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Abstract

An efficient neutron detection system with good energy resolution is needed to correctly

characterize the decays of neutron-rich nuclei where beta-delayed neutron emission is a

dominant decay mode. Precision neutron spectroscopy probes nuclear structure effects in

neutron-rich nuclei and is essential to exploit the opportunities in new-generation radioactive

beam facilities. A new high-resolution neutron detector, Neutron dEtector with Xn

Tracking (NEXT), has been constructed, characterized, and tested in decay and reaction

experiments. Its essential capability is the neutron interaction position localization, which

enables improvement in energy resolution without compromising detection efficiency in the

time-of-flight measurements. Neutron-gamma discrimination capability of NEXT allows

for performing experiments even in high background conditions. First measurements were

performed with beta-delayed neutron emitters using NEXT at Argonne National Laboratory

(ANL), focussing on fission fragments. At National Superconducting Cyclotron Laboratory

(NSCL), NEXT was used alongside the Versatile Array of Neutron Detectors at Low Energy

(VANDLE) to study light drip-line nuclei at and below the island of inversion with first-ever

neutron spectroscopy performed for several isotopes.

The neutron energy spectrum measurement of the beta-delayed neutron precursor 24O

was performed for the first time at NSCL using two different neutron detector arrays:

VANDLE and NEXT, accompanied by gamma spectroscopy. The beta-gamma and beta-

delayed neutron measurements following the decay of 24O provided the beta decay strength

distribution extending to neutron unbound states in 24F, serving as an excellent case to

test the nuclear model calculations near the neutron drip line. The experimental results are

compared with the shell model calculations using the standard USDA and USDB interactions

and IMSRG.
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Chapter 1

Introduction

With the advancement of modern radioactive ion beam facilities, the number of rare isotopes

synthesized in laboratories has constantly been increasing. As a result, the nuclear landscape

expanded rapidly in the N-Z plane with the increasing accessibility of such rare isotopes,

often referred to as exotic nuclei. They have different combinations of neutron and proton

numbers than the stable nuclei. More than 3000 radioisotopes have already been identified,

pushing the experimentally accessible territory toward the limit of nuclear stability. One of

the main topics in nuclear physics is the study of the nuclear properties of these isotopes,

which already have revealed a variety of novel phenomena, for instance, the evolution of shell

structure [1, 2], location of the drip line [3, 4], and the neutron halos [5].

The nuclear properties of rare isotopes can be extracted using various complementary

experimental approaches. The study of nuclear decay has been an important aspect of

nuclear physics since the first discovery of radioactivity. Radioactive decay is a process

by which an unstable nucleus releases energy via the emission of various radiation types:

particles and gamma rays. Alpha, beta, and gamma decay are the most common types of

nuclear decay. But far from nuclear stability, nuclear decay processes become more complex,

and new decay modes open up. In such cases, for instance, β decay may be followed by

particle emission from the unbound excited states of the daughter nuclei. Also, when the

nucleon separation energy becomes negative approaching the drip line, particle emission may

occur from the ground state, for example, two-proton radioactivity [6]. This dissertation is

focused on studying the complex β decay of very neutron-rich nuclei.
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The next generation of radioactive ion beam facilities is needed to expand access to

very neutron-rich nuclei. The Facility for Rare Isotope Beams (FRIB) at Michigan State

University (USA) and Radioactive Isotope Beam Factory (RIBF) at RIKEN (Japan) are

some facilities capable of delivering the most intense radio-isotope beams for the study of

exotic nuclei. An important method to study neutron-rich nuclei is through nuclear decay.

β decay and subsequent β-delayed neutron emission are the dominant decay mode for the

neutron-rich nuclei. Studying β decay and neutron emission provides insights into the nuclear

structure of neutron-rich nuclei and modeling of nuclear astrophysical processes.

This dissertation describes the development and characterization of the new high-

resolution neutron detector to study the neutron-rich nuclei and β-delayed neutron emission

studies of 24O. A new neutron detector is developed, constructed, and characterized for the

precise and efficient measurement of β-delayed neutrons. 24O, as a doubly magic drip-line

isotope of Oxygen, is an excellent case to study nuclear structure and neutron emission

mechanism near the neutron drip line.

1.1 β decay

β decay is a dominant decay mode for most of the unstable nuclei. The proton-neutron

asymmetry causes the nucleus to undergo β decay. For the neutron-rich nuclei (more neutrons

compared to the proton), β− decay takes place; whereas for the neutron-deficient nuclei,

β+ decay occurs. The β−(β+) is a weak interaction process mediated by W−(W+) boson

where neutron (proton) converted into a proton (neutron) with the emission of an electron

(positron) and electron anti-neutrino (electron neutrino). Systematically, these two processes

can be expressed as:

β− : A
ZXN → A

Z+1YN−1 + e− + ν̄e (1.1a)

β+ : A
ZXN → A

Z−1YN+1 + e+ + νe (1.1b)

where e− and e+ are electron and positron, and νe and ν̄e are electron neutrino and electron

antineutrino, respectively, generated just at the moment of the nuclear decay by the weak

interaction between the nucleons (proton and neutron) at the quark level. The decay energy
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(Qβ±) which is the energy released as kinetic energy of final products can be calculated using

the atomic masses of parent and daughter nuclei:

Qβ− = [m(AZXN)−m(AZ+1YN−1)]c2 (1.2a)

Qβ+ = [m(AZXN)−m(AZ−1YN+1)− 2me]c
2 (1.2b)

An important quantity extracted in the β decay is a strength distribution, which is

the overlap between the initial parent state and all the states in the daughter nucleus.

The strength distribution is directly related to the nuclear structure of the nuclei and also

determines the decay rate. The β decay rate can be calculated using the formalism of the β

decay strength function, Sβ(E), as follows [7]:

T−1
1
2

=

∫ Qβ

0

Sβ(Ei)× f(Z,Qβ − Ei)dEi (1.3)

where,

Sβ(Ei) = |〈ψf |Ô|ψparent〉|2 (1.4)

Ei and Qβ are the excitation energy in the daughter nucleus and the β decay energy window,

respectively. The Fermi integral, f(Z,Qβ−Ei), takes into account the influence of the nuclear

Coulomb field and the 3-body decay phase space.

1.1.1 Allowed and Forbidden Decays

In the allowed β decay, the lepton pair do not carry away any orbital angular momentum

(∆l = 0). The change in angular momentum of the nucleus (∆I) comes from the intrinsic

spins of electron (positron) and anti-neutrino (neutrino); each has spin of 1
2
. The total

spin can be 0 or 1, depending on the spin alignment of leptons. If the spins of electron

(positron) and anti-neutrino (neutrino) are anti-parallel (total S = 0), which is known as a

Fermi decay, there is no change in the total angular momentum of the nucleus (∆I = 0). If

the lepton spins are parallel (total S = 1), which is known as Gamow-Teller decay, the total

angular momentum of the nucleus changes by 0 or 1 unit (∆I =0 or 1; except Ii = If =
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0, which can only occur via Fermi-type transition). Since leptons do not carry any orbital

angular momentum, there is no change in parity between initial and final nuclear states in

allowed decays. A dominant transition of interest in neutron-rich nuclei is the Gamow-Teller

transition.

Forbidden decays are usually less probable than allowed decays. In this decay mode, the

lepton pairs carry away non-zero orbital angular momentum from the nucleus (∆l > 0) and

results in a change in parity if ∆l is odd. The order of forbiddenness depends on the units

of angular momentum carried by the lepton pair. The spin and parity selection rules for

allowed and forbidden decays are summarized in Table 1.1.

1.2 β-delayed neutron emission

Away from the line of β-stability towards the neutron-rich side, β decay energy (Qβ)

increases, and the neutron separation energy (Sn) decreases with the addition of neutrons.

In such cases, β decay is generally followed by neutron emission. Figure 1.1 shows a chart

of nuclei with Qβ − Sn values. The Qβ − Sn increases with the neutron number, increasing

the possibility of neutron emission.

β-delayed neutron emission was first observed by R. Roberts et al. during the fission

studies of Uranium and Thorium isotopes [8]. It is a two-step process, β decay, and neutron

emission, as shown schematically in Figure 1.2. Because of large Qβ − Sn for neutron-

rich nuclei, the β decay of the parent nucleus can have access to the excited states in the

daughter above neutron separation energy. When states above neutron separation energy are

populated in the β decay, the nucleus de-excites via neutron emission rather than gamma-

ray emission, called the “β-delayed neutron emission”. The decay fraction leading to the

neutron emission is called the β-delayed neutron emission probability Pn. Since the energy

window for the neutron emission (Qβ − Sn) increases with the neutron number, there is a

possibility of multineutron emission towards the drip line as indicated in Figure 1.3. The

parent nucleus of β decay preceding delayed neutron emission is generally referred to as the

“precursor” and the daughter as the “emitter” in the following text.
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Table 1.1: Allowed and forbidden decays selection rules.

Transition ∆l ∆I change in parity
Fermi 0 0 no

Gamow-Teller 0 0,1 (no 0 → 0) no
First Forbidden 1 0,1,2 yes

Second Forbidden 2 1,2,3 no
Third Forbidden 3 2,3,4 yes
Fourth Forbidden 4 3,4,5 no

Figure 1.1: A chart of nuclei showing Qβ − Sn values.
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Figure 1.2: Schematic of a β-delayed neutron emission process.
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Figure 1.3: A chart of nuclei with the prediction of multineutron emission towards the drip
line.
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β-delayed neutron emission plays a vital role in studying the nuclear properties of

neutron-rich nuclei. It is an essential tool for obtaining the nuclear structure information for

neutron-rich nuclei far from the valley of β-stability [9, 10, 11]. The emitted neutrons carry

information about the excited states above neutron separation energies, and a precise energy

measurement is crucial for the deconvolution of the high-density states. The β decay strength

function is extracted from the neutron energy measurements and used to determine the decay

rates, which are the key input parameters in the r-process calculations. The strength function

also provides a more direct test of nuclear models used in nuclear structure and astrophysical

calculations.

1.2.1 Models of β decay and β-delayed neutron emission

The models used in the studies of β-delayed neutron emission can be categorized into

two different approaches. The first approach utilizes the models based on systematics, for

example, the Kratz-Herman formula [12] or ones using the Gross Theory of β decay [13]. The

gross theory provides an early model of the nuclear β decay strength distribution. It considers

the sum of the strengths of transitions from the initial state to the final states and generates

a continuum distribution of strengths based on the general properties of Gamow-Teller giant

resonance. The properties of β decay, like decay rates and Pnvalues, are calculated based on

the position and width of the giant Gamow-Teller resonance for all nuclei. But, they do not

provide information on the underlying nuclear structure or the wave functions.

The second approach uses the microscopic models of β decay. These models use

effective nuclear interactions and solve the Schrodinger equation to obtain varieties of nuclear

properties, for example, level energies, ground state shapes, spin and parities, decay rates,

Pnvalues, etc., within a single framework. The Quasi-particle Random Phase Approximation

(QRPA) [14] and the nuclear shell model are some examples that are based on the microscopic

description.

In the QRPA framework, the β decay of the precursor nucleus to the neutron emitter is

studied by solving the Schrodinger equation for the nuclear wave function and single-particle

energies using folded-Yukawa potential. These calculations include additional residual

interactions, pairing, and Gamow-Teller interactions, to obtain the Gamow-Teller decay
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matrix element (B(GT)) from the initial to the final state. A β decay strength function,

which defines the squares of the overlap integral between nuclear wave functions, is then

extracted. The most sophisticated microscopic model, the nuclear shell model, is discussed

in section 6.1.1.

Neutron Emission Models

The neutron emission branching ratios (Pnvalues) can be estimated using the formalism of β

decay strength distribution, as expressed in Equation 1.5. The basic idea is determining the

percentage of β decay strength to the states above various neutron separation energies which

provides the maximum probability of delayed neutron emission, as shown schematically in

Figure 1.4, often referred to as a “cut-off” model.

P n =

∫ Qβ
Sn

Sβ(Ei)× f(Z,Qβ − Ei)dEi∫ Qβ
0

Sβ(Ei)× f(Z,Qβ − Ei)dEi
(1.5)

In these calculations, the n - γ competition factor Γn
Γn+Γγ

is set to one where Γn and Γγ are

the neutron and γ widths, respectively, meaning the γ ray emission from neutron unbound

states is neglected. These calculations fail to consider the possibility of one neutron emission

from the states above two neutron separation energy. The strong one neutron emission

from two neutron unbound states is recently observed for Ga isotopes [15]. This leads to a

requirement for more sophisticated models.

The new approach to studying β-delayed neutron emission integrates QRPA and

statistical methods into a single framework (QRPA + HF) [16]. In this approach, the β

decay of the precursor is treated in QRPA, and the subsequent neutron emission is then

studied in the Hauser-Feshbach model as shown schematically in Figure 1.5. The underlying

assumption is that the neutron emitter is in an equilibrated state (compound nucleus), and

the particle emission is sensitive only to the spin and parity of the emitting state, not the

details of its formation. These calculations include the statistical decay of the emitter nucleus

and the subsequent decays until the available excitation energy is exhausted.

The neutron transmission coefficients are generally determined by solving the Schrodinger

equation for a given optical potential, such as Koning-Delaroche global optical potential [17].
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Figure 1.4: Schematic of the cut-off model to determine the neutron emission probabilities.
The sum of the strengths to the emitter states above various separation energies gives the
maximum probabilities of neutron emission.
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Figure 1.5: Schematic of the QRPA and Hauser-Feshbach approach to study β decay and
delayed neutron emission [16]. The β decay of the precursor is calculated by QRPA, and
the subsequent delayed neutron and γ emission is treated in Hauser-Feshbach statistical
approach.

11



The excited states in the emitter nucleus can be discrete or in the continuum. If the levels are

not experimentally known, Gilbert-Cameron level density formulation is used, which adopted

a constant temperature model at low energies and the Fermi gas formula at high excitation

energies [18]. The γ ray competition is also included, where the γ transmission coefficients

are determined using the generalized Lorentzian γ-strength function (γSF) for E1 transitions

[19]. The compound nucleus hypothesis agrees with recent experimental measurements but

needs more data on very neutron-rich nuclei to verify its universality. One of the motivations

for studying β-delayed neutron emission is to test the validity of these models for a variety

of areas in the chart of nuclei.

1.2.2 Astrophysical Application: The r-process

The synthesis of elements heavier than iron in stars occurs mainly via two nucleosynthesis

processes; slow neutron-capture process (s-process) and rapid neutron-capture process (r-

process). The s-process path runs close to the valley of β-stability and occurs on a longer

time scale than β decay. On the other hand, the r-process involves nuclei on the very neutron-

rich side of the nuclear chart and happens on a relatively short time scale. The r-process

occurs in extreme astrophysical environments such as recently observed neutron star mergers

[20] or during the core collapse of the massive stars [21].

The nuclear mass, neutron capture cross-sections, neutron separation energies, and β

decay properties (branching ratios and half-lives) are the key nuclear parameters required

to model the r-process nucleosynthesis [22]. β-delayed neutron emission plays an important

role during the freeze-out phase after the astrophysical explosion. It provides the additional

particles so the neutron capture can proceed and changes the decay paths to β-stability.

Without β-delayed neutron emission, the nucleus decays back to the stability line via long β

decay chains, but due to single or multiple neutron emissions, the path could go through the

neighboring mass chains, as shown in Figure 1.6 for new isotopes at extremes (122Nb,129Ru)

[23]. The final abundance pattern of the r-process nucleosynthesis changes due to the

emission of delayed neutrons, shifting towards lower masses. Thus, accurate measurements of

half-lives and β-delayed neutron emission probabilities provide necessary data for modeling

astrophysical processes.
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Many isotopes involved in the r-process nucleosynthesis are not yet experimentally

accessible. In such cases, the r-process calculations rely on nuclear model predictions for

the nuclear structure properties of unmeasured nuclei. These models require the knowledge

of the β decay strength function, which can be calculated in β-delayed neutron spectroscopy.

The strength function provides crucial information to constrain the calculations which predict

the properties of r-process nuclei.

1.2.3 Applied Research

β-delayed neutron emission also plays an important role in nuclear technology, such as

reactor operation and decay heat calculations [9]. Accurate description and measurement

of the prompt and delayed neutron spectra and multiplicities are critical for reactor design

and safety management. Neutron detection is also integral to nuclear security, neutron

radiography, and neutron interrogation techniques.
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Figure 1.6: An example showing the effect of β-delayed neutrons in the decay path towards
the β-stability [23].
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Chapter 2

Neutron Detectors

2.1 Neutron Detection Mechanism

Neutron, as a neutral particle, does not interact electromagnetically with electrons in matter.

So, the neutron detection mechanism has to be based on indirect methods. The neutrons

can be detected when they interact with nuclei in detector material and generate charged

particles. The ionization caused by the charged particles produced a light pulse. The light

pulse is then detected by photo-sensors optically coupled to the scintillator, and information

about the incident neutron will be obtained.

Neutron detection is based on two basic types of interaction. First, the neutron scatters

off the nucleus in the detection material and transforms some of its energy into the nucleus.

The energy of recoiling of the nucleus is converted into scintillation light. This method

is only effective when neutrons interact with light nuclei, namely hydrogen and helium.

Second, the incident neutron will initiate reactions in the detector material that lead to the

production of secondary particles such as protons, alpha particles, gamma rays, and other

residual products. Detecting these particles will give information about the incident neutron.

Modern neutron detectors exploit either recoil or reaction mechanisms to detect neutrons

and employ solid/liquid scintillators or gas-filled mediums.
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2.2 Neutron Detectors in Decay Studies

The neutron detectors used in the study of β-delayed neutron emission are based on either

neutron counting or energy measurement. The detectors based on neutron counting employ

either 3He or BF3 filled tubes. BEta deLayEd Neutron (BELEN) detector at JYFL and

GSI [24], 3Hen at ORNL [25], β-delayed neutron measurements at RIKEN (BRIKEN) [26],

and the Neutron Emission Ratio Observer (NERO) at NSCL [27] are some examples of

currently available neutron counters. These detectors are comprised of several gas-filled

counters embedded in a neutron moderator and detect the neutrons via either 3He(n, p)3H

or 10B(n, α)7Li reactions. Since the detectors take advantage of high-detection efficiency

by moderating the incoming neutrons, the information about initial neutron energy before

moderation will be lost.

The other detector types measure neutron energy. The neutron energy detectors are based

on time-of-flight or ion chambers. The time-of-flight detectors use plastic, liquid, or 6Li−glass

scintillators. The Versatile Array of Neutron Detector at Low Energy (VANDLE) [28] and

the Low Energy Neutron Detector Array (LENDA) [29] are some examples of currently

available plastic scintillator-based neutron time-of-flight detector arrays. The time-of-flight

technique, which is a focus of this dissertation, is detailed in the next section. 3He neutron

spectrometers are the examples of the ion-chamber-based detectors to measure the neutron

energies [30].

Recently, recoil-ion spectroscopy has been implemented to perform β-delayed neutron

spectroscopy using trapped ions. One example is Beta-decay Paul Trap (BPT) [31, 32]. In

this technique, the neutron energy spectrum is reconstructed by measuring the time-of-flight

of the recoil ion following the neutron emission [33]. Deuterated scintillator-based detector

arrays are also in use to detect the fast neutron using the spectrum unfolding technique.

The Deuterated Scintillator Array for Neutron Tagging (DESCANT) at TRIUMF [34] and

ORNL Deuterated Spectroscopic Array (ODeSA) [35] are some examples of such detector

arrays.
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2.3 Time-of-Flight Technique

The detectors which employ the neutron counting technique have high detection efficiency

and are insensitive to γ rays but have to slow down the neutrons to the thermal energy

before they can be detected. In that case, the knowledge of neutron energy before slowing

down will be lost. An alternative technique of neutron detection is via scintillation using

organic scintillators, namely plastic and liquid scintillators. Plastic scintillators are more

common because of their flexibility in use and relatively cheaper compared to other organic

scintillators. They are commercially available in various shapes and forms and can be

easily shaped into desired forms if necessary. A good scintillator should have relatively

high scintillation efficiency, transparent to its own radiation and be spectrally matched with

the photosensor’s response.

Neutrons interact with scintillator material via elastic scattering with the nuclei, mainly

hydrogen (proton) and carbon. The kinetic energy of recoiling nuclei is converted into visible

light and will be detected for further processing. The neutrons incident on the scintillator

might not lose all its energy in a single interaction. To entirely stop the neutron, it might

need an excessive amount of scintillator material which makes the detector array large and

expensive. But because of the availability of fast scintillators (fast signal rise and decay

times), it is possible to measure neutron energy via precise timing measurements referred

to as a neutron time-of-flight technique. In this detection technique, the TOF is measured

between a trigger detector, which provides the start time, and a neutron detector, which

provides the stop time, over a specific flight path length, as shown schematically in Figure

2.1. The energy is then computed classically using Equation 2.1.

En =
1

2
mv2 =

1

2
m(

L

TOF
)2 (2.1)

Where m = 939.56 MeV
c2

is the mass of a neutron, and L is a flight path over which TOF

is measured.
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2.4 Neutron-Gamma Discrimination

One disadvantage of using a scintillator-based neutron detector is that it is sensitive to γ

radiation. Scattered γ rays are the main source of background in this kind of detector. For

precise neutron spectroscopy, the particles that are not of interest might need to be rejected;

the process is called neutron-gamma (n-γ ) discrimination.

Organic scintillators can have prompt and delayed fluorescence - called fast and slow

components of the scintillation light. The major component of the scintillation is the prompt

fluorescence, but a slower longer-lived component is also observed, which corresponds to the

delayed fluorescence. The fast component has a characteristic decay time of a few tens of

nanoseconds, while the slow component typically has a decay time of about a few hundred

nanoseconds. The total light output is usually the sum of these two exponential decay

components. The amount of light emitted during the delayed fluorescence often depends

on the nature of the incoming particle; heavier particles produce more delayed fluorescence.

Figure 2.2 shows the scintillation response produced by different incoming radiation particles

in Stilbene, which is a solid organic crystal scintillator. By exploiting this dependence, one

can distinguish between particle types that have a different rate of energy loss but produce

the same amount of scintillation. While using an organic scintillator as a neutron detection,

this technique is commonly used to reject γ ray-induced events from neutron events.

Many commercially available organic scintillators can provide good n-γ discrimination.

Stilbene, para-terphenyl and liquid scintillators are commonly in use. Recently, the neutron-

gamma discrimination capability is also incorporated in many commercially available plastic

scintillators.
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Figure 2.1: Schematic of the neutron time-of-flight technique with “straight” shape
scintillators. The time-of-flight of the neutron is measured between the start detector and
the neutron detector (stop) over a specific flight path length L.
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Figure 2.2: Scintillation response of the organic scintillator for different exciting particles.
The figure is adapted from J.F. Knoll [36].
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Chapter 3

Development of New High-Resolution

Neutron Detector

Experimental studies of β-delayed neutron emitters are difficult because of challenges in

the production of short-lived neutron-rich nuclei. However, the new capabilities of next-

generation radioactive ion beam facilities allow us to access very neutron-rich nuclei [37].

Because of the low production rate of neutron-rich exotic nuclei, identifying the single

or multiple β-delayed neutron emitters and extracting their nuclear properties requires an

efficient and high-energy resolution neutron detector system.

Very few available neutron detector arrays are capable of measuring neutrons of energy

range 100 keV to 10 MeV. They also lack some important aspects of neutron detection, like

neutron-gamma discrimination, better energy resolution, and high detection efficiency. In

this light, a neutron detector array that incorporates all these aspects of neutron detection

will be needed for the future study of exotic nuclei. A new detector concept, Neutron

dEtector with Xn Tracking (NEXT), has been developed to fulfill this necessity.

3.1 NEXT Concept

The energy of the β-delayed neutrons can be measured using the time-of-flight technique,

as detailed in Section 2.3. While measuring energy using this method, the energy resolution
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depends on the timing resolution and the uncertainty in flight path length, as expressed by

Equation 3.1.

∆E

E
=

√(
2∆T

T

)2

+

(
2∆L

L

)2

(3.1)

Where ∆T is the uncertainty in the neutron TOF, T, and ∆L is the uncertainty in

the neutron flight path, L. The uncertainty in the flight path mainly arises due to a lack

of precise determination of the neutron interaction position in the detector. Basically, the

uncertainty in the flight path length is determined by the thickness of the detector. Since the

neutron detection efficiency is directly proportional to the thickness, the thick detector will

have higher detection efficiency but at the expense of energy resolution. Figure 3.1 shows

how the energy resolution changes with the detector thickness calculated using Equation 3.1.

There is always a trade-off between efficiency and resolution. One possible way of improving

the energy resolution is to make the flight path length longer, which in turn reduces the

solid-angle coverage and efficiency. The measurements with rare isotopes require a detector

with efficiency as high as possible because of the very low production rate. The large array

could have higher geometric efficiency, which makes the detector prohibitively expensive.

NEXT uses the idea of optically segmenting the active detector volume along the direction

of the neutron flight path. Segmenting the detector will reduce the uncertainty in the flight

path determination by localizing the neutron interaction position in the detector in the

TOF measurement. The segmentation is implemented along the x and y axes with higher

segmentation along the neutron flight path direction (x-axis), as shown schematically in

Figure 3.2 with possible segmentation. This significantly improves energy resolution without

losing detection efficiency. NEXT also incorporates the neutron- gamma (n-γ) discrimination

which allows performing measurements in high background conditions. The details of the

conceptual design and the first results from the proof-of-principle measurement are reported

in the Reference [38].
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3.2 NEXT Modules

A typical NEXT Module has 4×8 segments (eight layers/columns and four rows), where

the higher segmentation is along the neutron flight path. Each segment is a bar of plastic

scintillator developed by Eljen Technologies [39]. The 6 mm thick, 12.7 mm wide, and

254 mm (10 inches) long segments are assembled to form a scintillator array of active

scattering volume of 48×50.8×254 mm3. The individual scintillator bars are optically

separated from the others using a double layer of 3MTM Enhanced Specular Reflector(ESR)

[40]. The scintillator array is coupled to a multi-anode photomultiplier tube (MAPMT),

Hamamatsu H12700 [41], on either side for light readout. H12700 MAPMT has 8×8

6×6 mm2 pixels with an effective area of 48.5×48.5 cm2, as shown in Figure 3.3. A fully

assembled detector can be seen in Figure 3.4 with the details of the segmentation.

Two plastic scintillators manufactured by Eljen Technologies, EJ-200, and EJ-276, were

used to construct the modules. The EJ-276, with a scintillation efficiency of 8600 photons per

1 MeV e−, is an n-γ discriminating plastic, while EJ-200 does not have any n-γ discrimination

capabilities, but it has about 15% higher light yield than EJ-276 (10000 photons per 1 MeV

e−). The modules are designated by the plastic type and length; for instance, EJ276-10 is

made of EJ-276 plastic scintillator and 10 in long in the following text.

The signals from the MAPMT are read out using Anger Logic boards, designed and

manufactured by Vertilon Corporation [42]. The Anger Logic board, an array of matched

resistors, significantly reduces the number of readout channels to five per MAPMT; four

anode signals for neutron interaction position analysis and a dynode signal for timing and

pulse-shape analysis. The details of the signal readout scheme can be found in Section

3.3. The signals from each Anger Logic board are recorded using 16-bit, 250 MHz Pixie-16

digitizers developed by XIA LLC [43]. Pixie-16 has 16 input channels per module, as shown

in Figure 3.5, and allows to perform coincident data acquisition across the channels and

modules.
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3.3 Readout scheme of NEXT

Each MAPMT used for the light readout provides one common dynode and 64 anode signals.

The common dynode signal, shown in red in Figure 3.6, is used for timing, pulse-shape

analysis, and triggering purposes, enabling an evolved implementation of the trigger scheme

developed initially for VANDLE [44]. The 64 anode signals are routed to the Anger logic

resistive network, as shown schematically in Figure 3.7 [42]. Using charge division, four

anode signals, for instance, L1 to L4 in Figure 3.6 (labeled by V1, V2, V3, and V4 in Figure

3.7), generated at the corners of the resistor network. These signals will be used to extract

high-resolution position determination, as explained in Section 3.5.

Anger logic provides a cost-effective readout method of a pixelated array like NEXT

because only ten electronic channels are needed to read 128 anodes and two dynodes per

detector. However, there are challenges in using the resistive network readout, especially for

neutrons that deposit very little energy in the scintillator. As a result of charge division, the

low-energy signals can be lost when their amplitude becomes too small. This is often the

case when the interaction takes place close to the edge of the detector.

3.4 High-Resolution Timing Analysis

High-resolution timing measurement is a critical part of NEXT development. The timing

of the digitized signals extracted from the pixie timestamps will have the timing resolution

corresponding to the sampling frequency of the digitizer, for instance, 4 ns for the 250 MHz

digitizer. To extract sub-nanosecond timing resolution, the high-resolution-timing (HRT)

analysis is performed on the digitized dynode signals using the polynomial Constant Fraction

Discrimination (polyCFD) algorithm [45], as shown graphically in Figure 3.8. The algorithm

first finds the maximum of the digitized trace from the third-order polynomial fit around the

peak. It then sets the CFD threshold as a fraction of the difference between the maximum

of the trace and the baseline. The phase of the trace is determined by the crossing point of

the linear interpolation between the points around the CFD threshold in the leading edge

of the digitized trace and the CFD threshold. Generally, the CFD threshold fraction is set
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between 40-50% for the optimal timing. The HRT of the digitized trace is then determined

using Equation 3.2.

HRT = timestamp− tracedelay + phase (3.2)

3.5 High-Resolution Position Analysis

The neutron flight path depends on the scattering position as it traverses through the detector

volume. High-resolution position determination is required to extract the proper flight path

length. Because of the optical segmentation, NEXT can localize the neutron interaction

position, which enables precise position determination. The position information is provided

by four anode signals read at the corner of the resistive circuit 3.7. Anger logic algorithm

[46], widely used in medical physics for radiation imaging [47], is adapted to extract the

position image. Using the notations in Figure 3.6, two-dimensional (X and Y) coordinates

for the centroid of the photon distribution arriving to the MAPMT are calculated using

Equations 3.3a and 3.3b.

X =
(L1 + L4)− (L2 + L3)

L1 + L2 + L3 + L4

(3.3a)

Y =
(L1 + L2)− (L3 + L4)

L1 + L2 + L3 + L4

(3.3b)

Where L1 - L4 denote the integral of the pulse within a given time range for each anode

signal. Figure 3.9 shows an example of a position profile determined using this approach,

where the pixels represent the detector segmentation. This position information will be used

to correct the TOF for the flight path. The correction procedure and improvements in the

energy resolution after correction is demonstrated in Chapter 5.

3.6 Trigger configurations

A coincidence triggering is required to operate the detector system with a low energy

threshold without saturating data acquisition. Two types of trigger configurations are
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incorporated in the Pixie-16 firmware to enable the coincidence measurements in the time-

of-flight setting: triple coincidence trigger and external fast trigger mode.

The triple coincidence mode generates two types of coincidence triggers: pairwise channel

and global triggers. The pairwise triggers are generated between two neighboring channels

(0&1, 2&3, ...) where signals from the left and right sides of the detector are connected. This

approach is already advantageous in reducing detection thresholds in double-ended neutron

TOF detectors. To further reject background events, a global trigger can be generated based

on the TOF pairwise triggers that are coincident, within a specified time window, with

channels corresponding to TOF start signals, as shown in Figure 3.10a. The start signals

can either be a real observation of a β particle scattering in a plastic scintillator, a gamma

from a fission source, or an RF signal tightly correlated with a beam packet arrival on a

reaction target. Once a global trigger has been generated, any channel whose local fast

trigger is validated alongside the global trigger records the channel event data to the FIFO.

Figure 3.10b shows the schematics of the triple coincidence trigger configuration. The

caveat to this trigger mode, when used with NEXT, is that the anodes, which should always

be in coincidence with dynodes of the same detector, may not be recorded if the signals are

too small to cross their local trigger threshold. Usually, this could be remedied by simply

lowering their threshold to near zero, but these anodes not only listen to the global triggers

but can also generate global triggers. If the anodes are set to near-zero thresholds, then

too many global triggers would be generated, and the data rate would be unsustainable.

Also, a proper data analysis requires four anode signals corresponding to each dynode. If

any of the four anode signals do not exist, then the event is discarded. For events with low

energy deposition localized near the corner of the detector, sharing the signal through the

Anger logic resistive network will result in the opposite corner likely not triggering because

its signal will be too small. This may result in a relatively high detection threshold in the

measurement.

Another trigger scheme is available in the Pixie-16 firmware based on an unconditional

readout trigger called external fast trigger mode. This allows the forced recording of a channel

if a global trigger is generated. In this scheme, anodes do not contribute to generating the

coincidence triggering; they are set to the external fast trigger mode such that they are
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recorded whenever there is a global trigger generated between the TOF start signals and

a pairwise trigger, as shown schematically in Figure 3.10c. This triggering scheme is very

advantageous in improving the detection threshold. The experimental demonstrations of the

effects of these triggering schemes are presented in Chapter 4.

3.7 Signal Readout Assembly

The signal readout assembly consists of two identical Anger logic readout PCBs (SIB064-

2003) for Hamamatsu H12700 MAPMT and the associated cables, as shown in Figure 3.11

[42]. The cables carrying power to PCBs and high-voltage bias to PSPMTs are connected

to the master PCB on the right side of the readout assembly. These cables are routed to

the slave PCB on the left side of the readout assembly by jumper cables to power the slave

PCB and the MAPMT. The MAPMTs mounted on either side provide 64 anode outputs,

which are reduced to four signals using Anger logic and an associated resistive network

implemented in each PCB. The onboard preamplifier amplifies the four Anger logic outputs

and MAPMT’s last dynode to ten times the original pulse height. The five preamplified

signals from the slave PCB send off to the master PCB using coaxial jumpers, where they

combine with five preamplified signals from the master PCB into the ten-positions coaxial

cable, which is connected to digitizers for further processing.

3.8 New Digitizers

In future experiments with NEXT, the signals will be recorded and digitized using 32-channel

Pixie modules (updated Pixie-16 modules) called Pixie-16x2, developed by XIA LLC. This

high-channel density digitizer is designed explicitly for NEXT to handle a large channel

density but can also be used with any other detector type with a slight modification in the

firmware. The significant upgrades compared to Pixie-16 are replacing the FPGA processing

chips and moving ADC to mezzanine PCB with ADC for greater flexibility. This will provide

a wide range of digitization options for application-specific modifications. There are four

ADC daughter cards per Pixie module, each of which has eight channels of 14-bit, 250 MHz
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digitizers. Another major change is the front input interface, where each ADC card has a

single input of 8-position coaxial cable, as shown in Figure 3.12.

3.9 NEXT array

3.9.1 Prototyping Stage (Phase-I)

In the prototyping stage (Phase-1) of the NEXT development, a detailed test of the different

components to build the detector module was performed along with the GEANT4 simulations

[38]. Based on these tests and simulations, NEXT modules were designed, constructed, and

tested in β decay and reaction experiments.

At the end of this phase, twelve detector modules were constructed. After characterizing

each of them, an array of ten NEXT modules was assembled for the experiment at Argonne

National Laboratory (ANL), as shown in Figure 3.13. The modules differ in the type of

plastic scintillator (EJ276 or EJ200), segmentation (4×8 or 5×10), reflector layer (single

or double ESR layer), polished or unpolished scintillator bars, and either adhesive material

between the segments or just the air gap. Polishing the scintillator bars increases the light

yield and thus results in better detection efficiency. Also, the double reflector layer (ESR)

between the segments results in better isolation and improves the position resolution, as

shown in Figure 3.14c−3.14f. The NEXT modules are continuously optimized for better

performance (better timing and position resolution, low detection threshold, and higher

efficiency). All the experiments discussed in this dissertation were performed with the

modules constructed in this phase.

3.9.2 Phase-II

At the end of this phase, a full array of about 50 detector units will be constructed. The

detector units will be constructed from EJ-299-33M plastic scintillator as recommended by

the supplier (Eljen Technologies). This plastic has a higher light output and similar n-γ

discrimination compared to the EJ-276. Each module will have 4×8 segments optically

separated by double layers of ESR and air gap between them. About 15 new modules are
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already constructed and are stored in a chamber filled with Nitrogen gas, as shown in Figure

3.15, to avoid the degradation of the plastic scintillator while exposed to open air.

29



Figure 3.1: Energy resolution as a function of neutron energy for different segment
thicknesses calculated using Equation 3.1.
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Figure 3.2: Schematic drawing of NEXT in the TOF setup. A single detector unit with the
photosensors coupled on either side (top). The detector is facing the neutron’s flight path
direction. Side view of the detector showing the possible segmentation, higher segmentation
along the neutron flight path direction (bottom).
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Figure 3.3: Multianode PMT (MAPMT) model H12700B developed and manufactured by
Hamamatsu Corporation [41].
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(a)

(b)

Figure 3.4: (a) A typical NEXT Module. The segmented plastic scintillator is coupled
to the Hamamatsu H12700 position-sensitive PMTs on either side for the light readout.
(b) Cross-section view of the detector. Higher segmentation is along the direction of the
neutron flight path (along the x-axis). The segments along the x-axis are referred to as the
detector layers/columns, and segments along the y-axis are referred to as rows. There are
eight detector layers/columns and four rows in a fully assembled detector module.
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Figure 3.5: Pixie-16 16 channel digitizer from XIA LLC [43].

34



Figure 3.6: A schematic representation of the NEXT readout in TOF setup with start
detector. The five signals from each side of the NEXT (dynode: red, anodes: blue) and
a signal from the TOF start detectors are digitized using Pixie-16 digitizers. The TOF
start detector provides a reference signal for the time-of-flight measurement. These signals
communicate using backplane trigger lines to generate the coincident trigger configurations.
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Figure 3.7: Anger logic resistive circuit by Vertilon Corporation [42].
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Figure 3.8: A typical digitized trace with the polyCFD algorithm for the CFD threshold
of 45%. The third-order polynomial fit to find the peak maximum is shown in green, while
the linear interpolation between the points around the CFD threshold is shown in magenta.
The crossing point between the magenta and green line (CFD threshold), represented by the
dashed red line, determines the high-resolution timing.
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(a)

(b) (c)

Figure 3.10: The schematic representation of the coincidence trigger schemes. (a)
Generating the global validation trigger using start detectors (beta singles) and NEXT
dynodes. (b) A triple coincidence trigger scheme, where anodes are always required to
be in coincidence with dynodes from the same detector. (c) A new trigger configuration
based on unconditional readout of the anode signals. This trigger scheme allows the forced
recording of a signal if a global trigger is generated.
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(a)

(b)

Figure 3.11: Schematic view of new signal readout assembly developed by Vertilon
Corporation top). Actual boards coupled to a 10 inches long module (bottom).
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Figure 3.12: New Pixie digitizer (Pixie-16x2).
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Figure 3.13: An array of 10 NEXT modules assembled for the experiment at Argonne
National Laboratory.
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(a) (b)

(c) (d)

(e) (f)

Figure 3.14: The scintillation position inside the different NEXT modules reconstructed
using the Anger logic algorithm.
(a) EJ276, single layer ESR, polished sides, and adhesive material between the segments.
(b) EJ200, single layer ESR, polished sides, and adhesive material between the segments.
(c) EJ276, double layer ESR, polished sides, and adhesive material between the segments.
(d) EJ276, double layer ESR, unpolished sides, and adhesive material between the segments.
(e) EJ276, 5X10 segmentation, double layer ESR, polished sides, and air gap between the
segments. (f) EJ276, double layer ESR, polished sides, and air gap between the segments.
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Figure 3.15: NEXT modules stored in a chamber filled with Nitrogen gas to avoid the
scintillator degradation.
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Chapter 4

Efficiency Measurement

4.1 27Al(d,n) Measurement

The neutron detection efficiency measurement of different NEXT modules was performed at

the Ohio University’s Edwards Accelerator Laboratory (EAL), which provides a wide range

of neutron energies using 27Al(d,n) reactions [48]. The 7.44 MeV deuteron beam impinges

on an 27Al target, producing neutron energy spectra at different angles relative to the beam

direction. The neutron energy spectrum shown in Figure 4.1 is well described at 120◦ relative

to the beam direction and can be used as a standard spectrum to measure the efficiency of

the neutron detectors.

The measurement was performed with five NEXT modules, four of which were

constructed from EJ-276 and one from EJ-200 plastic scintillator. Four of the modules

were 10 in long, and one of them was 5 in long. Three typical modules, EJ276-10, EJ200-10,

and EJ276-05, were considered for the analysis.

Each NEXT module was placed at a distance of 5 m from the target assembly inside

the 30 m long concrete tunnel, as shown in Figure 4.2. The distance was chosen such that

the NEXT module was fully illuminated, and the neutron rate would be sufficient to make

reliable measurements. A chopped pickoff signal from the beam buncher was used as a

reference signal for the neutron time-of-flight measurement. Figure 4.3 shows a typical TOF

spectrum measured by the EJ276-10 module in the beam, and the module moved out of the

beam. The flat nature of the out-of-beam TOF spectrum indicates the absence of scattered
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Figure 4.1: A reference neutron spectrum with known neutron flux for 27Al(d,n) at 120◦

measured at the Edwards Accelerator Laboratory (EAL) at Ohio University [48].
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neutrons inside the tunnel. The background is mainly composed of prompt and scattered γ

rays, which can be easily subtracted to obtain the actual neutron time-of-flight spectrum.

For intrinsic efficiency, the neutron flux (neutrons/sr/µC/MeV) was measured for each

NEXT module and compared with the reference neutron spectrum provided by the facility.

Figure 4.4 shows the intrinsic efficiency of three NEXT modules measured at EAL using the

27Al(d,n) reactions at 120◦. The higher light output of the EJ-200 scintillator led to the

better performance of the EJ200-10 module for low-energy neutrons compared to the other

two modules.

4.2 Simulations: NEXTsim

NEXTsim [49], a GEANT4 [50, 51] based simulation framework developed to characterize

the NEXT module, was used to simulate neutron detection efficiency for the various NEXT

modules.

In NEXTsim, the same experimental setup as the one used at EAL was rendered, and

the same neutron flux spectrum provided by the facility was used as a source. Comparative

studies have been performed between measured and simulated intrinsic efficiency for each

NEXT module.

Figure 4.5 shows the intrinsic efficiency calculated using NEXTsim compared to the

measured efficiency for the three NEXT modules EJ200-10, EJ276-05, and EJ276-10. The

EJ200-10 and EJ276-05 modules showed good agreement between measured and simulated

efficiencies within the uncertainties; however, the measured intrinsic efficiency is lower than

the simulated efficiency for the module EJ276-10 for energies below 1.5 MeV. The discrepancy

is attributed to a low light yield of the EJ-276 scintillator, the limitation of the Anger Logic

readout, and the trigger schemes used.

The trigger scheme used in the efficiency measurement at EAL was the triple coincidence

trigger and shown schematically in Figures 3.10a and 3.10b. In this scheme, left-right anodes

also contribute to generating the coincidence triggering. If any of the anode signals are weak

to generate the trigger because of the Anger logic and the charge division, the event is

lost. This is usually the case when the interaction occurs at the edge of the NEXT module,
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which results in a pseudo-threshold that effectively raises the detection threshold in the

front and back layers of the NEXT module in the EAL measurement, as seen in Figure 4.6a.

This causes the discrepancy in low-energy neutron detection. To improve the low-energy

neutron detection, a new trigger scheme based on unconditional readout was implemented

in the measurement. The schematic of this trigger scheme is shown in Figure 3.10c. In this

scheme, anodes do not contribute to generating triggers and are set to unconditional readout

mode so that they are recorded whenever there is a coincidence trigger between TOF start

and left-right dynode signals. The immediate improvement in the detection of the low-energy

events can be seen in Figure 4.6b. Next section details the measurement performed with a

new trigger scheme to recover low-energy neutron detection for the EJ279-10 module.

4.3 252Cf measurement with new trigger scheme

A measurement of the 252Cf fission neutron spectrum was performed to show the improvement

in the low-energy neutron detection using a new trigger scheme compared to the trigger

scheme used during efficiency measurement at EAL.

The measurement was performed using the old triple coincidence trigger and the new

external fast trigger configurations in the same experimental setup. The same NEXT module

(EJ276-10) from the EAL measurement was used and placed at a distance of 94.4 cm from

the source. The start signal for the TOF measurement was provided by detecting prompt

γ−rays from fission in a 25.4×25.4×12.7 mm3 plastic scintillator (EJ-200) placed close to

the source and the NEXT module provided the stop signal. A shadow bar measurement

was also performed in a similar setup to see the background neutrons scattered off the floor,

walls, and the surrounding materials. The blocks of polyethylene cubes inserted between the

source and the NEXT module blocked direct neutrons from the source. After subtracting

the background, a clean time-of-flight spectrum was obtained, and corresponding neutron

energies were extracted.

Figure 4.7a shows the ratio of the number of neutrons detected per energy bin in the new

and old trigger configurations. With the new trigger configuration, the detection efficiency

for the low-energy neutrons (below 1.5 MeV) is higher than the old one. This removed
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the discrepancy seen in Figure 4.5c between the measured and simulated efficiency for the

EJ276-10 module, as shown in Figure 4.7b. The efficiency measured at EAL was multiplied

by the ratio of the neutron detected in the new and old trigger schemes to get the corrected

efficiency.
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Figure 4.2: The experimental setup at EAL. The NEXT modules were placed at a distance
of 5 m from the target assembly inside the 30 m long neutron time-of-flight tunnel. The
neutron beam was collimated using concentric polyethylene collimators.
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Figure 4.3: The time-of-flight spectra measured by EJ276-10 module with 27Al(d,n) at
120◦ with a module in beam (black), the module moved out of the beam (red).
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Figure 4.5: The measured intrinsic efficiency using 27Al(d,n) reactions at 120◦ at EAL with
20 keVee threshold (black) compared to the NEXTSim calculation (red) for EJ200-10 (a)
EJ276-05 (b) and EJ276-10 (c) modules.
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Figure 4.6: Two-dimensional histograms showing the sum of the left anode QDCs (integral
of the pulse within a given time interval) plotted against the corresponding detector layer for
events taken with the triple coincidence trigger (a) and the new external trigger configuration
(b). The zeroth layer indicates the layer closest to the source. The higher QDC threshold
in the front (towards the source) and back (away from the source) layers seen in the top
plot does not exist in data taken with the new trigger mode. The detection threshold is
consistent between the layers, as shown in the bottom plot.

54



0 1 2 3 4 5

Neutron Energy [MeV]

0.4

0.6

0.8

1

1.2

1.4

1.6
o

ld
/N

n
e
w

N

(a)

0 1 2 3 4 5

Neutron Energy [MeV]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

E
ff

ic
ie

n
c
y

EJ27610 measured

EJ27610 simulation

(b)

Figure 4.7: (a) Ratio of number of neutrons measured per energy bin in new and old trigger
schemes with the EJ276-10 module using 252Cf source. (b) The efficiency of the EJ276-10
module measured at EAL was corrected using the ratio of neutrons detected in the new and
old trigger schemes shown in Figure 4.7a.
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Chapter 5

Position-Timing Correlation and

Correction

Neutron time-of-flight detectors are often comprised of thick bars of the scintillator to achieve

high detection efficiency. In the neutron time-of-flight experiments, the uncertainty in the

flight path length measurement is due to the uncertainty in the neutron interaction position

determination, which is basically the thickness of the detector. In other words, the neutron

flight path depends on the interaction position as it traverses through the detector. Because

of the segmentation, NEXT has the capability of localizing neutron interaction positions

which enables a precise determination of flight path length. This chapter demonstrates the

correlation between neutron time-of-flight and the interaction position and the time-of-flight

corrections using interaction position.

5.1 TOF Corrections

In our data analysis procedure, the detector response function is derived based on the neutron

TOF, which also incorporates the spectrum’s features due to scattering from the surrounding

materials. The TOF spectrum is then deconvolved into neutron energies using the response

function. This is a conventional procedure and relies on the fact that the neutron response

function can be easier to characterize using TOF through measurements and simulations.
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The chosen procedure for the TOF correction in the following text is a consequence of this

choice.

The neutron TOF spectrum should reflect measurements at a specific path length for

precise energy determination. For this, the TOF must be corrected for the flight path length

as it depends on the neutron interaction position in the detector volume. To correct, the

TOF is extracted for the original flight path and scaled to the fixed flight path for each event

by,

t0 = t× L0

L
, (5.1)

where L0 is the fixed flight path and L is the original flight path. If the TOF is scaled to the

fixed flight path for each detector, the TOF for all detectors can be combined into a single

spectrum and converted to an energy spectrum using a deconvolution procedure.

For a typical neutron TOF detector, the flight path length correction can be made only

in one dimension, along the bar, which limits the detector’s energy resolution. The distance

along the detector axis is typically determined using time difference or light sharing between

PMTs at opposite ends of the scintillator.

NEXT can localize the neutron interaction position in three dimensions in the detector,

as shown schematically in Figure 5.1. This allows the scattering position to be corrected with

greater precision, resulting in better energy resolution. The internal scattering position can

be written into parallel and perpendicular components relative to a fixed flight path length.

For NEXT, using the notations in Figure 5.1, L is then defined as L =
√

(L0 + lx)
2 + l2y + l2z .

An example of the 2D reconstructed neutron scattering position (X and Y positions) in

a NEXT module obtained utilizing four anode signals and the Anger logic algorithm [46], as

described in the Section 3.5, is shown in Figure 5.2. The pixels in Figure 5.2 are correspond

to the module segmentation. In the TOF correction process, pixels are defined by their

physical size and position; the image in Figure 5.2 is used to identify which pixel the neutron

interacted with. A group of pixels at the same X-position is referred to as a “column/layer,”

and the one at the same Y-position is referred to as a “row”. The actual flight path length

and corresponding TOF are determined exclusively for each pixel using this reconstructed
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Figure 5.1: The schematic demonstration of TOF correction procedure using the neutron
interaction position inside the detector. Based on interaction position, the original flight
path length (L) can be resolved into x, y, and z components with respect to a fixed flight
path length (L0). The TOF is corrected for the flight path by scaling the actual TOF
measurement by the ratio of L0 and L.
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Figure 5.2: The reconstructed neutron interaction position in a NEXT module. The X
and Y positions are the same as shown in Figure 5.1. The pixels represent the module
segmentation. The original TOF is obtained exclusively for each pixel and scaled to the
middle of the first layer using Equation 5.1 as indicated by the red lines. See the text for
the detail.
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position. The TOF is then scaled to the fixed flight path length, which is the middle of the

first detector layer, using Equation 5.1, as shown graphically in Figure 5.2 by red lines.

The following sections detail the TOF corrections using interaction position in the neutron

TOF measurements. The term “uncorrected” refers to the TOF correction for the flight

path is not implemented (treating as a typical non-segmented neutron detector), whereas

“corrected” refers to the TOF correction implemented.

5.2 17N β-delayed neutron emission

The β decay of 17N is well known for its subsequent neutron emission at energies of 383 keV,

1171 keV and 1700 keV, see Figure 5.3 [52, 53], which are suitable to characterize the NEXT

array. The measurement was performed at National Superconducting Cyclotron Laboratory

(NSCL) with an array of ten NEXT modules: one EJ200-10, one EJ200-20, and the rest

EJ276-10. NEXT modules were arranged in a circular arch with a flight path of ∼50 cm

from the ion implant position as shown in Figure 5.4. Ions were implanted on Yttrium

Orthosilicate (YSO) based segmented detector of dimensions 50.8× 50.8× 12.7 mm3 [54],

which also provided a start signal for the neutron TOF measurement.

The neutron TOF spectrum measured at individual detector layers (8 layers) is shown in

Figure 5.5a, where a shift in the TOF centroid is observed with respect to the layer position.

Once the TOF is corrected for flight path length using Equation 5.1, the TOF centroids

lined up as seen in Figure 5.5b. Figure 5.6 shows the summed TOF spectra for all the

layers without correction (black) and after correction (red). The TOF correction resulted in

better-resolved peaks.

Another way of looking into the position-dependent timing is plotting the TOF against

the neutron scattering position along the flight path direction (X-position). A linear

relationship is observed between the TOF and scattering position for all three neutron groups

with a slope depending on the neutron energy, as seen in Figure 5.7a. This is translated

into a poor separation between the TOF peaks, especially between the two high-energy

peaks. After the correction, TOF becomes independent of the interaction position as shown

in Figure 5.7b, resulting in better-separated peaks.
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Figure 5.3: The decay scheme of 17N. The β decay of 17N populates the states above
neutron separation energy in 17O, which de-excite to the ground state of 16O via neutron
emission. All the energies are in keV.
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Figure 5.4: The experimental setup at NSCL. Ten NEXT modules were arranged around
the ion implant position at a distance of ∼50 cm.
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Figure 5.5: The neutron TOF measured at the individual layers before the TOF correction
(a) and after the TOF correction (b). The spectra are zoomed around two high-intensity
peaks for clarity.
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The neutron emitting states in 17O have non-negligible level widths [52], which are greater

than the energy resolution of our detector. This added additional broadening in the neutron

TOF peaks on top of our detector’s resolution, ∼700 ps from the implantation detector,

and ∼600 ps [38] from the NEXT. To see the effect of the level widths in the neutron

TOF spectrum, simulation of the 17N neutron emission was performed using NEXTSim

[38]. NEXTSim is a GEANT4-based simulation framework developed to characterize the

NEXT modules. NEXTSim was updated to incorporate the simulation of an array of NEXT

modules mimicking the real experimental scenario. The same experimental setup used at

NSCL was rendered in NEXTSim, and the three neutron energies, 383 keV, 1171 keV, and

1700 keV were simulated with and without level widths added. The level widths were taken

from Reference [52]. The width of the neutron emitting states added a significant broadening

to the neutron peaks, which can be seen in Figure 5.8.

Even though the energy resolution is limited by the timing resolution of the implant

detector and the level width of the neutron emitting states, this measurement was successful

in demonstrating the neutron interaction position localization capability of NEXT in real

β-delayed neutron measurement.

5.3 27Al(d,n) Thin Target Measurement

Neutron detection efficiency of various NEXT modules was measured at Ohio University’s

Edwards Accelerator Laboratory (EAL), which provides neutrons with a wide energy

distribution using 27Al(d,n) reactions [59]. The key results from this measurement were

reported in the Reference [60]. After the efficiency measurements were completed, an

additional 27Al(d,n) measurement was performed with a thin (∼50 µg/cm2) 27Al target

to test the energy resolution capability of NEXT. The 7.44 MeV deuteron beam impinging

on a thin Al target allowed the measurement of well resolved high energy neutron peaks. A

pickoff signal from the beam buncher was used as a reference signal for the neutron TOF

measurements.
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Two detector modules (EJ276-05 and EJ276-10) were stacked together to achieve higher

efficiency in detecting high-energy neutrons and placed at a distance of 5 m from the target

assembly, as shown in Figure 5.9.

The raw TOF spectrum for stacked detectors without any correction made for internal

scattering is shown in black in Figure 5.10. Using interaction position information, the TOF

is corrected for flight path length using Equation 5.1. Once the correction is implemented,

the peaks become better resolved, as shown in red in Figure 5.10, signifying the importance

of the NEXT’s neutron tracking capability in making more accurate and precise energy

measurements. Here improvement in the energy resolution is limited by the timing resolution

of the pickoff signal (∼1 ns) used as the start of the TOF and the short transit time (1-2 ns)

for the neutrons to traverse the detector thickness.

5.4 106Nb β-delayed neutron emission

Another demonstration of NEXT’s capabilities in β-delayed neutron measurement was car-

ried out at the Argonne National Laboratory (ANL) using the beam from CARIBU Facility.

The experiment took place at the focal plane of Modular Total Absorption Spectrometer

(MTAS) [61]. As part of a survey of nuclei around 106Mo, 106Nb
(
t1/2 = 1.02 s, Pn = 4.5%

)
ions were implanted on a tape system where the subsequent β-delayed neutron emission was

observed from the neutron unbound states of 106Mo, as shown schematically in Figure 5.11.

The allotted time for this isotope was only 8 hours.

A silicon photomultiplier (SiPM) based plastic scintillator detector was developed to

detect β decays and generate a start signal for neutron TOF measurements. The β detector

had to fit into a small space directly behind the tape implant point, so SiPMs were used

because of their small form factor. Two 6x6 mm2 Sensl J-Series SiPMs were mounted on

a single readout board and coupled to a piece of the plastic scintillator (EJ-200). Figure

5.12 shows the two SiPMs through the uncovered plastic scintillator. SiPMs are known for

their characteristic dark counting, identical in shape to the pulse of detected photons. A

coincidence between the two SiPM signals was required for a valid event in the analysis.
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Five NEXT modules (four EJ276-10 and one EJ200-10) were installed with a ∼30 cm

flight path length around the implant position, as shown in Figure 5.13. The raw TOF

spectrum for all modules combined without the TOF correction is shown in black in Figure

5.14. Once the TOF correction for flight path length was implemented using Equation 5.1, a

clear neutron peak at ∼760 keV above background was observed and shown in red in Figure

5.14. This first measurement of 106Nb β-delayed neutron emission was important to show

why a detector of this design is essential to the future study of neutron-rich nuclei. When

isotope production and neutron branching ratios are not sufficient for the traditional neutron

TOF detectors, NEXT can be easily adapted to provide a precise and efficient measurement.
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Figure 5.6: The summed neutron TOF spectrum for 17N β-delayed neutron emission before
the TOF correction (black) and after TOF correction (red).
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Figure 5.7: The neutron TOF plotted against the interaction position along the flight path
direction (X-position) for one of the NEXT modules before the TOF correction (a) and after
the TOF correction (b).
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Figure 5.8: The simulation of the 17N neutron emission without widths (green) and with
widths (blue) added to the neutron emitting states in 17O, compared with the measured
spectrum (red).
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Figure 5.9: The experimental setup at EAL. A 5” and 10” NEXT prototype stacked
together to increase neutron detection efficiency for neutrons above 5 MeV.
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Figure 5.10: The neutron TOF spectra for stacked detectors measured at EAL using
27Al(d,n) reactions at 120◦ before the TOF correction (black) and after the TOF correction
(red). The labels on the neutron peaks on the red histogram represent the corresponding
excitation energies in keV in the residual nucleus 28Si taken from previous 27Al(d,n) and
27Al(d,nγ) measurements [55, 56, 57, 58].
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Figure 5.11: The decay scheme of 106Nb. The β decay of 106Nb populates the neutron
unbound states in 106Mo, which finally decay to the ground state of 105Mo via neutron
emission.
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Figure 5.12: Silicon Photomultiplier-based miniature plastic scintillator detector (inset in
the lower left) situated behind the front of the tape system where ions are implanted.
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Figure 5.13: Arrangement of the 5 NEXT modules around the beam implant point at the
focal plane of Modular Total Absorption Spectrometer (MTAS).
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Figure 5.14: The 106Nb neutron TOF spectrum before the TOF correction (black) and
after the TOF correction (red). After the correction, a defined peak at ∼760 keV (25 ns) is
observed. As the transit time for 760 keV neutron to traverse the detector thickness (∼5 cm)
is about 4 ns a clear shift of 4 ns in TOF is seen after the correction in the 25 - 29 ns time
range.
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Chapter 6

Beta-delayed Neutron Spectroscopy of

24O Using VANDLE and NEXT

6.1 Motivation

Large proton-neutron asymmetry plays a vital role in determining the nuclear structure of

the neutron-rich nuclei. It is important to explore how the single-particle configuration of

the neutron-rich nuclei evolves towards the drip line. One of the prime focuses of the next

generation of radioactive ion beam facilities is to study the nuclear structure of neutron-rich

nuclei approaching drip-line [37]. Recent experimental measurements observed significant

changes in the nuclear structure; for instance, the disappearance of conventional magic

numbers and the appearance of new magic numbers [1, 2], the location of the drip line

[3, 4], and the neutron halos near the drip line [5]. Currently, very little spectroscopic

information is available for neutron-rich nuclei, especially near drip line nuclei. Also, most

of the experimental studies focused on studying the nuclear states below neutron separation

energy, and minimal information is available for the neutron unbound states. The present

measurement focuses on studying the nuclear structure of light drip-line nuclei at and below

the island of inversion with the first-ever neutron spectroscopy.
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6.1.1 Nuclear Shell Model

Several nuclear models are available to describe the arrangement of the nucleons inside the

nucleus. They focus on determining the bulk properties of the nucleus from the microscopic

nucleon-nucleon interactions. In the simple shell model picture, the motion of each nucleon is

driven by a central potential where the mean field is self-generated by nucleons in the nucleus

with the inclusion of corrections from two or three body interactions outside shell closure.

Different potentials are included in the shell model to represent the central potential to

reproduce experimental observations. The Wood-Saxon potential with spin-orbit interaction

successfully reproduced experimentally observed shell closures for the nuclei at and near the

valley of stability [62, 63]. The nuclear single-particle levels produced using Wood-Saxon

potential with spin-orbit interaction up to nucleon number 50 is shown in Figure 6.1. The

magic numbers are the ones corresponding to the number of nucleons filling groups of levels

below the large shell gap.

The disappearance of the conventional magic numbers and the appearance of new magic

numbers is observed away from the valley of stability toward the neutron-drip line. One of

the experimental evidence of the existence of a magic number is the observation of relatively

high energy of the first 2+ excited state in even-even nuclei. For example, the observation of

the first 2+ excited states at 3198(8) keV for 22O [1] and at 4790(11) keV for 24O [2] provided

the evidence for N=14 and N=16 shell closures. In this light, the study of nuclei near the

drip line is especially important to see the evolution of single-particle levels.

6.1.2 Previous measurements and knowledge on structure of 24O

24O is a last bound isotope of the Oxygen isotopic chain [64, 65]. Recently, multiple

experimental measurements provided the indication of N=16 spherical shell closure in 24O,

making it doubly-magic drip-line nuclei [66, 67, 2]. The single particle level scheme of 24O

is shown in Figure 6.2. The one neutron drip line (after which Sn becomes negative) is

experimentally known for Carbon, Nitrogen, and Oxygen at N=16, but it rapidly changes

to N=22 for Z = 9 (Florine). This sudden jump in drip-line from Oxygen to Florine is

referred to as the “Oxygen-anomaly” [68]. Thus, studying 24O may provide hints about
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Figure 6.1: Schematic diagram showing the single-particle states with Wood-Saxon
potential and the splitting with the inclusion of spin-orbit interaction.

78



the Oxygen-anomaly and the effects of three-nucleon forces and coupling to the continuum

in neutron-rich Oxygen isotopes [68, 69]. It is also an excellent case to benchmark nuclear

model calculations near the drip line.

The β decay of 24O was first measured by Mueller et al. [70] at GANIL using 4π neutron

detector in coincidence with β particles detected in Si(Li) and they reported decay half-life

of 61+31
−19 ms and neutron branching ratio Pn = 58(12) %. A similar measurement performed

by Reed et al. [71] at GANIL reported a decay half-life of 65(5) ms, which agrees within

uncertainties with the Mueller et al. but significantly lower neutron branching ratio of Pn =

18(6) %. About 9000 ions of 24O were implanted in the Si telescope detector, and subsequent

γ and neutron emissions were detected using four high-volume germanium detectors and 42

3He proportional counters, respectively. Also, Penionzhkevich et al. [72] measured a similar

half-life and neutron branching ratio of 67(10) ms and 12(8) % respectively. But the most

recent measurement performed by Caceres et al. [73] reported a slightly higher half-life of

80(5) ms and neutron branching ratio of 43(4)%. About 105 ions of 24O were implanted into

a double-sided silicon strip detector (DSSD), and four segmented germanium clover were

used to provide β-γ coincidence.

Three γ ray transitions with energies 521 keV, 1309 keV, and 1830 keV associated with

521 keV and 1830 keV levels in 24F were reported by Reed et al. and Caceres et al. Both

measurements assigned spin and parity of 2+
1 and 1+

1 to 521 keV and 1830 keV respectively by

comparing with shell model calculations. This is only the information available on excited

states in 24F from β decay measurement, Caceres et al. also performed complementary

measurements using in-beam γ spectroscopy. They proposed three new excited states in

24F at energies 2384 keV, 2739 keV, and 3562 keV. But, no information on excited states

above neutron separation energies is currently available. The present measurement intends

to provide a broad picture of excited states in 24F using γ and neutron spectroscopy.

6.2 Isotope Production and Particle Identification

Isotopes of interest were produced and separated using NSCL’s Coupled Cyclotron Facility

(CCF) and A1900 fragment separator, respectively [74]. A primary beam of 48Ca was injected
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Figure 6.2: Schematic diagram showing the occupation of the single-particle states in 24O.
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into an Electron Cyclotron Resonance (ECR) ion source, where electrons were stripped, and

48Ca8+ ions were extracted. The partially ionized 48Ca ions were fed into the K500 cyclotron

and accelerated to 12.3 MeV/A. The ions were fully stripped using thin carbon foil before

feeding into the K1200 cyclotron. A fully stripped 48Ca beam was accelerated to 140MeV/A

of 80 pna intensity within the K1200 cyclotron.

A beam of fully accelerated 48Ca ions impinged into a production target (thin foil of

beryllium). The fragmentation reactions occurred inside the target, producing a secondary

beam of ions. The thickness of the target was optimized to maximize the production rate of

nuclei of interest. The isotopes of interest were separated from all other reaction products and

guided to the experimental area using an A1900 fragment separator. The layout of NSCL’s

Coupled Cyclotron Facility and A1900 fragment separator is shown in Figure 6.3. With the

momentum acceptance of ∆p
p

= 5% and solid angle acceptance of ∆Ω = 8 msr, making it

a high acceptance fragment separator. The major components of the A1900 separator are

four dipoles bent at 45◦ and eight quadrupole triplets. A1900 utilizes fragment separation

method based on magnetic-rigidity and energy-loss in the degrader material [75].

The secondary fragments with a specific momentum-to-charge ratio (mv/q) were selected

by the magnetic rigidity (Bρ) of the first dispersive half of the A1900 separator. The

momentum acceptance can be changed using a slit system installed in all dispersive focal

planes to achieve high collection efficiency. Further selection can be accomplished by passing

the fragments through a wedge shape energy degrader placed at the image two positions, as

shown in Figure 6.3. Fragments with different charges (Z) will experience different energy

losses as they pass through the degrader and emerge with different momentum. Thus, the

second dispersive half of the A1900 separator provides the isotopic separation. Finally, the

isotopes of interest were delivered to the final focal plane of A1900.

The isotopes in the secondary beam transported through the A1900 fragment separator

were identified event-by-event utilizing a set of silicon detectors by the time of flight and

energy loss measurement. The isotopes were implanted into the implantation detector to

observe the β decay. Figure 6.4 shows the identification of all the isotopes implanted into

our implantation detector.
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Figure 6.3: A schematic diagram of NSCL’s Coupled Cyclotron Facility and A1900
fragment separator [74].

Figure 6.4: Identification of the nuclei produced in the Experiment. The nuclei were
identified using the time of flight between silicon detectors and the energy loss in the dE
detector. 24O is highlighted in red.

82



6.3 Experimental Setup

The Experimental setup comprised an implant detector system and neutron and γ detector

arrays. The isotopes of interest were implanted in an implantation detector, and subsequent

β-delayed γ rays and neutron emissions were observed using γ and neutron detector arrays,

respectively.

Yttrium orthosilicate (YSO) based detector was used as an implant detector [54] in this

experiment. A segmented array of YSO scintillator of dimensions 48×48×12 mm3, comprised

of 24×24 segments, was coupled to the position-sensitive multianode PMT (H12700B-10)

from Hamamatsu Photonics [41] via acrylic light guide of dimensions 48×48×5 mm3 with

similar segmentation as YSO array. The PMT provides 64 anodes and one common dynode

signal. The dynode will be used to extract energy and timing information And anodes provide

the position information. An Anger logic resistive network was used to read the anode signals

from PMT which outputs four signals for the position reconstruction. A similar approach

as used for NEXT was implemented to extract the reconstructed interaction position.

Each of the four anode signals and a dynode signal were split and used with two different

gain settings in the Pixie-16 digitizer. A set of five signals (four anodes and one dynode) in

high gain mode with ten times amplification was used for β events. For ions, signals were

used in a low gain mode without amplification. The dynode signal in high gain mode was

used as a start of the timing for the neutron time of flight arrays.

Two neutron detector arrays were used for the β-delayed neutron measurement. The first

is the Versatile Array of Neutron Detector at Low Energy (VANDLE). VANDLE is a plastic

scintillator-based neutron time of flight array [28]. A full array consisting of 48 VANDLE

bars, each with dimensions of 120×5×3 cm3, was placed at a distance of 105 cm from the

center of the implantation detector. A newly developed segmented neutron array NEXT

was also used alongside the VANDLE. Ten NEXT modules were arranged at a distance of

50 cm from the center of the YSO array. Three high-purity germanium detectors (Clovers)

were used for the γ ray detection. Figure 6.5 shows the experimental setup with all detector

systems and supporting materials.
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Figure 6.5: The experimental setup at NSCL. The setup comprised of implant detector,
neutron detector arrays (VANDLE and NEXT) and γ ray detectors (Clovers).
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6.4 Ion-Beta Correlations

One of the important tasks in β decay spectroscopy is establishing a correlation between

implanted ions and corresponding β events. For this, the timing and position information of

the implanted ion is recorded. After a characteristic time, the ion will undergo β decay, and

the emitted β particle will be detected, as shown schematically in Figure 6.6a. The time and

position of the β particle are also recorded and correlated with the corresponding implanted

ion based on time and position information. A position gate (correlation radius, r) is

determined utilizing x-y positions of ion (xion, yion) and β particle (xβ, yβ) using equation 6.1.

The β and ion position profile for a particular nucleus is shown in Figure 6.7. The optimal

correlation radius was determined to have a high β detection efficiency. The correlated events

within the pre-defined gate, shown schematically in Figure 6.6b, were considered valid events

for the analysis.

r =
√

(xβ − xion)2 + (yβ − yion)2 (6.1)

6.5 Analysis of the 24O Decay

Doubly magic 24O was one of the Oxygen isotopes implanted in the implantation detector.

24O, with a Qβvalue of 10.96 MeV, β decays to 24F which eventually undergoes a β-delayed

neutron emission to 23F. The possible decay chain of 24O is shown in Figure 6.8, where black

boxes indicate stable nuclei.

6.5.1 Half-life Determination

β decay half-life can be determined using a decay curve, which represents the time

distribution between implanted ion and subsequent β decay events (Tβ−Tion) within a given

correlation timing window and radius. Because of the large neutron excess, the daughter

and granddaughter of β decay, and the daughter and granddaughter from the β-delayed

neutron branch can still be radioactive. The decay curve should include the contribution

from all the nuclei. In the case of the 24O, because of the longer half-life of other descendants,

only the contributions from 24F and 23F to the total decay curve were included. The decay
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(a)

(b)

Figure 6.6: (a) A schematic showing the ion implantation and subsequent beta particle
emission. (b) An illustration of the ion-beta correlation. The ion and β events within a
given correlation radius were considered valid events in the analysis.
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Figure 6.7: Ion(a) and Beta(b) position profiles.
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activity of parent nuclei and the growth activities of daughters and granddaughters are well

described by a set of equations called Bateman equations [76]. The half-life of the implanted

nuclei is obtained by fitting the experimental time spectrum using a theoretical function

(Bateman equations). The decay curve obtained for the 24O decay is shown in Figure 6.9

within a correlation timing window of 1000 ms and correlation radius of 0.35 cm. The decay

curve was fitted with the Bateman equations, and the half-life of 125(9) ms was obtained

from the fit. The error includes statistical and systematic errors from the uncertainties from

preset parameters in the fitting such as half-lives of descendants and neutron branching

ratio of parent nuclei. The half-life obtained in this work is longer than the literature value

[70, 71, 72, 73]. But, the analysis procedure was verified by extracting the half-lives of other

nuclei in this region , which agrees well with the literature value, as summarized in Table

6.1.

6.5.2 Background Estimation for Neutron and Analysis

The decay curve obtained for the 24O decay is shown in Figure 6.10 for an ion-beta correlation

time window of -500 to 500 ms, which sits on the top of the huge background. The background

is due to the random correlation of the events with other implanted ions. The random

background has a slope going upward towards Tβ − Tion = 0. The slope is due to the beam

fluctuation during the experiment.

For the neutron TOF analysis, the background was determined by gating on the negative

time window (-T) of the decay curve. The correlated neutron spectrum was then obtained

by subtracting the background spectrum from the neutron spectrum gated on the positive

time window (T) bin-by-bin basis, as represented schematically in Figure 6.10 . A similar

approach was implemented for the γ ray analysis.

6.5.3 Gamma Ray Analysis

The β-gated γ ray spectrum following the decay of 24O within the ion-beta correlation time

window of 500 ms is shown in Figure 6.11. The γ rays at 521, 1309, and 1830 keV were

observed in this analysis, which were reported in previous β decay measurements [77, 73].
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Figure 6.8: Possible 24O decay chain leading to the stable nuclei indicated by black boxes.

Table 6.1: The half-lives for various isotopes obtained in this work compared with literature
values.

Isotope This work (ms) Literature (ms)
24O 125(9) 80(5)
23N 15.8(1.5) 14.1(1.4)
22N 23(1) 23(3)
20C 92(2) 90(2)
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Figure 6.9: The decay curve for 24O fitted with Bateman equations.
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Figure 6.10: The decay curve obtained for 24O with the ion-beta correlation window of -500
to 500 ms. The decay curve sits on the huge background, which arises due to the random
correlation with other implanted ions. The random background has a slope going upward
towards Tβ − Tion = 0. The slope is due to the beam fluctuation during the experiment.
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Figure 6.11: γ ray spectrum following the decay of 24O occurring within 500 ms of
implantation.

92



These were attributed to the transitions in 24F, which has ground state spin and parity of

3+ and neutron separation energy of Sn = 3.81 MeV. The first excited 1+ state at 1830 keV

was populated in the β decay, which decays by emitting cascades of 521 and 1309 keV γ

rays, as shown schematically in Figure 6.12. The 1309 keV γ ray originating from 1830 keV

state populates 2+ state at 521 keV. The 1830 keV state also has a competing branch that

directly feeds the ground state of 24F. The logft value of 4.3(0.1) was obtained for the 1+

1830 keV state, which favors the Gamow-Teller transition.

The observed γ ray at 1980 keV was assigned to the 2+ → 0+ transition in 24Ne following

the β decay of 24F [78]. A very weak γ ray was also observed at 2238 keV which assigned to

the first excited state in 23F [79], meaning majority of neutrons emission from excited states

of 24F populate ground state of 23F.

6.5.4 Analysis of Neutron Time-of-Flight Spectrum

Detector’s Response Function

To properly analyze the experimental neutron TOF spectrum, the detector’s response

function needs to be extracted using simulations and calibration data. Each neutron

TOF detector array has its characteristic response based on neutron scattering from the

surrounding materials. The response function should incorporate the TOF spectrum’s

features due to scattering from the surrounding materials. To extract the response function,

the whole experimental setup was rendered in GEANT4, as shown in Figure 6.13, and mono-

energetic neutrons with energy ranging from 200 keV to 5 MeV were simulated. For each

set of simulations, an isotropic point neutron source with specific energy was placed at the

center of the YSO implantation detector, and the TOF of neutrons arriving at each detector

array was measured. Figure 6.14 shows an example of the simulated TOF spectrum for the

NEXT array for 1 MeV neutrons. The TOF spectrum for each neutron energy was fitted with

an asymmetric Lorentzian-shaped function plus three exponential decay tails, and response

parameters were extracted. The parameters were plotted against the corresponding TOF

centroids, and energy-dependent parametrization was extracted from the various polynomial
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Figure 6.12: Schematic diagram of 24O decay and consequent β-delayed neutron emission.

Figure 6.13: A screenshot of the GEANT4 graphical user interface showing experimental
setup with all detector systems and supporting materials.

94



fitting. Using this parametrization, the energy-dependent detector response function was

constructed and used to deconvolve the experimental TOF spectra.

The response function extracted using simulation was verified with the online calibration

data taken with 17N. The β decay of 17N is well known for its subsequent neutron emission at

energies of 383 keV, 1171 keV, and 1700 keV [52, 53], which are suitable for calibrating the

neutron detector arrays. The β-delayed neutron time-of-flight spectra for 17N for VANDLE

and NEXT are shown in Figure 6.15. The spectra were fitted with the respective response

function. The response function was not wide enough to adequately capture the experimental

spectrum. The width of the Lorentzian-shaped function needed to adjust until it fits well

with the measured spectrum. The total analytical response function is shown in red in Figure

6.15, with the contribution from individual neutron peaks shown in blue.

Neutron TOF Spectrum and Deconvolution

The neutron time-of-flight spectrum for each neutron array was obtained within the ion-beta

correlation time window of 500 ms. Since daughter and β-delayed neutron emission daughter

have relatively long half-lives and small neutron branching ratios, it was safe to consider a

longer ion-beta time correlation window for neutron spectra. The neutron “singles” TOF

spectra (no neutron-γ coincidences) obtained for the VANDLE and NEXT arrays are shown

in Figure 6.16a together with the analytical fitting functions. Since the two neutron emission

is energetically prohibited, the contribution was solely from one neutron emission. Each

neutron “singles” spectrum was fitted with the corresponding detector response function to

deconvolve into the energies. A few well-defined neutron transitions are seen in both arrays.

Because of a very weak population of 23F excited states, it was not possible to extract the

γ-gated neutron spectrum. Due to the low geometric efficiency of the NEXT array, the

following analysis is based on the VANDLE TOF spectrum.

By normalizing the total number of neutrons feeding to the excited and ground state of

23F to the total number of β decays, the neutron branching ratio of 28(3)% was obtained for

24O. The excitation energy, branching ratio, and logft value for each neutron emitting state

identified in 24F are summarized in Table 6.2. The branching ratio for the individual level

was obtained by normalizing the number of neutrons feeding to that particular level to the
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Figure 6.14: The simulated TOF spectrum for NEXT array for 1 MeV neutrons fitted
with an asymmetric Lorentzian-shaped function plus three exponential decay tails. The
inset shows the TOF spectrum zoomed around the TOF centroid.
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Figure 6.15: 17N β-delayed neutron time-of-flight spectrum (black) fitted with detector
response function. The total fitting function is represented in red, and the contribution from
individual neutron peaks are shown in blue. a) for VANDLE and b) for NEXT.
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Figure 6.16: Neutron singles TOF spectrum for a) VANDLE and b) NEXT within 500 ms
of ion-beta correlation time window with the total fitting function plotted in red. Also, a
contribution from the individual peak is shown in blue for VANDLE and black for NEXT.
The dotted black line represents the background. The energy obtained from VANDLE
spectrum deconvolution was used as a fixed parameter for NEXT spectrum deconvolution.
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total neutron branching ratio. For three major neutron transitions, logft values ranging from

3.9 - 4.1 were found. This favors the Gamow-Teller transitions with the spin and parity of

1+
. The Gamow-Teller transition reduced matrix elements B(GT) obtained for each neutron

transition is shown in Figure 6.17.

6.5.5 Comparison with Shell Model Calculations

The experimental excitation energies and Gamow-Teller transition matrix elements (B(GT))

were compared to the predictions of theoretical calculations. The Shell Model calculations

were performed using KSHELL [80] with standard USD-type interactions (USDA, USDB)

[81, 82] and the interactions obtained using the In-Medium Similarity Renormalization Group

(IMSRG) method [83, 84].

The USD Hamiltonian consists of 63 sd-shell two-body matrix elements, and three single-

particle energies [81]. The initial version of USD Hamiltonian was obtained by performing

least squares fitting of 380 states in 66 sd-shell nuclei, which successfully predicted the

nuclear properties of A = 16-40 nuclei near the valley of stability. The prediction for the

near drip-line nuclei was also reasonably good, but with the unavailability of experimental

data for those nuclei at the time, the single-particle energies needed to be extrapolated. This

Hamiltonian was modified to include updated single-particle energies and binding energies.

New versions of the USD-type interactions are referred to as “USDA” and “USDB” [82]. The

new interactions included 608 states in 77 sd-shell nuclei to perform least squares fitting. The

only difference between USDA and USB is the fitting procedure; USDB provided a better fit

to the data. On the other hand, IMSRG is a novel ab initio method that utilizes a continuous

unitary transformation of many-body Hamiltonian to suppress off-diagonal matrix elements,

leading to a band or block-diagonal form.

The 24F energy levels were calculated using different interactions are shown in Figure 6.18.

Both USDB and IMSRG interactions produced a good agreement with the measured levels.

The Gamow-Teller transition reduced matrix elements (B(GT)) were also calculated using

the same interactions. Figure 6.19 shows the B(GT) obtained from calculations compared

with the experimental values.
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Figure 6.17: The experimental Gamow-Teller transition reduced matrix elements (B(GT))
for observed 1+ states in 24F.

Table 6.2: Branching ratios and logft values for the neutron emitting states in 24F.

Ex. Energy (keV) Branching Ratio (%) logft
5031(22) 11.5(2.3) 4.1(0.1)
5684(37) 11.9(2.3) 3.9(0.1)
6223(51) 4.8(0.9) 4.0(0.1)
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Figure 6.18: Comparison of the experimental 24F energy levels with shell model calculations
using standard USDA and USDB interactions and IMSRG. The states which are accessible
to the Gamow-Teller transitions (1+ states) are shown in red.
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(a)

(b)

Figure 6.19: a) Comparison of the experimental B(GT) with shell model calculations using
standard USDA and USDB interactions and IMSRG. b) Cumulative B(GT).
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6.5.6 Discussion

Since 24O ground state has spin and parity of 0+, the Gamow-Teller states in 24F should have

spin and parity of 1+ to satisfy the Gamow-Teller selection rules as discussed in Section 1.1.1.

The possible spin-orbit configurations for neutron and proton for Gamow-Teller transition

in the decay of 24O are summarized in Table 6.3.

The USDA and IMSRG underestimate the excitation energy of the first excited 2+ state

by ∼200 keV while USDB produced a better agreement (579 keV) with the experimental

value of 521 keV. This state decays to the ground state of 24F, which has spin and parity

of 3+. Both of these states (2+ and 3+) are part of πd 5
2
⊗ νs 1

2
multiplet with almost pure

(∼ 70%) configuration.

The excitation energy of experimentally observed 1+ state at 1830 keV is underestimated

in both USDA and USDB calculations by ∼300 keV, but IMSRG prediction is in good

agreement (1860 keV). This state mainly (∼50%) originates from πs 1
2
⊗ νs 1

2
configuration.

USDB overestimates the decay strength (B(GT)) to this state by ∼50%, but slightly better

agreement is found in USDA and IMSRG. USDA and USDB predict the second 1+ state

at ∼ 3300 keV , likely originating from πd 5
2
⊗ νd 3

2
configuration but IMSRG estimates this

state at 4124 keV. This state is close to the neutron separation energy (3810 keV), and the β

decay strength feeding is very low. Its non-observation in the experiment may be attributed

to the weak β decay feeding and low detection efficiency if this level decays directly to the

ground state via γ emission. The detection threshold might be high if this state is just above

the Sn as predicted by IMSRG and decays via neutron emission.

Three states above the neutron separation energy were observed in the experiment at

energies of 5031(22), 5684(37), and 6223(57) keV, each of which has spin and parity of 1+

as shown in Figure 6.18. USDA underestimates the state at 5031 keV by ∼500 keV while a

better agreement is found in USDB (4954 keV). USDA predicts weak decay strength to this

state, but USDB has produced experimental value better. This state is not seen in IMSRG

calculations. IMSRG has produced a good agreement with excitation energies and decay

strengths for the states at 5684 keV and 6223 keV (5691 and 6254 keV, respectively). The

energies of these states are underestimated by ∼200 keV in USDB. It also underestimates the
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decay strengths to these states. USDA underestimates the state at 5684 keV by ∼350 keV,

but decay strength agrees well with the experimental value. It better predicts the state at

6223 keV; still, the decay strength is very small compared to the measurement. Overall,

USDB and IMSRG have produced a better agreement with the measurement in terms of

both excitation energies and decay strengths. All three 1+ states have somewhat mixed

configurations of nuclear wave functions.
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Table 6.3: The possible spin-orbit configurations for neutron and proton for Gamow-Teller
transition in the decay of 24O in sd-shell model space.

Spin-orbit configuration
(νs 1

2
)−1 ⊗ πs 1

2

(νd 5
2
)−1 ⊗ πd 3

2

(νd 5
2
)−1 ⊗ πd 5

2

(νd 3
2
)−1 ⊗ πd 5

2

(νd 3
2
)−1 ⊗ πd 3

2
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Chapter 7

Summary

As the capabilities of radioactive ion beam facilities are continually improving, the detector

technology must also improve. NEXT is a novel neutron TOF detector for future studies of

very neutron-rich nuclei. NEXT utilizes the concept of segmenting the detector along the

neutron flight path direction, which reduces uncertainty in the flight path measurement and

improves energy resolution without losing detection efficiency.

NEXT modules have been constructed using segments of n-γ discriminating plastic

coupled to the position-sensitive photomultiplier tubes, allowing high-resolution timing and

position measurements in β-delayed neutron spectroscopy. The n-γ discriminating capability

of NEXT allows performing measurements in high γ ray background conditions. The position

resolution provided by the segmentation in each NEXT module improves energy resolution in

the neutron TOF measurements, which is vital to nuclear structure studies and astrophysics.

NEXT is shown to improve neutron energy resolution when a correction from the three-

dimensional scattering position inside the detector is applied. The TOF correction procedure

was benchmarked using 27Al(d,n) reactions and 17N β-delayed neutron emission and applied

to the 106Nb decay, where it showed a dramatic change in the spectrum shape.

A high neutron detection efficiency of NEXT modules was demonstrated using neutrons

produced from the 27Al(d,n) reactions. Efficiency measurements of three NEXT modules,

which differ in length and the scintillator material, were performed and analyzed. The

performance of each of the modules is compatible with the prediction from GEANT4
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simulations. A new trigger configuration has been developed, which leads to better

measurements of low-energy neutrons.

NEXT was used alongside the VANDLE array at National Superconducting Cyclotron

Laboratory(NSCL) to study light near drip-line nuclei at and below the island of inversion

with the first-ever neutron spectroscopy performed for several isotopes from carbon to

aluminum. β decay and subsequent neutron emission of 24O were studied as a part of this

dissertation. 24O is a doubly magic drip line nucleus of the Oxygen isotopic chain. Studying

decay properties of 24O provides an excellent testing ground for benchmarking the nuclear

model calculations near the neutron drip line.

β decay of 24O was previously studied, but measurements focused only on the neutron-

bound states in 24F. Also, the half-life and neutron branching ratio were not well constrained.

The present study measured the beta-delayed neutron spectrum for the first time. The

updated half-life of 125(9) ms and a neutron branching ratio of 28(3)% were extracted

from this measurement. Three neutron transitions were observed following the β decay of

24O. Using these transitions, three new states above neutron separation energy in 24F were

constructed, and the decay strength to these states was obtained. The experimental results

were compared with the shell model calculations using various interactions. The standard

USDB interaction and interaction based on IMSRG provided a good agreement with the

measurements.
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[58] C. Miehé, A. Huck, G. Klotz, and G. Walter. t = 1 positive parity states in 28Si and

28P. Phys. Rev. C, 15:30–39, Jan 1977. 71

[59] TN Massey, S Al-Quraishi, CE Brient, JF Guillemette, SM Grimes, D Jacobs,

JE O’Donnell, J Oldendick, and R Wheeler. A measurement of the 27al (d, n) spectrum

for use in neutron detector calibration. Nuclear science and engineering, 129(2):175–179,

1998. 64

[60] S. Neupane, J. Heideman, R. Grzywacz, J. Hooker, K.L. Jones, N. Kitamura, C.R.

Thornsberry, L.H. Heilbronn, M.M. Rajabali, Y. Alberty-Jones, J. Derkin, T. Massey,

and D. Soltesz. Neutron detection efficiency of the neutron detector with xn tracking

(next). Nuclear Instruments and Methods in Physics Research Section A: Accelerators,

Spectrometers, Detectors and Associated Equipment, page 165881, 2021. 64

[61] Marek Karny, Krzysztof P Rykaczewski, A Fija lkowska, Bertis C Rasco, Marzena
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