the precursor to the emitter to the 𝛽𝑛 daughter, and the relative
contributions of each decay path are unknown, we use an average value
of the accessible 𝐺12 values for the decay. This results in an uncertainty
on the lepton–recoil correction and a contribution to the experimental
𝐸𝑛 resolution. The simulations show the accuracy of 𝐸′

𝑛, but also any
effects on the resolution. In Fig. 2 (𝑏) and (𝑑), the data from the 180◦
detector pairs have a pronounced shift in the reconstructed 𝐸𝑛 from the
true value, due to the lepton recoil not being taken into account.

Table 1 shows the possible spin sequences, from precursor to emitter
to 𝛽𝑛-daughter, for the precursors investigated in this work. For the case

of 137I we assume that 100% of the 137Xe neutron-emission strength
goes to the 0+ ground state in 136Xe. Experimental results [42] show
that very little of the decay strength goes to the first-excited state,
which is the only other accessible state. As the 137I ground state 𝐽𝜋 is
7∕2+, allowed GT decay selection rules permit the daughter to populate
states with spins 9∕2+, 7∕2+, or 5∕2+. For the parity to remain un-
changed in the transition to the 0+ state in 136Xe, the emitted neutron
must have even values of angular momentum 𝐿 ≥ 2 if emitted from the
5∕2+ state, and even values of 𝐿 ≥ 4 if emitted from the 7∕2+ or 9∕2+
states. We assume that the nucleus will preferentially emit neutrons
with the smallest allowable orbital angular momentum 𝐿 in each case.
The corresponding values for 𝐺12 for each possible spin sequence have
been calculated using the equations in Ref. [36] for the lowest 𝐿, and
the results are shown in Table 1.

In the case of 137I, and similarly for 99Y, this process is relatively
straightforward, as only one state is assumed to be populated in the 𝛽𝑛
daughter, and only one 𝐿 value is possible. The case is more compli-
cated for 135Sb, as there are a number of low-lying excited states in the
𝛽𝑛 daughter 134Te that are energetically accessible, and experiments
indicate that the first and second excited states are populated along
with the ground state [43]. There are also two cases in which the
angular momentum of the final nucleus coupled to the neutron spin can
have multiple values for the same 𝐿, which leads to multiple values of
𝐺12. The effect of the 𝛽-𝜈̄-𝑛 correlation is investigated by simulating the
𝛽𝑛 decay using the minimum and maximum value of 𝐺12 in Table 1 for
each precursor.

4.1. 𝐸𝑛 shifts due to lepton recoil

Fig. 3 shows the ratio 𝐸′
𝑛 to 𝐸𝑛 as a function of 𝐸𝑛 for the precursors

137I, 99Y, and 135Sb. The value deviates from unity due primarily to the
lepton contribution to the total recoil-ion momentum; the magnitude
of this 𝐸𝑛-dependent deviation from unity is then used to correct the
experimental 𝐸𝑛 spectrum. This effect is largest for 𝛽-ion coincidences
detected in the 180◦ detector pair where the neutron and 𝛽-particle
momenta are somewhat aligned, leading to the recoil from both parti-
cles adding constructively. This leads to 𝐸′

𝑛 as determined from Eq. (1)
overestimating 𝐸𝑛 because it ascribes all the recoil energy to the
neutron. This effect is most pronounced at the lowest neutron energies
where the neutron momentum is smallest and the average 𝛽-particle
energy is largest. As 𝐸𝑛 increases, 𝑝𝑛 ≫ 𝑝𝛽 and the ratio approaches
unity. The average momentum imparted by the leptons to the recoil
ion is dependent on the energy available to the leptons (𝑄𝛽𝑛 − 𝐸𝑛).
As shown in Fig. 3, the energy shifts for the three precursors display
the same 𝐸𝑛 and 𝐺12 dependencies but are scaled overall by a factor
approximately proportional to 𝑄𝛽𝑛 − 𝐸𝑛.
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Fig. 3. Simulated results for 𝐸′
𝑛/𝐸𝑛 as a function of 𝐸𝑛 for 137I (blue), 99Y (red), and

135Sb (black), separated into 90◦ and 180◦ detector pairs. For clarity, the two extreme
𝐺12 values form the lower and upper boundaries of a colored region corresponding to
the full range of energy shifts possible due to the lepton recoil. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

Fig. 4. Neutron energy resolutions for 137I (blue), 99Y (red), and 135Sb (black), obtained
from simulations. Results for the 90◦ and 180◦ detector pairs plotted separately. The
bounds of the shaded regions correspond to the upper and lower possible 𝐺12 values,
see text. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

4.2. Energy resolution

The effect of the 𝛽-𝜈̄-𝑛 correlation on the resolution of the re-
constructed neutron energy was investigated via simulation. Fig. 4
shows the range of FWHM values of each 𝐸′

𝑛 peak, given the range
of 𝐺12 values possible for each decay sequence. Data corresponding
to detector pairs at 90◦ and 180◦ are again plotted separately with
the boundaries of the shaded regions indicating the upper and lower
𝐺12 values. The reconstructed neutron energy is corrected using the
shift for the average 𝐺12 coefficient, and therefore the resolution of
the reconstructed neutron energy is limited by this small spread. A
more realistic idea of the resolution of the reconstructed neutron energy
peaks can be achieved by folding in the effect of the ion cloud, as
this physical effect cannot be corrected in analysis. Fig. 5 shows the
difference in the energy resolution between a point-like ion cloud and
a 1-mm3 FWHM ion cloud. In each case, the larger ion-cloud size
contributes significantly to the inferred neutron-energy resolution at
the neutron energies at the higher-energy half of the spectrum.

5. Neutron–ion coincidences

A source of background arises from events where the neutron trig-
gers a 𝛥E detector. Due to the neutron and recoiling ion being nearly

Fig. 5. A summary of the reconstructed neutron-energy resolution as a function of
𝐸𝑛 obtained from the simulations of 137I (blue), 99Y (red) and 135Sb (black). Solid
loci represent the neutron-energy resolution when all phenomena have been taken
into account, including a 1-mm3 ion cloud size and a 3-ns timing resolution. These
are compared to a 1-mm3 ion cloud with no timing resolution (light shading), and a
0-mm3 ion cloud with and without timing resolution (patterned and light patterned,
respectively). For clarity, only data from 90◦ detector pairs are plotted; the 180◦ detector
results are nearly identical. The two extreme 𝐺12 values for each precursor form the
upper and lower boundaries of the shaded regions, see text. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 6. Ratio of neutron–recoil ion coincidences (𝑛𝑅) to the total particle–recoil ion
coincidences (𝑛𝑅+𝛽𝑅) as a function of simulated 𝐸𝑛, using the same simulated data as
in Figs. 3 and 4, with 𝐺12 = 0 and a point-like ion cloud. Results with solid lines have
a neutron-energy and 𝛽-energy threshold of 350 and 75 keV, respectively, whereas the
dashed line uses the lower thresholds of 230 and 50 keV for 135Sb (see text).

back-to-back, when a recoiling ion is detected in an MCP detector, the
opposite 𝛥𝐸 detector will almost certainly be hit by the neutron, and
the event may be misidentified as a 𝛽-ion coincidence. The thin 𝛥𝐸
detector (10.6 cm in diameter, 1mm thick) was designed to trigger on
𝛽 particles while having a small intrinsic efficiency for detecting 𝛾 rays
and neutrons. In addition, the proton recoils from neutron interactions
in the scintillator generate significantly less light than electron inter-
actions [44]. As a result, a 75 keV 𝛽-particle threshold corresponds to
effectively 350 keV for neutrons and simulations indicate the intrinsic
efficiency for detecting a 1 MeV neutron is ∼ 1.5%. However, the back-
to-back correlation of the neutron–ion events enhances their detection
rate in the 180◦ detector pairs, and this background needs to be
understood.

This type of event has been investigated through simulations, in
which it is possible to distinguish between a neutron and a 𝛽 in the 𝛥𝐸
detector. Fig. 6 shows the expected proportion of coincidence events
that are neutron–recoil ion (𝑛𝑅) pairs rather than 𝛽–recoil ion (𝛽𝑅)
pairs, as a function of the simulated neutron energy. The effects of the
350-keV neutron-energy threshold is clear in reducing the number of
𝑛𝑅 coincidences.

For a future detector system, a lower 𝛽-energy threshold would be
preferable. However, this would also lead to a lower neutron-energy
threshold, which would increase the number of neutron–ion coinci-
dences, and so some discrimination between neutrons and 𝛽 particles
would be needed to minimize this background. For a 50-keV 𝛽-energy
threshold, the neutron-energy threshold would be expected to be about
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230 keV [40,44], based on scaling the energies. The 𝑛𝑅∕(𝑛𝑅 + 𝛽𝑅)
proportion as a function of 𝐸𝑛 for these lower thresholds is shown
in Fig. 6. The corresponding simulations of 137I and 99Y with lower
thresholds show the same trends. The resulting neutron energy spectra
inferred from the 180◦ detector pairs need to take into account the
added efficiency for detecting these events.

6. Conclusions and outlook

An ion trap has been successfully employed to measure 𝛽-delayed
single-neutron emission using recoil-ion spectroscopy, allowing both
the neutron-energy spectrum and the probability of 𝛽-delayed neutron
emission to be inferred without directly detecting the neutron. In
this work, we have explored the physics and experimental corrections
needed to infer the neutron energy from the time-of-flight of the
recoiling ions emerging from the trapped-ion cloud. We have performed
simulations of three 𝛽𝑛 precursors (137I, 99Y, and 135Sb) to investigate
the energy calibration and the resolution of the inferred neutron-energy
spectrum. This work provides insight into how to improve the quality
of the neutron spectra obtained with this approach.

The size of the ion cloud was shown to have a significant effect
on the neutron energy resolution, particularly for neutron energies
approaching the 𝑄𝛽−𝑛 value, where the FWHM almost doubles. The
reconstructed neutron energy can be improved by minimizing the size
of the ion cloud with a cryogenically-cooled He buffer gas [12].

The momentum imparted by the leptons on the recoiling ion was
shown to cause an overestimation of the reconstructed neutron energy
by as much as 36% for 𝛽–recoiling ion coincidences detected in a
MCP-𝛥E detector pair 180◦ apart; whilst coincidences seen in the 90◦

detector pair are essentially unaffected by this effect. Knowledge of this
overestimation allows for accurate correction to experimental neutron
spectra; although this shift can be corrected, there is uncertainty in
its exact size due to different angular correlations that arise between
the emitted particles. Triple (𝛽-𝜈̄-𝑛) correlations were also shown to
contribute to the lepton recoil effect by as much as a few percent.

The background caused by neutrons incident on the 𝛥𝐸 detec-
tors can be characterized by segmenting the 𝛥𝐸 detectors. Based on
the likelihood of detecting neutron–recoil-ion pairs 180◦ apart, spatial
information on the 𝛥𝐸 detector on the order of a few centimeters
would be sufficient to discriminate between 𝛽–recoil-ion pairs and
neutron–recoil-ion pairs, which can be achieved with segmentation.
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