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Abstract

Within the neutron metrology and spectrometry community digital pulse processing systems are

being developed for measurements of Fast neutron fields in a wide variety of contexts, for example

at accelerator and medical radiation facilities, around nuclear power plants, in airplanes in flight

and space stations. These fields often vary widely with respect to both energy and intensity, which

complicates measurements of energy dependent fluence.

Investigations have been completed into the suitability of a CAEN DT5730 digitiser unit as a vi-

able alternative to a traditional analogue system for data acquisition for fast neutron metrology.

Experiments were completed at the fast neutron facilities of AMANDE (IRSN, Cadarache) using

a BC501A scintillation detector and both the DT5730 digitiser and an analogue system based on

NIM electronics and an MPA-3 multichannel analyser acquisition unit. Follow-up measurements

were made at the n-lab facility at the University of Cape Town. The measurements covered an

energy range from 0.5 MeV to 20 MeV, over a large range of intensities. The energy and intensity

response for both systems and digital configurations were investigated based on the unfolding of

measured light output spectra using an existing neutron response matrix for the detectors. Dead-

time behaviour, rate dependent losses and linearity over the energy range were explored. The

quality of the measured neutron spectra was compared through both uncertainty budgets and shape

comparison analyses.

Factors to consider when migrating from analogue signal processing to digital signal processing

are discussed for the measured energy and intensity range, including advantages and disadvantages

using digital pulse processing for metrology both in the laboratory and in the field.

While there is more research required for a thorough bench-marking, the present results indicate

that digital data acquisition technology has matured to the point where it can now be considered for

use within neutron metrology.
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1. Introduction

1.1 Neutron Metrology

Metrology is the science of measurement, and fundamentally has as its focus the activity of counting

with reference to a set of standards. Neutron metrology may be understood as the process of

counting free neutrons, with the two main quantities of interest being the number of neutrons (either

crossing a region of interest or emitted by a source), and the energy distribution of the counted

neutrons. The measurement result is often presented as a fluence rate (number of neutrons per unit

of surface per unit of time), which can further be presented as a function of the neutron energy.

This process is often complicated by the measured fluence distribution as a function of energy

being influenced by the directionality of the neutron source [1].

Neutron fields of interest can vary widely with respect to context, energy and fluence [2], with each

of these aspects introducing an additional degree of complexity. The energy of neutron fields can

range from cold neutrons produced at some facilities, below the meV range, to very high energy

(on the order of GeV) neutrons produced in accelerator facilities or by cosmic rays interacting with

the atmosphere. Similarly, the possible intensities span from a few neutrons cm−2 s−1 to

1015 neutrons cm−2 s−1 occurring at the core of high intensity nuclear fission reactors.

The distributions of the neutron fluence per logarithmic energy interval (fluence per unit lethargy)

for moderated fission neutrons and cosmic rays can be seen in figure 1.1 [1]. In this figure, fluence

in a specific energy region is calculated as the area under the curve within that region. Neutrons

produced as products of fission have a maximum energy limit of around 10 MeV, while the energy

of neutrons produced in the atmosphere by cosmic rays can extend above 10 GeV. Fusion reactions

such as those in a D-T neutron generator can reach up to 20 MeV in neutron energy.

The ways in which neutrons are detected vary greatly with energy and intensity. Neutron inter-

action cross-sections are highly dependent on the material type and the energy of the irradiating

neutrons [3, 4]. On the higher end of the intensity range, detecting individual neutron events be-

comes more difficult and estimating the number of neutrons interacting with the material often

relies on a calculation rather than direct measurement [1].
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Figure 1.1: Distributions of fluence per unit lethargy for two neutron fields (fission neutrons with mod-

eration, and neutrons produced at flight altitude by cosmic rays) [1].

Detectors deployed for neutron metrology have traceability to the interaction cross-sections of rel-

evance which provide the reference standards for each detector type, which in turn underpin the

response of the detector when exposed to different neutron fields. A detector response function

is defined as being the output of the detector when exposed to a mono-energetic neutron field [5].

Response functions can either be measured directly or simulated through standard Monte Carlo

codes, such as NRESP [6] or MCNP [7].

The fast-neutron region requires the greatest number of reference standards [1]. This energy region

is responsible for neutrons produced from many different reactions, including the neutrons pro-

duced from D-D and D-T fusion reactions. With the present interest in fusion as an energy source

this energy range and its neutrons are increasingly more important [8–11].

The detectors typically used in the field of fast neutron metrology are reliant on neutron induced

reactions, such as n-p elastic scattering and fast fission, while capture reactions are used for detec-

tion of thermal or moderated fast neutrons. These interactions produce secondary charged particles

which then can be used to determine information about the neutrons incident on the detector. Most

neutron fields measured will be coupled with a gamma-ray field introducing another consideration

when designing these detection systems: either the detector needs to be unable to detect gamma-

rays due to the medium or detection technique used, or the detector needs to have a difference in

the response to the different radiation types interacting with the detection medium [5].

There are two main broad measurement technique categories, the one being a direct measurement

and the other being a measurement of the neutron flight time over a known distance. The direct

measurement requires a very well characterised set of response functions for the detector and relies

on convolving the response functions to fit the measurement to determine the fluence distribution
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as a function of energy, commonly completed through unfolding analyses (appendix A). Time-of-

flight (ToF) measurements require a pulsed beam, of the order of nanoseconds, and are typically

used for detector characterisation and the empirical determination of the response functions for

the detector. The measured or calculated response functions then allow for neutron metrology

measurements to be made for unknown fields, within or outside of a laboratory environment.

For measurements without time-of-flight information the ability to differentiate between the gamma-

ray induced events and the neutron events (pulse shape discrimination, section 2.2) is crucial for

neutron metrology. The detectors typically used for their pulse shape discrimination (PSD) capa-

bilities are organic scintillators, though recent developments have seen PSD capabilities in doped

plastic scintillators [12]. Organic liquid scintillators are well characterised within the fast neutron

range and specifically the hydrocarbon-based liquid are the preferred type of detector due to their

high efficiency, fast response, excellent energy resolution, and dependence on the very well-known

n-p elastic scattering cross section [5]. The response functions for this detector can be reliably

calculated by a number of codes which require only the resolution function of the detector.

Several metrology laboratories around the world (IRSN, PTB, NPL, iThemba LABS, etc.) use a

BC501A organic liquid scintillator coupled to an analogue pulse processing acquisition system as

the reference system for in-laboratory fast neutron metrology. The analogue acquisition systems in

these reference systems are based on NIM-standard pulse processing modules, analogue-to-digital

converters (ADCs) and multi-parameter analyser (MPA). These systems are expensive and difficult

to use outside of the laboratory.

The advent of digital data acquisition systems (dDAQs) for nuclear radiation measurements brought

several new approaches to the acquisition and analysis of data. The systems used in the community

vary from digitization of the raw anode pulse, after a pre-amplifier [13] to later in the analogue

electronics chain such as after an amplifier. Early digitisation of the waveforms have introduced

the ability to optimise analysis and the flexibility to extract more information from a single data set

with simple digital signal analysis.

1.2 Digital Data Acquisition Systems

There is a large range of accessible digitisers for nuclear physics applications produced by several

manufacturers, such as CAEN [14], XIA [15], NI PXI’s [16] and Teledyne SP devices [17]. The

capabilities of such digitisers range from 10 bit resolution at 4 Gs/s for a maximum of 2 channels

to 14 bit resolution at 500 Ms/s for up to 16 channels. Generally the increased bit resolution results

in a decrease in sampling rate. The large variety in the technical capabilities of the digitisers on the

market make them versatile for many in-field or in-laboratory applications, as demonstrated in the

examples presented below.
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On the software side, there is available proprietary software available for the commercial digitis-

ers, additionally the libraries used to communicate with the digitiser are also available making it

possible to develop customised data acquisition software. The software is responsible for the pro-

grammable triggering schemes and certain parameters that cannot be adapted post processing, like

the number of samples which constitute one event. Furthermore, the software used for post ac-

quisition analysis can affect produced results through factors like the timing resolution of a digital

constant fraction discriminator (CFD), pulse pile up handling and pulse height saturation. Exam-

ples of custom software developed using different bases such as LabVIEW and ROOT can be found

in references [18] and [19].

There is a significant movement from analogue DAQs to digital DAQs across a large variety of

contexts, despite this there is little to no literature on dDAQs specifically within the context of

neutron metrology. Several data acquisition systems, for neutron measurements, are based on early

digitisation immediately at the anode output, with applications ranging from fusion diagnostics, to

cross-section measurements.

The dDAQs developed for fusion diagnostics include systems based on custom designed digital

systems [8, 18, 20–22] and off-the-shelf digital solutions such as PXI modules [11, 16]. These

systems need to manage extremely high intensity measurements and since digital systems acquire

events with no dead time (if the buffer size is appropriate) a dDAQs is preferred in these applica-

tions. The neutron spectrometer for the Joint European Torus (JET) [8, 21, 22] is a EJ-301 (NE213)

organic liquid scintillator coupled with a custom ENEA [20] developed dDAQ based on two ADCs

interleaved to obtain a sampling rate of 200 Ms/s with 14-bit resolution for a 2.8 V input range. The

ADCs are controlled by an field programmable gate array (FPGA). The dDAQ is programmable

through custom-developed LabVIEW [18] set up to have a dynamic acquisition window, minimis-

ing data rates and buffer saturation. The dDAQ developed for JET not only provided better acqui-

sition rate performance to its predecessor, it allowed for the addition of PSD measurements where

the analogue DAQ only provided discrimination through time-of-flight.

Several systems have been developed as a dedicated detection setup for improving neutron cross-

section measurements. A system based on four dDAQ AP-240 [23] boards with custom C++ soft-

ware, coupled with an array of EJ-301 detectors are used for neutron scattering measurements at

RPI LINAC [24]. At CERN’s neutron Time-of-Flight facility (n TOF) [25] a general purpose data

acquisition system was developed for neutron cross section measurement for sub-critical reactor

studies. In this case large neutron fluxes are expected and due to the large number of expected pile

up events the data acquisition system was designed to mitigate these affects. The dDAQ is based

on fast flash ADC’s to digitise and on-board store the full waveform for each channel and beam

burst. The ADC modules used are the DC270 and DC240 8 bit resolution Acqiris digitisers, with

sampling rates up to 1 and 2 Gs/s respectively.
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A similar dDAQ used coupled with the Detector for Advanced Neutron Capture Experiments

(DANCE) [26] at Los Alamos Neutron Science Center (LANSCE), but using an on-board computer

controlling 24 digitisers executing waveform analysis in order to only store the timing information

and peak area.

Digital DAQs have been implemented within the context of nuclear material identification for se-

curity reasons [27, 28]. Within the context of identification of shielded neutron sources, a BC501A

liquid scintillator detector was used coupled to a 1-GHz digital oscilloscope Tektronix TDS-5104

which digitised the raw waveforms to be processed post-acquisition [27]. Measurement of prompt

neutrons from photofission have been demonstrated to be useful for actinide detection [29]. The

measurements were made using phenylxylylethane (PXE) liquid scintillator detectors whose raw

signals were digitised using a 12-bit digitiser and then analysed digitally. A Medipix (CMOS pixel

detector) imaging detector has also been repurposed for neutron detection and can be used in the

context of security measurements [30].

A low budget dDAQ can be created simply using low cost oscilloscopes [31, 32]. A comparison

was carried out between two CAEN digitisers and two low cost oscilloscopes. The CAEN digitisers

produced better results for a neutron spectroscopy measurement due to better timing resolution and

PSD quality. One of the oscilloscopes had an equivalent energy resolution to the digitisers, showing

for a low budget experiment a low cost oscilloscope with custom analysis software can be used for

a dDAQ [31].

In the context of space weather, a neutron monitor network [33] is extremely useful in the de-

tection of secondary or tertiary neutrons produced by relativistic cosmic rays interacting with the

earths atmosphere. These measurements are the basis to forecasting space weather and the poten-

tial prediction of super storms which can cause considerable damage to infrastructure on the earth.

To further increase the accessibility of detectors able to contribute to this network a mini-neutron

monitor [34] has been developed consisting of an outer thick cylindrical tube of polyethylene re-

flector layer surrounding a smaller cylinder of lead with a smaller core of neutron moderator in the

centre. This is then coupled to a BF3 tube which is supplied with a low current high voltage power

supply. Post a pre-amplifier, the raw pulses are digitized using a PIC32 micro-controller which is

then processed and stored using a Raspberry Pi [35].

Digital data acquisition systems provide several advantages over the standard analogue electronics;

zero dead time acquisition with appropriate buffer sizes, compact, increasing technological support,

greater control over the analysis of the raw traces allowing for more analysis parameters to be

extracted easily, cheaper and very easily applied to a large range of contexts [36]. The wide range

of applications where dDAQs are already being used calls for metrology standards to be developed

for them.
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1.3 Key objectives of Present Work

This thesis presents progress towards the development of a new digital data acquisition system

for fast neutron metrology. The equivalence of analogue and digitally produced parameters are

explored and the uncertainties around the different systems and configurations are presented.

• Make measurements at the IRSN AMANDE facility using a BC501A scintillation detector

coupled to the reference standard analogue and new digital based acquisition system for

neutron fields with energies between 0.5 MeV and 20.0 MeV and intensities between

103 cm−2 s−1 and 104 cm−2 s−1.

• Investigate the equivalence of the analogue and digital pulse shape (S) and light output (L)

parameters.

• Use unfolding techniques to investigate the energy and intensity response of both systems.

• Determine dead-time behaviour along with rate dependent losses and linearity across the

energies and intensities measured.

• Compare the measurements made with the two acquisition systems through a shape analysis.

• Determine an uncertainty budget for the two acquisition systems for measurements without

time-of-flight information.

The structure of this thesis has been adjusted to suit the presentation of the data. The methods and

facilities used are presented with the associated data for readability.



2. Fast Neutron Spectroscopy

This chapter discusses the physics which underpins neutron metrology, with a focus on measure-

ment techniques with organic scintillator detectors.

2.1 Neutron Detection with Liquid Scintillators

Neutrons are chargeless and thus cannot interact through the Coulomb force and will only interact

with a medium through its nuclei. Interactions between neutrons and matter produce heavy charged

particles by neutron absorption and subsequent emission of p, α and others, and recoil of the target

nucleus after a collision with a neutron [37].

The way a neutron interacts with atoms within a medium strongly depends on the energy of the

neutron and the composition of the medium. Detectors developed for specific radiation fields need

to be designed taking advantage of the interactions with neutrons of the desired energy.

The probability of a specific interaction occurring between a fixed energy neutron and a volume is

constant per unit volume, represented by the macroscopic cross-section (Σ). This is specific to the

number of nuclei per unit length and the microscopic cross-section. The microscopic cross-section

(σ) is presented in units of area (barn = 10−28m2) and can be interpreted as the effective target area

within which an interaction will occur. This quantity is specific to the neutron energy and the target

nucleus. For a given interaction, Σ is then related to σ through the following relation:

Σ(E) = Nσ(E), (2.1)

where N is the number of nuclei per unit volume. These quantities are responsible for the way neu-

trons of given energies interact with nuclei and the resultant products produced from the interaction.

Detectors are developed to make use of specific interactions through the changing likelihoods of

the different interactions with energy and target nuclei.

The main interaction utilised for fast neutron (En >1 keV) detection is elastic scattering [38]. The

secondary radiation, in this case, are the recoiling nuclei.

7
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The amount of energy transferred to the recoil nucleus (ER) is dependent on the mass of the target

nucleus (A), the scattering angle of the neutron in the centre of mass reference frame (Θ) and the

kinetic energy of the incident neutron (En) [39], see equation 2.2. Complete energy transfer from a

neutron can occur with hydrogen (A = 1), resulting in a recoil proton. For this reason light elements

are preferable for detectors reliant on elastic scattering for neutron detection.

ER =
2A

(1+A)2 (1− cosΘ)En (2.2)

Through each neutron scatter in the medium, the kinetic energy of the neutron is moderated until

the full energy is deposited in the medium, the neutron is captured or the neutron escapes with a

portion of its kinetic energy remaining. Inelastic scattering can occur if the energy of the incident

neutrons is high enough, reducing the kinetic energy of the neutron by a greater proportion than the

equivalent elastic scattering interaction.

2.1.1 Liquid Scintillator Detectors

There are several types of detectors used for fast neutron detection, broadly grouped into: detection

through moderation, fast neutron-induced reactions and fast neutron scattering [37]. The most

common detectors for fast neutrons are those reliant on elastic scattering.

Scintillator detectors are widely used for neutron detection for energies above 1 keV [38]. The

organic liquid scintillators such as BC501A and EJ-301 are popular detectors due to their excel-

lent timing resolution, energy resolution, high efficiency and pulse shape discrimination abilities.

Many metrology institutes around the world (such as IRSN, PTB and iThemba LABS) include a

standardized measurement system consisting of a BC501A organic liquid scintillator and a series

of analogue NIM signal processing units. The response of these detector systems have been well

characterised over a large range of energies for both neutron and gamma-ray radiation.

When radiation interacts in scintillator detectors, such as the BC501A detector used in this work,

charged particles are produced which ionise the detection medium to produce scintillation pho-

tons which are then subsequently converted into an electrical pulse through a photomultiplier tube

(PMT). These detectors are often sensitive to both neutron and gamma-ray interactions and there-

fore require additional techniques in order to separate out the events considered important for a

measurement of neutron fluence and energy. It is important to understand how the different types

of radiation interact with a detector in order to differentiate between the neutron and gamma-ray in-

duced events and to understand the shape of the detectors response to the different types of sources

over a range of energies.
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For gamma-rays, the incident photons deposit energy in the detector through Compton scattering

from electrons. The energy deposited in the detector (∆E) can then be determined by the energy of

the incident photons, as indicated in equation 2.3 [40].

∆E = Eγ

[
1− 1

1+(Eγ/mec2)(1− cosθ)

]
, (2.3)

where Eγ is the energy of the incident photon, the angle by which the photon was scattered off the

incident path θ, me is the mass of the electron and c being the speed of light. The maximum fraction

of energy deposited is then for a scattering angle of 180◦.

In the case of the incident photons having an energy exceeding that of double the rest mass of the

electron production of an electron-positron pair, with the excess energy of the photon being shared

between the pair as additional kinetic energy. This process requires the Coulomb field of an atom

to be present and only becomes a significant process at high energies (above 10 MeV). With the

electron-positron pair, the positron annihilates shortly after production resulting in two annihilation

photons [41].

The photoelectric cross-section is proportional to Z4−5 [42] cross-section dependent, where Z is the

atomic number, so the probability of full energy deposition is low since organic liquid scintillators

are predominantly Z = 1.

For incident fast neutrons, the primary interaction in organic liquid scintillators is elastic scattering

with the hydrogen in the detector [39]. Organic scintillators typically are comprised of hydrocarbon

chains making them desirable for fast neutron detection via elastic scattering. Through elastic

scattering with a hydrogen atom the neutrons impart a fraction of their energy to the proton.

Considering the kinetics of an elastic scatter between a neutron and proton in the centre-of-mass

frame, figure 2.1, the energy of the scattered neutron and recoil proton must sum to the kinetic

energy of the incoming neutron. The recoil proton can therefore have any kinetic energy from zero

to the total energy of the incident neutron prior to the collision, as shown by equation 2.2.

The energy distribution of the recoil proton is continuous within the bounds of zero to the maxi-

mum defined in equation 2.2 since there are no angles which are not possible. To determine this

distribution consider the probability that a neutron will be scattered with a given scattering angle Θ

in the centre-of-mass frame (P(Θ)dΘ). This probability is defined by the differential cross-section

(σ(Θ)) and the total cross-section for scattering interactions (σs), in the form:

P(Θ)dΘ = 2πsinΘdΘ
σ(Θ)

σs
. (2.4)
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Figure 2.1: Diagram for neutron elastic scattering in the centre-of-mass frame with scattering angle Θ

[39].

The probability that a neutron will be scattered with a given scattering angle Θ is equivalent to the

probability of a recoil proton being created with energy dER at all the possible energies ER, hence

equation 2.4 can be rewritten as:

P(ER) = 2πsinΘ
σ(Θ)

σs

dΘ

dER
. (2.5)

Using the expression in equation 2.2, dΘ/dER can be written as:

P(ER) =
(1+A)2

A
σ(Θ)

σs

π

En
. (2.6)

Equation 2.6 indicates that the energy distribution of the recoil protons takes the form of the differ-

ential cross-section which may have angular dependence. In the case of hydrogen, σ(Θ) is constant

for all Θ which results in a simple continuous rectangular distribution. The response function for

a detector reliant on proton recoils to detect neutrons is then a rectangular distribution for a mono-

energetic neutron beam.

The recoil proton then interacts with the electrons in the detector through the Coulomb force. Due to

the large number of electrons the recoil proton interacts with, its path within the detector is shorter

than that of a neutron and the total energy of the recoil proton is deposited within the detector

[41]. Each of the excited atoms along the protons path then de-excite through electron transitions

producing a scintillation.
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The exact length of this path in the detector is energy dependent and at higher energies the protons

have a higher chance of escaping the detector before full energy deposition.

Certain excited states of the electrons have a short decay constant (on the order of nanoseconds)

which produces a prompt emission of photons in the visible spectrum. If the atom is excited into

a states which has vibrational energy, this energy is lost quickly and dissipated through the neigh-

bours, heating up the scintillator. These states result in a loss of detectable energy and quench the

scintillation efficiency reducing the light output with respect to the total energy deposited in the

detector. There are additional states which produce scintillations but with a slower decay constant

(on the order of milliseconds) which contribute to a delayed portion of the pulse [38, 43]. There

are many suggestions to the functional form of the scintillator pulses with the simplest being the

summation of two exponential functions with decay constants to describe the prompt and delayed

fluorescence [43, 44].

The linearity of the light response of the detector to both gamma-rays and neutrons is well-understood.

The response to gamma-rays is linear with respect to energy, similarly the light output response to

neutrons above 3 MeV is linear [45]. At energies below around 3 MeV the response to neutrons is

non-linear, in a similar way as shown for protons, deuterons and alpha particles in figure 2.2 [46, 47]

due to increased localised energy deposition resulting in interactions with the detector which do not

produce scintillations (quenching interactions). The lower light output for heavy charged particles

seen in figure 2.2 is due to quenching, but at higher energies the proportion of energy that is de-

posited at the end of the path is less prominent with regards to the total energy deposited. This was

first presented by Birks where he described the light emission per unit distance along the path of an

ion as being related to the specific energy loss of the ion [46].

The non-linearity in scintillator light output response is scintillator specific and encoded in the

response matrix which allows the measured response to different types of radiation to be related

back to a scale defined by 1 MeV of deposited energy by a fast electron being 1 MeVee. The

response matrix of a detector describes the light output distribution produced by mono-energetic

sources over a range of energies. This matrix can be determined through simulation or through

empirical measurement, the simulated responses need to be calibrated to replicate the detectors light

output resolution and scale. The measured and FLUKA simulated response of a EJ-301 detector

for several neutron energies [48] can be seen in figure 2.3 showing a good agreement between

measured and simulated response functions on a MeVee scale. Response matrices are made up of

these response line shapes over the energy range of interest for the incident particles of interest.
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Figure 2.2: Relative light output S (volts) of anthracene to different interacting particles as a function

of energy E [46, 47, 49].

Figure 2.3: An analytical model (continuous lines), FLUKA simulated (dash), and measured response

(symbol) to mono-energetic neutrons [48].
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2.2 Pulse Shape Discrimination

Pulse shape characterisation of different types of radiation interacting with a scintillator detector

was first developed in the 1950s [50], measuring the scintillation decay time of the excitation of

electrons and alpha particles within a scintillator. The ability to measure scintillation decay time

was then applied across many different scintillator detectors, such as organic liquid scintillators

[38], and resulted in the development of pulse shape discrimination (PSD) techniques [51]. These

techniques allowed for detectors sensitive to multiple types of radiation to separate the events in-

duced by a specific radiation type.

As mentioned in section 2.1.1 pulses acquired from organic scintillator detectors have two decay

components [38, 43, 44]. The prompt and delayed components and the underlying physics of these

components are the basis for pulse shape discrimination. Different incident particles have distinct

proportions of these components due to their mode of interaction with the detector.

Analogue signal processing PSD techniques commonly used are the charge comparison (CC)

[43, 52] and zero crossing method (ZCM) [53–56]. The charge comparison method relies on

the ratio of an integral over a short time interval to a total integral of the fast anode pulse. The

zero crossing method measures the rise time of a pulse. Traditionally calculated using an ana-

logue differentiator-integrator-integrator applied to the anode pulse. The detailed electronics for a

ZCM applied to the dynode pulse are outlined in reference [53]. Figure 2.4 shows a result from

early pulse shape discrimination techniques through charge comparison observed with a stilbene

detector when irradiated with mono-energetic neutrons [43].

Figure 2.4: Separation of particles as measured by a stilbene detector for 15 MeV neutrons [43].

A simple PSD circuit [55] can be seen in figure 2.5, which is the underlying basis for the 2106A

FAST ComTec analogue PSD module [56]. The fast anode output from the PMT undergoes RC

shaping (A1) to produce a bipolar pulse, as seen in figure 2.6, after which the signal is fed to a high

gain limiting amplifier (A2).
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This sequence increases the quality of the ZCM as it reduces the slope of the detected pulse crossing

zero. The gate (G) and strobe produced from the constant fraction trigger (CFT) of the full signal

can then be delayed (D) to only allow for neutron events to produce an output pulse. The output

pulses at different stages in the circuit (fig. 2.5) are detailed in figure 2.6. The pulse formation is

represented by the block PF.

Figure 2.5: A schematic of the circuitry which form the basis for 2106a FAST ComTec analogue PSD

module reliant on a ZCM [55, 56]. The RC shaping is done using a preamplifier (A1) and enhanced

using a high-gain limiting amplifier (A2). The gate (G) which is controlled by the overlap in a delayed

(D) strobe pulse and the signal from A2 allows for certain events to be selected for, as shown in

figure 2.6. The pulse formation is represented by the block PF.

Figure 2.6: The pulses at different stages (A1 left and A2, right) of the PSD circuit outlined in

figure 2.5, including the time relationships between each stage [55, 56].
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The advent of digital data acquisition systems, allowing for full waveforms to be digitised in list

mode, has introduced several new algorithms to analyse pulse shape. The first exploration into

digital PSD included two integrating analogue-to-digital converters (ADCs) with different starting

gates, allowing for a digital charge comparison (CC) to be implemented [57]. The commonly used

algorithms include the digital equivalent of CC [58–60] and ZCM [61–63]. Digital CC is favoured

due to the ease of implementation, small computational complexity and excellent performance [62,

63]. Although, considerations of how digitiser time and voltage resolution affect PSD quality are

required to understand the consequences of choosing certain PSD methods and digitisers [59, 64].

More recently algorithms related to fitting the waveform, Fourier decomposition, gradient analysis

and the Laplace transform have been implemented [44, 65–69]. Some of these algorithms are

computationally expensive and would limit the data rate acquirable if implemented for live analysis,

but can rather be implemented post acquisition for better low energy discrimination results [65] than

CC and ZCM. Additionally, with the current machine learning explosion, there increasing interest

to explore the application of machine learning to improve n-γ PSD [70, 71].

The CC method relies on measuring the relative proportions of the prompt and delayed components

of the pulse. This is easily implemented on the unamplified digitized anode signals with two digital

integration windows [68], with the start defined with reference to a digital CFD (see section 3.1.4)

and two upper limits ts and tl (see section 5.1 and chapter 6). Figure 2.7 shows a sample pulse from

a BC501A detector with the chosen integration bounds.
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Figure 2.7: Original sample pulses for gamma-ray and neutron induced events, measured with a

BC501A detector captured by the CAEN DT5730 digitiser for this thesis. The plot includes the dig-

ital integration gates (t0, ts and tl) for the analysed parameters S and L.
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The short integral (Qs) and long integral (Ql) are then used to determine the pulse shape parameter

S (equation 2.7) along with the light output parameter L which is taken as equal to Ql:

S = k
(
1− Qs

Ql

)
+C, L = Ql, (2.7)

where k and C are scaling factors. Although the digital CC method is easy to implement and

computationally inexpensive, it performs poorly at low energies (<0.6 MeVee) [68].

There have been a few comparisons between the digital and analogue PSD methods. For low

resolution digitisers, the PSD performance was below that of the analogue ZCM [64]. In more

recent work digital algorithms have been shown to produce better separation in PSD techniques

[36, 63].

In the case of neutron metrology pulse shape discrimination is an important technique required to

isolate the events which correspond to neutron interactions, allowing detectors to be used in mixed

radiation fields. Using these techniques one can determine the measured response (light output

spectrum) to gamma-rays and and neutrons separately. These light output spectra can then be used

to determine the energy spectrum of the desired radiation type by a process of unfolding.

2.3 Neutron Energy Spectra

Neutron energy spectra can be obtained through two commonly used techniques. One requiring

the neutron light output spectrum (unfolding) and the other relying on timing information obtained

from a pulsed beam (time-of-flight).

2.3.1 Unfolding

Unfolding is the process by which a measured neutron light output spectrum is deconvolved with

the mono-energetic response functions of the detector to produce an energy spectrum. The mea-

sured light output spectrum (dN/dL) can be described as a convolution of the responses of the

detector to several mono-energetic sources combined as indicated by equation 2.8, where R(L,E)

is the response function for energy E given as a function of light output L and S(E) is the energy

distribution of the source [72].

dN
dL

=
∫

R(L,E)S(E)dE (2.8)
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In order to determine the neutron energy spectrum using equation 2.8 the response matrix R(L,E)

need to be well defined over the measurable energy range, a default spectrum Sde f (E) to take

the place of S(E) and the measured neutron light output spectrum are required. The response

matrix contains information about the shape and scale of detectors response to mono-energetic

neutron sources. The default spectrum is an initial approximation of the energy distribution of the

source, the accuracy required for this spectrum is dependent on the algorithm used to complete the

unfolding process. The measured neutron light output spectrum needs to be well defined, requiring

a large number of events measured, and calibrated to the scale used in the response functions.

Commonly the required scale is the MeVee scale (1 MeV of deposited energy by a fast electron

being 1 MeVee).

There are many code packages [73], such as; UMG [74, 75], FERDOR [76], FORIST [77], RADAK

[78], FLYSPEC [79] and STAY’SL [80], which implement different algorithms to determine S(E)

through different deconvolutional algorithms. Some of the codes rely on a least squares formalism,

while others implement newer techniques such as through maximum likelihood expectation mini-

mization (MLEM) [81]. Additionally, there are a few codes which are exploring the use of neural

networks within this context [82–85].

The package Unfolding with MAXED and GRAVEL (UMG) produced by PTB implements a max-

imum entropy algorithm requiring some a priori information. This algorithm uses entropy to in-

troduce a probability density which is defined over the space of all the functions defined in the

response matrix [74, 75]. For the mathematics of this algorithm refer to appendix A.

The process of unfolding with the UMG package requires unfolding the spectrum with both GRAVEL

and MAXED. GRAVEL is an iterative algorithm which adjusts the default spectrum to converge

on a S(E) which produces a neutron light output spectrum which, when compared with the sup-

plied measured neutron light output spectrum, has the desired χ2/ddo f . The choice of the desired

χ2/ddo f is usually one, however in some cases the solution will over converge if this parameter

is set too low. Since the solution is determined iteratively there is no closed form solution limit-

ing the ability to do sensitivity analysis for quantifying uncertainty. Since GRAVEL is an iterative

algorithm, the solution is not sensitive to the default spectrum.

MAXED is based on a maximum entropy algorithm (appendix A). This algorithm allows for the

solution to be written in a closed form, allowing for uncertainty to be calculated from the sensitivity

of the solution. Theoretically this solution is stable and unique, however the solution is easily

affected by the choice of the default spectrum. Thus in cases where the solution is ill defined, the

neutron energy spectrum calculated from unfolding with GRAVEL can be used as input for the

default spectrum for MAXED.
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The uncertainty propagation code used to calculate the uncertainties from the process of unfolding

with MAXED is IQU and included in the UMG package. The uncertainties are calculated through

the sensitivity of the solution to slight changes in the parameters. This is done through calculating

the matrix dS(E)/dSde f (E).

2.3.2 Time-Of-Flight

Neutron energy spectra are also obtainable through event time information [86]. This method

requires a ns-pulsed beam to define start (or stop) times. The time-of-flight parameter T is then

defined as the time difference between when the neutron production at the target (tstart) and the

time at which an event occurs in the detector (tn/γ).

The flight time for a neutron (tn) can be expressed as:

tn =
d
βc

, (2.9)

where d is the distance traveled, β = v/c with v being the velocity of the neutron and c is the speed

of light. Similarly, the flight time for a gamma-ray is tγ = d/c. Considering the difference in tn and

tγ, β can then be expressed as:

β =
d

c(tn− tγ)+d
. (2.10)

The measured relativistic kinetic energy of the neutron is determined through:

E = mc2
[

1√
1−β2

−1
]
, (2.11)

where m is the neutron mass [86]. Neutrons above 10 MeV are considered relativistic [87]. In the

non-relativistic case, the kinetic energy of the neutron can be determined as E = 1
2mv2.

An example time-of-flight spectrum for a 2.8 MeV mono-energetic neutron field measured at 2.5

m distance from the target can be seen in figure 2.8 [86].
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Figure 2.8: Counts as a function of time-of-flight parameter (ns) for a 2.8 MeV mono-energetic neutron

field measured at 2.5 m distance from the target. The neutron and gamma-ray peaks have been indicated

on the plot along with their centroid times, annotated as tn and tγ respectively. The difference between

these two peaks is used to determine the neutron energy spectrum [86] according to eqn. 2.10 or 2.11.



3. Experimental Details

3.1 AMANDE

3.1.1 The Facility

Accelerator for Metrology and Neutron Applications for External Dosimetry (AMANDE) is a facil-

ity of the Institut de Radioprotection et de Sûreté Nucléaire (IRSN) based at Cadarche in the South

of France [88] which provides monoenergetic neutron fields between 2 keV and 20 MeV [89] for

metrology and calibrations of detectors. The neutrons are produced by accelerating either protons

or deuterons onto deuterated and tritiated titanium targets of various thicknesses. The ions are ac-

celerated to energies between 100 keV and 4.0 MeV using a 2 MV HVEE Tandetron [89] which

operates in either a continuous (DC) or pulsed current mode with energy resolutions of < 500 eV

and 4 keV respectively. Pulsed beams can be produced with frequencies between 62.50 kHz and

2.00 MHz, allowing for time-of-flight measurements.

In order to accurately measure the neutron emission rate several high efficiency neutron monitor

detectors are used. For fluence measurements there are two ”long counters” based on 3He propor-

tional counters inside De Pangher polyethylene shells [90, 91] (M20 and M100) placed at 6.0 m

from the target at 20◦ and 100◦ relative to the ion beam. Additionally AMANDE has a current

integrator (CC) which measures the charge collected on the target due to the ion beam [90]. The

reference mean neutron energy is then determined through nuclear kinematics using beam char-

acteristics in combination with the TARGET code [92], or by time-of-flight measurements with a

BC501A organic liquid scintillator detector.

The 400 m2 experimental hall (figure 3.1) was designed to minimize back-scattering and to allow

for versatility and repeatability in detector positioning. Detectors can be placed between 0.5 m

to 6.0 m away from the incident target within a range of [−150◦, 150◦] relative to the incident

beam line. The detector positions can be controlled remotely in the three spatial dimensions to

sub-millimeter precision.

20
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Additionally, there is a temperature and hygrometry control system to ensure the facility maintains

environmental conditions as specified by international standards. These aspects result in neutron

fluence and energy measurements with a relative accuracy of 3% and 1.5% respectively [93].

ion beam 

movable arms

Figure 3.1: The experimental hall at AMANDE showing the three movable arms, indicated by the red

lines. The beam line has been labeled in orange. The two monitor counters can also be seen on the

left-hand side circled in green [94].

3.1.2 The Detector

For neutron energy and fluence measurements above 0.5 MeV the metrology standard detector used

is a 2”x2” BC501A organic liquid scintillator [95] optically coupled to a XP2020 photomultiplier

tube (PMT). This detector operates linearly at a high voltage (HV) of -1700 V. To ensure consis-

tency in the detector response an internal LED is used for HV stabilization. The outputs of the

detector are then directed through either the NIM-based metrology standard analogue acquisition

system, or the new digital acquisition system.

The typical voltage pulses which are produced corresponding to radiation interacting with the de-

tector (events) have peak voltages on the order of 100 mV and have durations less than 500 ns.

These pulses feature a fast rise with a slow decay to the zero baseline. The decay consists of two

exponential functions related to the detector chemistry and the different interaction types. Refer to

chapter 2 for a thorough discussion on pulse formation and pulse shape discrimination. A digitised

sample neutron and gamma-ray anode pulse can be seen in figure 3.2.
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The general time dependence of this pulse is also determined by the impedance in the system,

mainly associated with the PMT in series with the internal resistance combined circuitry.
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Figure 3.2: Sample pulses for gamma-ray and neutron induced events of equivalent MeVee value, mea-

sured with a BC501A detector coupled with the CAEN DT5730 digitiser. The dashed lines are only

included for visual guidance.

For neutron energy spectra measured without time-of-flight information, the light output spectra

need to be unfolded using a carefully calibrated set of detector response lineshapes. The response

matrix describes the response of a detector to gamma-rays and neutrons over a wide energy range,

and can be either determined empirically or through simulation using NRESP [6]. Figure 3.3 shows

a selection of the normalised neutron response lineshapes for an energy range of 2 MeV to 20 MeV

for the AMANDE BC501A detector.
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Figure 3.3: Response functions for the 2”× 2” BC501A detector produced by NRESP [6] and nor-

malised to a fluence of 1 neutron cm−2 at the centre of the detector volume.
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3.1.3 Analogue Pulse Processing

The neutron metrology standard acquisition system at AMANDE is a NIM-based analogue system

as shown in figure 3.4. The slow output (dynode) is used to calculate the integral of the pulse for the

light-output parameter (L). This is achieved by taking the pulse height of the amplified, and shaped

dynode output. The pulse shape parameter (S) is determined using the zero cross over method and

implemented using a FAST Comtec 2160A PSD unit [56]. Time-of-flight spectrometry requires the

time interval between the rising edge of the anode pulse and a reference pulse(T) to be measured.

This is typically measured using a time to amplitude converter (TAC) this is applied to the fast

anode pulse. The analysed parameters L, S and T are recorded in list mode using a FAST Comtec

MPA-3 multichannel analyser [96].

Figure 3.4: Schematic of the NIM-based analogue acquisition system at AMANDE. The dynode (slow)

output producing light output parameter L, and anode (fast) output is used to calculate pulse shape

parameter S. The high voltage (HV) is stabilised using the pulser signal from the detector.
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3.1.4 Digital Pulse Processing

3.1.4.1 Parameter Definition

The following terms are used throughout:

• Waveform - Digitized analogue signal produced by the anode of the PMT.

• (Analogue) Pulse - A typical variation in output voltage by the detector directly correspond-

ing with the deposition of energy in the detector by radiation.

• Sample - A single digital 14-bit measurement of the analogue pulse, can occur every 2 ns

and is measured over the ranges of either 0.5 Vpp or 2.0 Vpp.

• Event - A set of sequential samples which contain one or more pulses. The set of samples is

started by a trigger condition which indicates the presence of at least one pulse corresponding

to radiation depositing energy in the detector.

• Event sample time - The duration (ns) of the acquisition window around the trigger, includ-

ing the pre-trigger samples and post-trigger samples. The position of the trigger condition

within this window is software selectable.

• Waveform sample rate - Rate at which a pulse is sampled. This has a fixed value of

500 MS/s (a sample every 2 ns) for the digitiser used.

• Event sample rate - Rate at which the triggering occurs. Limited by the reciprocal of the

event sample time due to the trigger handling of the digitiser in conjunction with the custom

developed software used. This is not the case for all CAEN digitiser control software.

• Event data size - Size of an event in bytes. This is given by the number of samples in an

event and the size of the header.

• Buffer size - Size of the memory buffer that events can be written to without loss.

• Readout rate - Rate at which the buffers can be emptied by transferring events from the

digitiser board to the controlling computer. This is limited by the data transfer speed defined

by the mode of communication between the digitiser and the computer.

3.1.4.2 The DT5730 digitiser

The digital data acquisition system used in this work is a combination of an off-the-shelf CAEN

DT5730 digitiser [97] and open-source UCT developed software, QtDAQ [98–100]. The DT5730

is an 8-channel, 14-bit digitiser with a sampling frequency of 500 MS/s.
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The digitiser was used to acquire raw waveforms in list mode through a USB-2 (30 MB/s) connec-

tion to a laptop. For measurements requiring a faster readout rate the digitiser can use an optical

link (80 MB/s) to communicate with a PC with the appropriate hardware.

Figure 3.5 shows a circuit diagram of the digitiser. The DT5730 digitiser features fast flash ADCs

which are read out by a FPGA, which can be programmed to do any desired on-board real time

analysis. The input voltage range of the digitiser is not limited to a single range through the use of

a Programmable Gain Amplifier (PGA) allowing for a voltage range of either 0.5 Vpp or

2.0 Vpp. This makes the digitser versatile and able to acquire a large range of pulses without

sacrificing voltage or timing resolution. The software programmable DC offset (±1.0 V, 16-bit

resolution) allows for positive, negative going and bi-polar signals as input. This is implemented in

the digitiser using operational amplifier to change the reference voltage.

Figure 3.5: Schematic of the internal electronics of the CAEN DT5730 desktop digitiser from the

analogue input stage to the signal read-out done by the FPGA [97].

The DT5730 digitser can perform the analysis of the waveform on-board and only acquire the

analysed parameters in list mode, similar to the NIM-based analogue system. This limits the replay

to re-analyse capabilities of the digital system. Acquiring the full raw waveform allows one to

fully re-analyse the data to optimise the analysis parameters post-acquisition. The sampling rate of

the DT5730 and bit resolution makes it suitable for measurements of low voltage amplitude, fast

signals, making it possible to directly acquire the anode signal and eliminating the entire NIM-

based signal processing chain on the anode.

For the measurement campaign at AMANDE the DT5730 was used to acquire list mode raw anode

waveforms of the BC501A detector for the same beam conditions as the analogue measurements, at

the maximum sampling rate of 500 MS/s. In this mode the digitiser samples the waveforms contin-

uously using the 14-bit flash ADCs. These samples are read into an ADC and Memory Controller

(AMC) FPGA which then stores the samples in a series of circular buffers. The DT5730 digitiser

has two AMCs, one for the management of four channels. Sampling can occur simultaneously on

all channels for any programmable or external trigger condition.
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This allows for a wide variety of easy trigger setups using the digitiser. The trigger scheme imple-

mented for these data was an absolute voltage threshold crossing.

Once a trigger condition is met the time consecutive samples within the chosen event sample time,

prior to and after the trigger, are bunched together as an event. The event includes information on

the trigger time to 16 ns resolution, the active channels, the trigger source and the time consecutive

samples.

The size of the acquisition window (number of samples), percentage of this acquisition window

which occurs post-trigger and number of events in a block transfer is programmable allowing this

digitiser to be adaptable with respect to the event rates. The continuous sampling of the waveform,

regardless of trigger condition, allows for the digitiser to include the desired amount of pre-trigger

waveform. When a trigger condition is met the event buffer locks for read out and no additional

triggers can occur during this time. This means that other pulses that occur during the acquisition

window of a different pulse are effectively lost. This component adds to the event losses attributed

to pile up. These losses can be minimised through optimised choices of event size or through pile

up reconstruction algorithms. The proprietary CAEN software includes additional sophisticated

trigger and pile up management schemes, minimising these effects through varying event size [101].

The UCT digital acquisition software, QtDAQ [98–100], was developed in C++ in conjunction

with the Qt5 libraries [102] and the CAEN digitiser libraries [103]. The QtDAQ software produces

event statistics for each event such as the long and short integrals, pulse shape, the constant fraction

discriminator (CFD) and baseline of the individual pulses. These analysed parameters are then

histogrammed and plotted accordingly. This is done through the flexible user interface which allows

one to plot any of the event statistics as a 1D or 2D histogram in real time or in post-processing.

User interfaces, configurations for acquisition and analysis can all be saved for reproducibility. An

example of a user interface can be seen in figure 3.6.

All event statistics are calculated post acquisition of the event allowing the parameters to be reanal-

ysed post acquisition. This ability is one of the main advantages that digital acquisition provides

over analogue acquisition. All optimization can be achieved post acquisition, the only parameters

which cannot be changed post acquisition are settings which affect the recording of the raw pulse

such as trigger schemes and acquisition windows. For efficient acquisition QtDAQ implements a

multi-threaded and double-buffered approach. There are three threads dedicated to the acquisition

and processing of the events. One thread handles acquisition and can be locked by the processing

thread. The acquisition thread is responsible for acquiring and writing events to memory where they

are stored in one of the two buffers. When one buffer becomes full the acquisition thread moves to

the next buffer. The full buffer is locked by the processing thread, preventing event overwrite. This

thread is responsible for processing and execution of the user-defined Java-script.
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Figure 3.6: Screenshot of the multi-window user interface of the QtDAQ acquisition software. The

windows shown include time-of-flight and light output parameters as 1D histograms in log scale, time-

of-flight vs pulse shape and light output vs pulse shape as 2D histograms and the raw signal plots.

Only after the processing thread has emptied the buffer does it unlock for acquisition again. Events

can be read out on an event by event basis or as a desired number of events packaged together

for a block transfer. However, should the buffers be saturated all events after saturation will not

be acquired until a read out occurs and space has been created for acquisition to continue. This

saturation effect occurs when the event rate is higher than then combined read out rate. This is

minimized through the selection of event size, number of events in one block transfer and the

communication protocol between the digitiser and the acquisition computer. The remaining thread

handles the user interface, updating of plots and the user interactions. This implementation allows

for the maximum supported event rate to be significantly higher than a single threaded approach.

The storage of raw signals requires significant bandwidth and limits the maximum event rate sup-

ported. Acquiring analysed parameters only would increase the maximum measurable event rate.

A typical full raw two channel event requires approximately 25 kB, uncompressed. For a mea-

surable event rate of 4000 events/s the bandwidth required is then 100 MB/s. This bandwidth is

reduced by QtDAQ which compresses the events when writing them to the desired storage device.

The different dead time factors are explored in chapter 5.

Additionally, QtDAQ allows for user-defined analysis parameters. This provides versatility which

is not obtainable in the analogue signal processing space. The pulse shape parameter used for

these analyses is defined through the charge comparison method. This is the default pulse shape

parameter in QtDAQ. For further flexibility the raw pulses can be analysed outside of QtDAQ.
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3.1.5 Light Output Calibration

Acquired light output spectra require a calibration to provide a reference scale for unfolding. The

neutron light output spectra were calibrated using the gamma-ray emissions from radioisotopic

sources: 137Cs (662 keV), 22Na (511 keV and 1275 keV), 207Bi (570 keV, 1064 keV and 1770 keV)

and the 241Am-9Be associated gamma ray (4400 keV) [104]. The calibration consists of a linear fit

relating the calculated light output parameter (L) to the known gamma-ray energy by:

Lch/LI = M(Ec−5 keV)+C, (3.1)

where L is the light output parameter as either the digital long integral, or the analogue pulse height

channel and Ec is the maximum energy in MeV of the Compton edge for each of the gamma-ray

emissions associated with the calibration sources. The constants M and C are the linear regression

factors determined through using a weighted Levenberg-Marquardt [105] linear fit optimization,

where C is expected to be zero. The 5 keV is subtracted to account for the slight nonlinear behaviour

of the light output for electrons at low L [106]. This calibration allows for the representation L in

units of MeV for recoil electrons, by convention this is the same scale used to describe the neutron

events, denoted as MeV electron equivalent, MeVee. A typical calibration for the digital system

with a 2.0 V input range is shown in figure 3.7. The light output spectra for a selection of gamma-

ray sources are shown in figure 3.7 (a), and the calculated Compton edge energy against the digital

light output parameter, the long integral, in figure 3.7 (b).
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Figure 3.7: (a) The uncalibrated light output spectra measured for the radioisotopic calibration sources.

(b) The light output parameter of the Compton edge plotted against the known recoil electron energy for

that edge in MeVee for the CAEN DT5730 digitiser with the input voltage being 2.0 Vpp. The resultant

refine fit being M = 981.9(75) ch MeV−1 and C = 18.2(62) ch.
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The light output value of the Compton edge is taken as the inflection point of the edge of the

gamma-ray distributions and can be refined to better match the detectors response functions by

unfolding the calibration spectra and adjusting the calibration parameters to produce the expected

full energy values associated with the decay of 137Cs, 22Na, 207Bi and 241Am-9Be.

The resultant refined fit for the digital system with the 2.0 Vpp gain setting, figure 3.7, produces

M = 981.9(75) ch MeV−1 and C = 18.2(62) ch.

3.1.6 Summary of Measurements

Measurements for Unfolding Analyses

Measurements, without time-of-flight information, were taken using the BC501A detector with

each acquisition system, described in sections 3.1.3 and 3.1.4, independently for the same beam

conditions. The detector was placed at 1.00 m from the target and at 0◦ to the incident ion beam

for all measurements. Table 3.1 provides a summary of the beam conditions for the measurements

made, where Eion is the energy of the ion beam and Ecalculated
n, peak is the energy calculated with the

known beam conditions using the TARGET code [92].

Table 3.1: Summary of beam conditions for the different measurements made with both acquisition

systems. The beam intensities in bold are the AMANDE standard operating intensities.

Beam Type
E ion

[MeV]
Target

Thickness

[µg cm−2]
Reaction

Ecalculated
n,peak

[MeV]
Beam Intensity [µA]

proton 2.037 TiT 776 3H(p,n)3He 1.200±0.003 4.5

proton 3.310 TiT 776 3H(p,n)3He 2.500±0.004 0.1 0.5 1.0 2.7

deuteron 1.841 TiD 793 2H(d,n)3He 5.000±0.003 0.1 0.6 2.6 5.1

deuteron 3.777 TiD 793 2H(d,n)3He 7.000±0.006 0.1 0.6 1.2 2.5

deuteron 0.432 TiT 776 3H(d,n)4He 15.060±0.010 1.0 1.5 2.5

deuteron 3.777 TiT 2045 3H(d,n)4He 20.480±0.008 0.5 2.1

The uncertainties quoted for the calculated neutron energy, as provided by the IRSN AMANDE

team, have several contributing factors but is dominated by the spread in energy loss of the incident

charged particles in the target.

Time-of-flight Measurements

The reference method for determining neutron energies at AMANDE relies on the use of a pulsed

beam and the measurement of a time-of-flight (ToF) spectrum [86]. A pick-up ring at 1.00 m before

the target provides the start signal.
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When the beam reaches the target a portion of the produced neutrons and gamma-rays interact with

the BC501A detector and create an event signal. The acquisition system then records the time from

the start signal to when an event occurs in the detector. The difference between the time that the

gamma-rays and neutrons arrive can be used to determine the time-of-flight parameter (T ) defined

as

T = tn− tγ +d/c, (3.2)

where tn and tγ are the times in which the neutrons and gammas reach the detector respectively.

Here d is the distance from the target to the detector and c is the speed of light. From T the neutron

energy (En) can then be determined using the equation 2.11, detailed in section 2.3.2.

Time-of-flight measurements were used to validate the calculated neutron energy. The time-of-

flight spectra were acquired by the MPA-3 analogue system with the BC501A detector for a range

of distances from the target, 0◦ relative to the incident neutron beam. The neutrons were produced

with a 2.00 MHz pulsed proton or deuteron beam incident on a TiT target. The calibrated time-of-

flight parameter was determined to being 2.23 channel ns−1. A summary of all the measurements

can be found in table 3.2.

Table 3.2: Summary of the measurements made with a pulsed beam, including time-of-flight informa-

tion. All measurements were made with a beam current of 2.8 µA and with a stop pulse frequency of

2.00 MHz.

Beam Type
Eion

[MeV]
Target

Thickness

[µg cm−2]

Ecalculated
n,peak

[MeV]

Distance from Target

[m]

proton 3.310 TiT 2000 2.500 2.007

deuterons 1.380 TiT 2450 17.000 1.752 2.750 3.750 4.750

Figure 3.8 shows the neutron energy spectra as determined via time-of-flight information for the

measurement with the 3.310 MeV proton beam incident on a TiT producing 2.500(30) MeV neu-

trons. The counts have been normalised to an area of one. The measured result with an uncertainty,

produced by fitting a Gaussian function to the peak, is 2.5020(24) MeV. This result agrees within

one standard uncertainty to the expected value.
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Figure 3.8: Neutron energy spectrum determined through time-of-flight measurements with the MPA-3

for the BC501A detector placed at 0° and 2.007 m from a 2000 µg cm−2 TiT target irradiated by a

3.31 MeV proton beam.

Monitor Measurements

Since measurements with the two different acquisition systems were not taken at the same time,

monitor detectors are required to be able to compare fluence measurements across different acqui-

sition systems, energy and intensity measurements. The two De Pangher long counters, M20 and

M100, have been assumed to have negligible dead time [107]. The behaviour of the monitors are

compared to ensure their effectiveness in relating the different measurements.

The ratios of the scalars are presented in figure 3.9 and are expected to remain constant over all

beam conditions. The monitor ratios have been scaled by the first run in each batch of measurements

for a given energy. The ratios are predominantly well behaved and consistent among each other.

The inconsistencies seen in the run series with beam current 0.1 µA at both 5.000 MeV and

7.000 MeV is attributed to an incorrect range setting of the current integrator. Additionally, the

behaviour seen in the run series for a beam current of 1.2 µA at 2.500MeV is likely due to an

ill-aligned beam.
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Figure 3.9: The ratio of the three monitors: current collector (CC); monitor M20 and monitor M100,

for the four run series associated with radiation fields with nominal neutron energies of (a) 1.200 MeV;

(b) 2.500 MeV; (c) 5.000 MeV and (d) 7.000 MeV. The monitor ratios have been scaled by the first run

in each batch of measurements for a given energy.



4. Analogue Reference Standard

The measurements for a neutron beam of 1.200 MeV, 2.500 MeV, 5.000 MeV and 7.000 MeV

(table 3.1), taken with a BC501A organic liquid scintillator detector with an analogue data ac-

quisition system, detailed in section 3.1.3, are analysed in this chapter. Uncertainty budgets are

constructed and presented along with correction factors for pile up and dead time.

4.1 Measurements

The analogue pulse processing chain, described in section 3.1.3 and figure 3.4, produces a light

output parameter L from the dynode pulse height and a pulse shape parameter S through a standard

zero crossing method (detailed in section 2.2). These parameters are then digitised with ADC’s

then acquired with a multi-parameter analyser (MPA-3) module in list mode. A sample plot of

S vs the MeVee calibrated L for 15.100 MeV neutrons measured with the BC501A detector with

the analogue standard acquisition system, can be seen in figure 4.1. The loci associated with the

detection of recoiling electrons, protons, deuterons and alpha particles are labeled. Events due to

protons escaping before full energy deposition can be seen in between the two loci. Pile up are also

evident, occurring scattered for higher L and S values.

Measurements were made for the four different energies at the standard intensities. The scaled

counts, for these measurements, as a function of S vs calibrated L can be seen in figure 4.2. The

counts have been scaled by the monitor at 20◦ and then normalised to a unity integral. This has

been done to be able to compare between the distributions. The measurements made at

15.100 MeV and 20.490 MeV, figure 4.2 (e) and (f) respectively, required a reduction in gain,

relative to the measurements made below 10 MeV, to prevent light output saturation. The cut

applied to isolate the neutron events as a function of S and L are show as a red line in the plots.

33
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Figure 4.1: Counts as a function of L and S measured with the analogue metrology standard acquisition

system for the BC501A scintillator detector exposed to both gamma-ray and neutron radiation. The

neutrons were produced by irradiating a 2000 µg cm−2 TiT target with 3.78 MeV deuterons. The loci

associated with the recoiling (α) alpha particles, (d) deuterons, (p) protons and (e) electrons are labeled

on the plot. The escaping proton events are those occurring between the proton and electron loci. Pile

up are also evident, occurring scattered for higher L and S values.

As discussed in section 2.1 the neutrons interacting with the detection medium predominantly in-

teract through n-p elastic scattering. Other interactions such as n-12C, producing protons, deuterons

and alpha particles within the detector, become more probable with an increase in neutron energy.

This can be seen through the development of the different features with increasing neutron energy

in figure 4.2. The deuteron ridge, with a larger S value than the proton recoil locus, can be seen

from the 5.000 MeV radiation field. With increasing energy the likelihood of the recoil proton es-

caping before depositing its full energy in the detector increases and the events occurring between

the proton and electron loci increase. The pile up events, the events scattered to higher light output

values and to higher pulse shape values, are also evident through all six radiation fields.
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Figure 4.2: Scaled counts as a function of L and S for the standard intensity measurements as sum-

marised in table 3.1 for (a) 1.200 MeV; (b) 2.500 MeV; (c) 5.000 MeV; (d) 7.000 MeV; (e) 15.100 MeV

and (f) 20.490 MeV. The red line indicates the cut applied to this data to select for the neutron induced

events.

The cuts applied to separate neutron and gamma-ray induced events were produced by slicing the

data in figure 4.2 along the L axis, the two S loci centroid and their variance were calculated for

each slice. This process is demonstrated in figure 4.3. The local minimum between the two loci is

taken as the best cut location for a given slice. Another two cuts, closer to the base of each of the

proton and electron loci, were taken to estimate the uncertainty in the neutron light output spectra

obtained due to the choice of cut, represented by the red shaded region in figure 4.3(a). The upper

and lower limit for the neutron cuts were placed at 2σ from the peak of the two loci as shown in

figure 4.3(b).
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Figure 4.3: (a) Sample SL plot of the 5.000 MeV neutron beam at a current of 0.5 µA where the red

shaded regions indicates upper and lower limits used for the neutron cut. The dashed lines indicate the

slice used to demonstrate the calculation of these limits as shown in (b). The limits were determined

by 2σ from the peak with the minimum between the two distributions being chosen as the optimal cut

position for that slice.

Figure 4.4 presents the neutron light output spectra normalised after being corrected for detector

efficiency at a threshold of 0.25 MeVee for the standard intensities of these energies. The neutron

light output spectra for the calculated neutron energy of 1.200 MeV, 2.500 MeV, 5.000 MeV and

7.000 MeV were unfolded and analysed further with respect to effects of beam intensity on the

quality of the measurements.
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Figure 4.4: Neutron light output spectra for the measurements made at standard beam intensities for the

four measured neutron energies: 1.200 MeV; 2.500 MeV; 5.000 MeV and 7.000 MeV, as selected by the

cuts illustrated in figure 4.2. The spectra are scaled to an integral of unity. The uncertainties due to the

cuts and Poisson statistics have been included for each light output spectrum as the lighter shading.
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The neutron light output spectra were calibrated using gamma-ray sources as mentioned in section

3.1.5, with energies between 0.5 MeV and 4.4 MeV. The spectra have been normalised to have an

area of one for shape comparison. The line shapes of the measured neutron light output spectra

behave as expected with increasing energy, with an increasing edge. All spectra plotted show the

effects of pulse pile up in the events occurring at higher MeVee values than the edge.

4.2 Unfolding

Using the UMG unfolding package developed by the PTB, the neutron energy spectra were un-

folded from the light output spectra plotted in figure 4.4 using the response functions shown in

figure 3.3. The spectra were first unfolded using GRAVEL with a flat default spectrum, the out-

put from GRAVEL was used as the default spectra supplied to MAXED for the final unfolding.

Unfolding with both GRAVEL and MAXED are completed due to the different stability of the

solution, dependent on the default spectrum. GRAVEL converges with little dependence the de-

fault spectrum whereas MAXED relies on a reasonable default spectrum for stable convergence.

The uncertainty propagation package IQCU [74] relies on the output of MAXED. The results from

GRAVEL were also used to determine a reasonable χ2 for MAXED.

All solutions had a final χ2 per degree of freedom value of 4.0 or below, iterating between 200 to

400 times, with the exception of some of the MAXED solutions not iterating more than 4 times.

The refolded light output spectra of the final MAXED solution from the unfolding process plotted

along with their associated measurements, for the four standard intensity radiation fields can be

seen in figure 4.5. The refolded light output spectra agree within uncertainty to the measurements.

The measured spectra plotted in figure 4.5 have not been scaled, these are the raw light output

spectra. The refolded spectrum for the 2.500 MeV (figure 4.5(b)) has a small bump at around

0.3 MeV which then produces a small peak in the unfolded spectrum which is an artefact.

Figure 4.6 shows the final MAXED unfolded neutron energy spectra for the standard intensities of

the four neutron energy measurements. The neutron energy spectra plotted here have been scaled

by to fluence per micro-amp of charged particle beam (ΦE/Q). Presenting the measurements in

these units require scaling by the monitor value, followed by the correction factors for dead time

and pulse pile up. The correction factors are discussed in detail in section 4.4. The neutron energy

spectra have a primary peak near to the expected energies and additional lower energy peaks in

figure 4.6 (c) and (d). These lower energy peaks are associated with secondary reaction channels

in the target from the ions interacting with oxygen and carbon [108].
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Figure 4.5: Neutron light output spectra measured with the BC501A detector coupled with the analogue

acquisition system for four neutron fields with nominal energies of (a) 1.200 MeV; (b) 2.500 MeV;

(c) 5.000 MeV and (d) 7.000 MeV for the standard intensities. The refolded light output spectra from

the unfolding calculations have been included as the light blue line in each of the plots.

In figure 4.6 (c) and (d) there is a small peak occurring at a higher MeV value than that of the

primary peak, this is attributed to pile up events. Evidence for this being due to pile up is presented

in section 4.5 where the effect of increasing intensity is investigated. The width of the primary peak

is predominately due to the thickness of the target. The asymmetry in the peak is due to additional

dispersion to the lower energies of the peak due to energy loss within the target.

The higher energy tail in figure 4.6 (a), for the 1.200 MeV neutron measurement, is an artefact of

unfolding due to the applied threshold being on the edge of the proton recoil in the light output

spectrum shown in figure 4.4. The small peaks occurring just above 1 MeV in figure 4.6 (b) and

(c) are unlikely to be an artefact of the unfolding as they are also seen in the varying intensity

measurements for these energies in section 4.5.
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Figure 4.6: MAXED unfolded neutron energy spectra measured with the analogue acquisition system

for four neutron fields with nominal energies of (a) 1.200 MeV; (b) 2.500 MeV; (c) 5.000 MeV and

(d) 7.000 MeV for the standard intensities. Affects of pile up are visible in (d) by the peak at 8.5 MeV.

4.3 Peak Neutron Energy Uncertainty Analysis

The uncertainty analysis presented here follows an ISO-GUM approach [109]. The quoted mea-

sured values of the primary peak for the neutron energy measurements, Eobs
n,peak, were determined by

fitting a Gaussian distribution to the primary peak. The uncertainty in this value has contributions

from the fitting and unfolding but is effectively determined by the MeVee calibration described in

section 3.1.5. This is because the unfolding process is highly dependent on an accurate MeVee

scale. For more information on the UMG unfolding package and its uncertainty calculations refer

to Appendix A.

The uncertainty in the unfolded peak value, u
(
Eobs

n,peak

)
, is determined by unfolding spectra with the

upper and lower limits of the MeVee scale (±σ) and determining the limits of the peak position.

The uncertainty in the unfolded peak value is then half of the difference of those limits.
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The upper and lower limits of the scale determined by the uncertainty on the fit parameters M and

C in equation 3.1, the limits on the scale would therefore have parameters M±u(M) and C±u(C).

These uncertainties were determined through the co-variance matrix of the fit parameters.

The measured values for the primary energy peaks and their associated uncertainties are shown

in table 4.1 with the calculated values for the same data sets. The calculated values have been

validated through time-of-flight measurements and the kinematic calculations with the TARGET

code [92] are well understood and documented. Uncertainties for these values have been previously

documented [90].

Table 4.1: Calculated (calc) and measured (obs) values for the peak neutron energy.

Ecalc
n,peak (MeV) Eobs

n,peak (MeV)

1.200 ± 0.003 1.200 ± 0.020

2.500 ± 0.004 2.636 ± 0.016

5.000 ± 0.003 5.235 ± 0.025

7.000 ± 0.006 7.320 ± 0.032

Evidently there is a problem with the measured peak neutron energy values where they are consis-

tently greater than the expected neutron energy values, this is further demonstrated in figure 4.7.

The measured peak neutron energy has been plotted against the expected values indicating linear

behaviour between them. These data were fitted using a weighted linear least squares fit, with the

resultant slope taking the value m = 1.048(17) and the intercept being zero within uncertainty.
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Figure 4.7: The observed neutron peak energies (MeV) vs the calculated neutron peak energies (MeV).

The weighted linear least square fit has a slope value of 1.048(17).
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The difference in the observed and the calculated neutron peaks is attributed to the ageing scintil-

lator changing the light transport and production in the detector resulting in the response matrix no

longer matching the light output function of the detector, seen in figure 4.8. There is a clear degra-

dation in the resolution of the detector. It is recommended that the response functions be updated

to account for these differences, but goes beyond the scope of this work.
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Figure 4.8: The measured light output spectrum for a 2.500 MeV neutron field together with the de-

tectors response lineshapes for 2.500 MeV and 2.620 MeV neutron fields obtained from the response

matrix.

To account for the difference between the observed and calculated values, without updating the

response functions, a scaling factor kRM is introduced. This factor is defined to being the inverse of

the gradient (m) determined in figure 4.7, equation 4.1.

kRM :=
1
m

= 0.954. (4.1)

The uncertainty in kRM is then:

u(kRM) = kRM
u(m)

m
= 0.015. (4.2)

The new best estimate for the neutron energy, Emeas
n,peak, is defined as the observed peak value scaled

by kRM, equation 4.3.

Emeas
n,peak := kRMEobs

n,peak (4.3)
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The uncertainty associated with this new estimate for the neutron peak energy is then the combi-

nation of the uncertainty in original energy estimate and the uncertainty in the scaling factor kRM,

refer to equation 4.4.

u
(
Emeas

n,peak
)
= Emeas

n,peak

√√√√[u
(
Eobs

n,peak

)
Eobs

n,peak

]2

+

[
u(kRM)

kRM

]2

(4.4)

The results of applying this scaling factor is shown in table 4.2. The final Emeas
n,peak results agree with

the calculated values to within one standard uncertainty except for the 1.200 MeV measurement.

Table 4.2: Calculated and measured final values for the standard intensity neutron energy measurements

made with the analogue MPA-3 acquisition system.

Ecalc
n,peak (MeV) 1.200(3) 2.500(4) 5.000(3) 7.000(6)

Eobs
n,peak (MeV) 1.200(20) 2.636(16) 5.235(25) 7.320(32)

Emeas
n,peak (MeV) 1.145(26) 2.515(42) 4.994(82) 6.98(11)

4.4 Peak Fluence Intensity Uncertainty Analysis

The peak neutron fluence is taken to be the integral of the channels associated with the primary

peak, refer to equation 4.5.

Φ
obs
E,peak =

i+3σ

∑
j=i−6σ

φ j, (4.5)

where φ j is the jth channel of the raw unfolded neutron energy spectrum φ, i is the centroid channel

of the primary peak and σ is the standard deviation of the peak in channels. The sum is then a sum

of the counts in the channels starting from 6σ to lower E of the primary peak and ending at 3σ to

the higher E of the peak. The summation needs to capture the asymmetry of the peak.

The uncertainty in Φobs
E,peak is then defined by the uncertainties in each channel, u(φ j). These are

obtained from the outputted parameter file from MAXED unfolding via the code ICQU, appendix

A, which propagates the uncertainties provided in the neutron light output spectra through the

unfolding process.
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The uncertainties in the counts in each MeVee channel of the neutron light output spectra, u(L j), is

the quadrature sum of the uncertainty due Poisson statistics and the uncertainty associated with the

neutron cuts, as seen in equation 4.6.

u(L j) =

√
u
(
L j,Poisson

)2
+u
(
L j,cut

)2
, (4.6)

where u
(
L j,Poisson

)
is equal to the square root of the counts in channel j and u

(
L j,cut

)
takes on the

value of half of the counts in between the upper and lower limits of the neutron cut for that channel.

Figure 4.9 demonstrates the value of u
(
L j,cut

)
.

Figure 4.9: Sample PSD neutron cut with the upper and lower limits included in orange with the main

cut in red, for a 5.000 MeV data set. The counts that occur between the orange limits are the uncertainty

on the counts in the channels of the cut neutron light output spectrum.

Figure 4.10 shows the uncertainties; u
(
L j,Poisson

)
, u
(
L j,cut

)
and u(L j), plotted for the same data set

in figure 4.9. This plot shows how the two uncertainties are dominant at different points through

the spectrum and the cut uncertainty mainly affects the light output spectra at low MeVee.

The uncertainty u(L j) is dominated by u
(
L j,cut

)
below 0.27 MeVee, above this u

(
L j,Poisson

)
is the

main source of uncertainty. The uncertainty in the cuts increase dramatically at low L and goes

to zero quickly past 0.5 MeVee, while u
(
L j,Poisson

)
has the same distribution as the neutron light

output spectrum.
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Figure 4.10: For the same sample data set shown in figure 4.9 the uncertainties u
(
L j,Poisson

)
, u
(
L j,cut

)
and u(L j) have been plotted for each channel j.

These uncertainties were then propagated through the unfolding calculation using the output pa-

rameter files from MAXED and the ICQU package to produce u(φ j). The final uncertainty in the

measure peak fluence, u
(
Φobs

E,peak

)
, is then determined by:

u
(
Φ

obs
E,peak

)
=

√√√√ i+3σ

∑
j=i−6σ

u(φ j)2. (4.7)

In order to obtain the fluence measurement in neutrons cm−2 µC−1, the unfolded neutron energy

spectra need to be scaled by a monitor value and corrected for dead time and other missing events.

Thus Φmeas
E,peak is defined as:

Φ
meas
E,peak := kDT

Φobs
E,peak

Q
, (4.8)

where Q is the charge integrator count and kDT is the dead time correction factor. This dead time

correction factor is made up of three factors; the quoted dead time on the MPA-3 (kMPA) and the

pulse pile up correction (kPU ). These three correction factors multiplied together produce kDT as

shown in equation 4.9.

kDT = kMPA kPU (4.9)
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The correction for pile up, kPU , is calculated from the proportion of events that occur beyond the

edge of the light output spectrum and the uncertainty in this value is predominantly due to Poisson

statistics, and should increase with beam current. The uncertainty equation for Φmeasured
E, peak can now

be defined as:

u
(
Φ

meas
E,peak

)
= Φ

meas
E,peak

√√√√[u
(
Φobs

E,peak

)
Φobs

E,peak

]2

+

[
u(Q)

Q

]2

+

[
u(kDT )

kDT

]2

, (4.10)

where u(Q) is equal to the square root of Q and kDT is given by:

kDT = kDT

√[
u(kMPA)

kMPA

]2

+

[
u(kPU)

kPU

]2

. (4.11)

The scaling factors for the peak neutron fluence calculations for the standard intensity measure-

ments have been tabulated with their associated uncertainties in table 4.3.

Table 4.3: The calculated scaling factors with their associated uncertainties for the peak neutron fluence

calculations for the standard intensity measurements. *The starred values are estimated

Ecalc
n,peak (MeV) 1.200(3) 2.500(4) 5.000(3) 7.000(6)

Q (µC) 2427.98(16) 423.231(21) 369.793(19) 416.161(20)

kMPA 1.02(1)* 1.011(29) 1.0053(61) 1.0164(48)

kPU 1.00183(94) 1.00108(73) 1.0009(32) 1.0009(27)

The resultant fluence measurements for the standard intensities are presented in table 4.4 along with

their associated uncertainties.

Table 4.4: The calculated neutron fluence measurements for the peak neutron fluence calculations for

the standard intensity measurements with and without the correction factors,along with their associated

uncertainties. *The starred values have uncertainties produced through ICQU that were very small.

Ecalc
n,peak (MeV) 1.200(3) 2.500(4) 5.000(3) 7.000(6)

Φobs
E,peak (×104cm−2) 59.26(23) *303.11 *14.69 23.5953(36)

Φmeas
E,peak (cm−2 µC−1) 244.5(12) 720(21) 398.6(28) 576.8(32)
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4.5 Varying Intensity Measurements

The affects of varying intensity in the neutron fields were investigated at the nominal neutron ener-

gies of 2.500 MeV, 5.000 MeV and 7.000 MeV (1.2 MeV data not included in this section due to

only having one intensity measurement at that energy). The measurements were run to statistically

equivalent numbers of neutron events. The intensity ranges investigated included the minimum and

maximum stable beam conditions for each nominal energy.

Exemplar data for the 7.000 MeV measurement are shown in figure 4.11, the figures for the nominal

energies of 2.500 MeV and 5.000 MeV can be found in appendix B. The counts as a function of S

and L for have been normalised by area to aid in comparison.

Figure 4.11: Counts as a function of S and L measured with the analogue acquisition system for four

neutron fields with a nominal energy of 7.000 MeV for beam currents of (a) 0.120 µA; (b) 0.574 µA;

(c) 1.130 µA and (d) 2.500 µA. The cut applied used to separate the gamma-ray and neutron induced

events is indicated by the red line. Pile up events are those considered above the green dashed line.

At each nominal energy it is clear that the overall distribution of the measurements remain the

same, but an increasing proportion of pile up events (events occurring above the green dashed line

in figure 4.11) is seen with the increasing intensity.
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The neutron light output spectra for the different beam conditions for all three nominal neutron

energies have been plotted in figure 4.12.
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Figure 4.12: Neutron light output spectra for three different nominal neutron energies (a) 2.500 MeV,

(b) 5.000 MeV and (c) 7.000 MeV. At each energy four different beam intensities were measured. The

spectra have all been scaled by the charge integrator monitor value and corrected for by kDT .
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The unfolded absolute fluence spectra scaled accordingly have been plotted in figure 4.13. As a re-

sult of the difference in the neutron light output spectra shown in figure 4.12(a) and (c), the unfolded

neutron energy spectra for the different beam intensities do not align in amplitude. The 5.000 MeV

unfolded spectra behaves as expected. All unfolded spectra align in energy and resolution. The

affects of pulse pile up only being evident at the higher intensities at each energy in the form of a

low intensity contribution above the primary peak.

The primary peak neutron energy measurements quoted in table 4.5 have all been scaled appropri-

ately using the same scaling factor determined in equation 4.1 in section 4.3. The raw peak neutron

fluences, Φobs
E,peak, for each of the beam conditions, along with the associated scaling factors kMPA,

kPU and Q, can be found in tables B.1, B.2 and B.3 in appendix B. These fluences were calculated

from the output of the ICQU UMG package.

Table 4.5: Measurements of the neutron energies and peak fluence for varying intensities of the nominal

neutron energies of 2.500 MeV, 5.000 MeV and 7.000 MeV.

Ecalc
n,peak

[MeV]

Beam Current

[µA]

Emeas
n,peak

[MeV]

Φmeas
E,peak

[cm−2µC−1]

2.500(4)

0.108 2.515(42) 551.4(23)

0.540 2.515(42) 720(21)

1.130 2.514(42) 358.4(11)

2.770 2.518(43) 924.4(29)

5.000(3)

0.135 4.953(81) 405.1(12)

0.490 4.994(82) 398.6(28)

2.560 4.998(82) 368.4(10)

5.060 4.995(82) 353.51(45)

7.000(6)

0.120 6.97(11) 632.1(31)

0.574 6.98(11) 576.8(32)

1.130 7.00(11) 454.5(12)

2.500 7.00(11) 405.32(60)
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Figure 4.13: Unfolded fluence spectra, in cm−2µC−1, for the different intensity beams at the nominal

energies of (a) 2.500 MeV, (c) 5.000 MeV and (e) 7.000 MeV, plots (b), (d) and (f) show only the

nominal peaks of the same spectra respectively. All spectra are corrected for using kDT .



5. Single Channel Digital Data Acquisition

For measurements made at AMANDE with the DT5730 digitiser the raw anode signal from the

BC501A detector was acquired in listmode, as described in section 3.1.4. The measurements were

made with the same beam conditions as the analogue acquisition system.

5.1 Analysis Parameter Optimisation

One of the advantages of digital data acquisition and post acquisition analysis is the optimization

of analysis parameters post acquisition. Parameters such as the factors which define the digital

constant fraction discriminator, the size of the windows used for the integral calculation (t0, ts
and tl), the pulse shape parameter (S) and light output parameter (L), along with other important

corrections such as a digital pulser correction, are optimised within this section.

Since the trigger scheme is an absolute voltage crossing the events are not consistently aligned in

time. This becomes an issue since the integration gates over the pulse are inconsistent among the

pulses. Introducing additional uncertainty in L and S. The t0 as defined by the trigger, moves as

a function of pulse height. Due to the walking of t0 with pulse height, each event is realigned in

time using a digital CFD filter to provide a consistent t0. This filter is defined in equation 5.1 where

vi is the CFD filtered event sample i, N is the filter length in samples for all events, f is the filter

fraction, D is the filter offset and V is the voltage of the raw unfiltered signal, N and D are in either

ns or samples as long as the units used are consistent throughout the calculation.

vi =
N

∑
j=1

(
fVi− j−Vi− j−D

)
(5.1)

The parameters for the CFD filter were chosen to being:

N = 6 samples D = 6 samples f = 0.75 (5.2)

50
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These parameters were chosen as these produced a well-shaped bi-polar pulse and were not op-

timised further within this work. Optimisation of these parameters can be done through splitting

a test signal across two channels [99]. A raw and CFD filtered sample pulse can be seen plotted

in figure 5.1. The filtered signal is a bipolar pulse and where the zero crossing point provides a

consistent way to define a t0 where t0 = tc f d − xns, where xns is an offset in ns. The zero crossing

point, tc f d , is calculated through a weighted mean of a point on each side of the crossing. This

method to determine t0 ensures the integration limits, used to determine the parameters L and S, are

consistent across events with varying pulse heights.

Figure 5.1: Plot of the digitized anode signal before and after the CFD filter has been applied. The zero

crossing point tc f d , which is used to align the pulses, is indicated by the dashed line.

5.1.1 Digital Pulser Correction

The digital measurements only utilised the raw anode output from the BC501A, however the dyn-

ode remained connected to an analogue pulser correction during acquisition. The analogue pulser

correction directly affects the high voltage (HV) power supply to compensate for gain changes

through the analogue dynode chain, responsible for producing the analogue light output parameter.

With only the raw anode acquired, the HV changing due to the analogue pulser correction resulted

in gain differences between measurements of the digital light output parameter. To allow for mea-

surements to be compared, this gain difference was digitally corrected. The method described in

this section can be used as a digital pulser correction for any detector that includes an internal LED

or pulser requiring post acquisition stabilisation.

The changing gain scales through the different measurements has three main effects if left uncor-

rected: the edges of the Compton and proton recoil spectra are inconsistent across measurements;
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an increase in uncertainty to the MeVee calibration; and a decrease in the measureable energy res-

olution.

Applying a single calibration to all the measurements will result in the scale being inconsistent

among each other and with the response functions, unless an additional correction faction kp is

applied.

Figure 5.2 shows the digitally measured pulser distributions for the gamma-ray calibration mea-

surements, demonstrating the effects of the dynode pulser correction on the digital light output

spectra, as mentioned above. The centroids of the pulser distributions (fig. 5.2) were calculated

through a fitted Gaussian function. The centroids occurring at different channels demonstrates the

inconsistent gain scale among the calibration measurements.

Figure 5.2: Uncalibrated sample light output spectra for the pulser events for different gamma-ray

measurements with a long integration limit of 200 ns. The most active sources being the 22Na and 207Bi,

with the weakest source being the 241Am-9Be source.

The effects mentioned above are proportional to the intensity of the incident radiation. Figure 5.3

shows the centroid of the pulse distribution as a function of intensity for measurements of a

20.490 MeV neutron field at different beam currents. The error-bars are proportional to σ/
√

N

determined from the FWHM and where N is the total number of pulser events. The FWHM was

determined through fitting a Gaussian function to the respective distributions, and σ was then taken

to being equal to FWHM/2
√

2ln2.

The digital gain correction, kp, was used to align all the pulser distributions through a linear gain

scaling factor applied each data set, however, this method does not correct for the decrease in

energy resolution introduced into the data. The pulser distributions were matched to centroid value
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of 3850, by applying a digital gain factor within the acquisition software, QtDAQ. The software

had internal limits on the resolution of the gain factor of 0.01 fixing the precision gain correction

through this method.
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Figure 5.3: Centroid of the pulser distribution for the different intensity measurements made with the

20.490 MeV neutron field. The monitor (M20) rate has been used as being proportional to the intensity

of the beam. The linear fit returned a gradient value of 0.1278(62) longint sec counts−1 with an intercept

of 3611.2(35) longint.

The correction factors, the resultant centroid and FWHM values for the pulser distribution along

with the uncorrected pulser centroid and FWHM values for the gamma-ray calibration sources are

presented in table 5.1. The corrections applied to each of the digital data sets can be found in table

C.1 in appendix C.

Table 5.1: The pulser centroid values along with the FWHM of the pulser distribution, before and after

correction kp is applied, for the gamma-ray calibration measurements.

Source kp
Uncorrected Corrected

Centroid (ch) FWHM (ch) Centroid (ch) FWHM (ch)
241Am-9Be 1.02(1) 3765(2) 196.0(1) 3840(2) 200.0(1)

207Bi 0.99(1) 3877(3) 210.6(2) 3873(2) 211.3(2)
22Na 0.99(1) 3875(3) 231.8(3) 3875(3) 231.8(4)
137Cs 1.01(1) 3816(2) 205.1(2) 3819(2) 205.1(2)
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5.1.2 Pulse Shape Parameter Optimisation

The digital light output and pulse shape parameters, L and S, have been defined in equation 2.7 in

chapter 2 as a digital long integral and through a digitally implemented charge comparison respec-

tively. The optimal short integration time ts used to determine the pulse shape parameter, S, was

found by maximising the separation in the gamma-ray and neutron loci in the distribution of S as a

function of L. The separation of these Gaussian distributed loci is defined by the Figure-of-Merit

(FoM). Equation 5.3 provides a definition for the FoM quantity where µp/e refers to the centroid

value of the proton and electron loci respectively and FWHMp/e refers to the associated full width

half maximum of the distribution. Loci with a FoM below one are considered inseparable and

values above 2 are considered to have excellent separation.

FoM =
|µp−µe|

FWHMp +FWHMe
(5.3)

The counts as a function of the digitally defined S and L for a 2000 µg cm−2 TiD target with 1.84

MeV protons have been plotted in figure 5.4a. A slice along the light output axis for values between

1.4 MeVee ≤ L < 1.6 MeVee, as indicated on figure 5.4a, has been projected onto the pulse shape

axis in figure 5.4b. The parameters used in the FoM calculation are indicated.

(a) (b)

Figure 5.4: (a) Events as a function of S and L as measured with a BC501A for the standard intensity,

7.000 MeV neutron field. The slice indicated by the red outline marks from L = 1.4 MeVee to 1.6 MeVee

(b) The slice indicated in (a) projected onto the S-axis, with the indicated parameters used to calculate

the FoM.
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For a given long integration time, careful choice of short integration time can maximise separa-

tion between neutron and gamma-ray incident events. Consider the extremes of a choice of short

integration time destroys the ability to separate pulses: a short integration time chosen within the

rising edge of the pulse would not capture enough information about the pulse, loosing the ability

to discern the particle type; for a short integration time close to that of the long integration time the

short integral value would tend towards the long integral value and the charge comparison would

return a value close to one for all events regardless of incident radiation type. Considering the value

of the FoM as a function of short integration time is then a direct way to produce optimal separation

through the charge comparison method. Figure 5.5 shows the FoM calculated for several intervals

of light output for short integration times between 20 ns and 500 ns, for the 7.000 MeV neutron

measurement and a given long integration value of 500 ns. The start of the integrals t0 is defined as

25 ns prior to the CFD zero crossing point tc f d (xns = 25 ns). From figure 5.5 the optimal integra-

tion time for the short integral is 30 ns for a long integration time of 500 ns. All further analyses

were completed using the optimised short integration time of 30 ns.

Figure 5.5: Figure-of-Merit values as a function of the length (ns) of the short integration time, for

different intervals of light output, used in the digital charge comparison method to determine the pulse

shape parameter S. The long integral bound was kept to 500 ns for all short integral optimisation. The

maximum FoM, across the light output intervals plotted, is 30 ns. The light output values in the legend

are the midpoint of an interval with a with of 0.102 MeVee.
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5.1.3 The light output parameter

Acquiring only raw anode data from the BC501A introduces some effects which need to be taken

into consideration. A subtle issue arises from the choice of the long integral in the definition of the

digital light output parameter.

In traditional analogue electronics systems the analysis of the pulses to measure L typically use

a charge sensitive pre-amplifier (CSP) in conjunction with an amplifier [13]. The CSP integrates

the current pulse using a capacitor converting the collected charge into a voltage amplitude, to

avoid charge saturation the capacitor is often discharged using a resistor. After this integration the

information of the energy deposited in the detector is carried in the amplitude of the pulse. The

critical parameter in these systems is the total capacitance in the system. The greater the capacitance

the smaller the signal-to-noise ratio (SNR) [110].

The digital equivalent is to digitally integrate or sum the raw anode voltage samples over the deter-

mined lengths for the different integrals. The current pulse, sampled across a resistor, is digitally

integrated. The integrated voltage pulse is still proportional to the energy deposited in the detector

[13]. The longer the window of integration the greater percentage of pile up events and decreasing

the SNR due to the portion of the window where the noise is dominant.

A consequence of the choice of the digital long gate arises due to the different pulse shapes pro-

duced by the interaction of neutrons and gamma-rays. Consider the pulses in figure 5.6.
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Figure 5.6: Sample pulses of a gamma-ray and two different neutrons as measured from the anode

output from the BC501A detector with the DT5730 digitiser. The neutron pulses produce the same

MeVee value as the gamma-ray pulse for two different long gate choices, 300 ns and 800 ns. The inset

axis shows the cumulative integral for the different pulses. The dashed lines have been included to guide

the eye.
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The two neutron pulses shown plotted have the same calibrated MeVee value (shown in the inset

axes in figure 5.6) as the gamma-ray pulse with the difference being the choice of long gate. The

relationship between the gamma-ray and neutron L scales change as a function of long gate, which

directly affects the results one would get from unfolding a MeVee calibrated neutron light output

spectrum.

This presents an issue for the digital data taken at AMANDE in this measurement campaign since

the only information acquired was for the raw anode of the BC501A detector. The MeVee calibra-

tion for the light output scale demonstrates this problem and is seen in figure 5.7. The proton recoil

edge associated with the neutron events agree with the gamma-ray calibration line for the analogue

system however for the digital measurements the proton recoil edge occurs below the gamma-ray

calibration line.

Figure 5.7: The calibration curves for the analogue (a) and the digital for a long gate choice of

400 ns (b) acquisition systems. The neutron edges have been included with their expected edge location

obtained through the response functions.

The disagreement of the proton recoil edge of the mono-energetic neutron light output spectra

with the gamma-ray calibration occurs due to a difference in the relationship between the measured

gamma-ray and neutron light output spectra in comparison to the one encoded in the response func-

tions for the detector. The response functions for the detector are simulated but include parameters

which are calibrated empirically, these empirical calibrations were performed using the standard

analogue acquisition system. The expected MeVee values for the edges of the measured neutron

line shapes were obtained through the response functions.

With no other additional information than the anode, one way to ensure alignment with the expected

relationship in the response functions is to select a long gate that produces this behaviour. This

choice is determined through prior knowledge of the incident neutron energy and choosing the

long integral that produces the scale in the response functions.
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Selecting a long gate to ensure alignment is only applicable in situation where there is a measure-

ment of a known neutron radiation field. Methods for long gate choice without requiring prior

knowledge of the neutron radiation field are discussed in chapter 6.

For the measurements presented in this section the long gate choice was determined by selecting

the long gate that produces the same MeVee scale for the neutrons as in the response functions. This

was determined using the 7.000 MeV neutron field with a beam current of 0.6 µA. The long integral

value which produces the best agreement between the locations of the measured proton recoil light

output edge for the two acquisition systems is the selected as the integral length for the analysis

of all the digital measurements with anode only information. Figure 5.8 shows this difference as

a function of long gate (ns). The long integration time used for the analyses in this chapter was

chosen to be 500 ns which produces the best agreement in the digitally measured neutron MeVee

scale to the response functions.

Figure 5.8: The difference between the edge of the 7.000 MeV neutron light output spectra for the

analogue and digital acquisition systems as a function of long gate.

5.2 Standard Intensity Measurements

5.2.1 The Measurements

The measurements for made with the BC501A detector across the neutron energy range of

1.200 MeV to 20.490 MeV. A summary of the measurements taken can be found in chapter 3

table 3.1. Figure 5.9 shows the counts as a function of light output parameter, L, and pulse shape

parameter, S, for the standard intensity measurements over the neutron energy range of 1.200 MeV

to 20.490 MeV. The counts have been normalised to an integral of unity for comparison purposes.
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The distribution of the counts in figure 5.9 demonstrate the same features attributed to the different

interactions of neutrons and gamma-rays in the detector as in the analogue measurements (fig 4.2)

for the same beam conditions.

Figure 5.9: Scaled counts as a function of L and S for the standard intensity measurements as sum-

marised in table 3.1 for the digitally measured neutron beams of (a) 1.200 MeV; (b) 2.500 MeV;

(c) 5.000 MeV; (d) 7.000 MeV; (e) 15.100 MeV and (f) 20.490 MeV. The counts are normalised to a

unity integral. The red line indicates the cut applied to this data to select for the neutron induced events.



Chapter 5. Single Channel Digital Data Acquisition 60

The method by which the neutron events were isolated follows the same procedure as for the ana-

logue measurements (section 4.1). Slices along the light output were taken and the point of min-

imum between the neutron and gamma-ray distributions was used at the best cut point for that

region. This was then applied to all the slices along the L-axis. A cubic spline is then taken of all

these points to make a function to cut across all channels.

All measurements were made with the gain range of 2.0 Vpp for the digitiser input. Figure 5.9(e) and

(f) show evidence of light output saturation, where the amplitude of the pulse exceeds the maximum

acceptable input voltage. The light output saturation occurs at approximately 8 MeVee for the

electron recoil locus and 8.5 MeVee for the proton recoil locus. Light output saturation causes

distortion in the measured light output spectra compressing the spectrum above the saturation point.

The distortion to the light output spectra results in an disagreement with the associated response

function.

The pulse pile up effects take on a slightly different structure to the pile up events in the analogue

measurements. Correcting for pile up events and digital dead time will be discussed further in

sections 5.3.1 and 5.3.2 respectively.

The measurements for the neutron energies of 1.200 MeV, 2.500 MeV, 5.000 MeV and 7.000 MeV

are analysed further. The neutron light output spectra for the standard intensity measurements of

the above mentioned neutron energies have been plotted in figure 5.10. The overall shape and edge

behave as expected with increasing neutron energy.

Figure 5.10: Neutron light output spectra for the measurements made at standard beam intensities for

neutrons fields with a calculated nominal peak energy of 1.200 MeV, 2.500 MeV, 5.000 MeV and

7.000 MeV as selected by the cuts illustrated in figure 5.9. The counts are scaled to an integral of unity

for comparison. The uncertainties due to the cuts and Poisson statistics have been included for each

light output spectra as the lighter shading.
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5.3 Correction Factors

5.3.1 Pile up

The form of the digital pile up differs to the analogue equivalent measurement due to the different

ways of determining the pulse shape parameter, refer to figure 5.11 for a sample PSD plot indicating

the cut used to select for the pile up events. Pile up events affect both the L and S. Without more

detailed analysis on the individual pulses within a pile up event the type radiation causing the event

of the pulses are not distinguishable. Pile up gamma-ray pulses are therefore unable to be excluded

from the neutron light output spectra.

With a pile up event always having an increased L value this can change the S parameter in several

ways. The increased L results in reduced S values if the second event occurs outside of the short

integral window, figure 5.12a. In this case, the S value will be increased proportional to the integral

of the second pulse. If the second pulse occurs within the window of the short integral (figure

5.12(b)) this results in the value of S being closer to the expected value since it increases in a

similar proportion to the long integral. The events with the second pulse within the short integral

window occur above the edge of the proton recoil locus but at the correct S value, as indicated in

figure 5.11.

Figure 5.11: Sample PSD plot with the region outlined in red representing the area used to quantify the

number of pile up events.
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The QtDAQ software is configured such that only the largest pulse in the acquired window is

analysed resulting in a another contribution to the counts that occur to the higher L values at the

same pulse shape value as the edge of the proton recoil locus. If two events occur but the second

has a larger light output then the value of S will not be affected significantly but the affected pulses

will have a slightly increased L value, depending on how much of the tail of the previous pulse

occurs within the analysis window for the larger pulse, figure 5.12(b) shows a sample event with

some of the previous events tail within the short integral window.

Figure 5.12: (a) Pile up event in which the second pulse occurs only within the long integral window of

the main pulse, increasing the L and S parameters proportionally to the area and the inverse of the area

of the second pulse respectively. (b) QtDAQ analyses the largest pulse in the case of pile up events, in

the case plotted there will be minimal affect to the S value but a slight increase in the L parameter. The

three limits for the two integrals (t0, tshort and tlong) have been included in both plots as the black, green

and red dashed lines respectively.

Digital pile up affects the neutron line shape with a shift of events to higher L values, as shown in

figure 5.13 for 1.84 MeV deuteron beam incident on a TiD target producing 5.000 MeV neutrons

with a beam current of 2.57 µA. Figure 5.13(c) show that these pile up events affect the spectra up

to 0.26% in individual channels and that the shift to higher L values is exponential between around

1.6 MeVee tp 2.2 MeVee, corresponding with the edge of the neutron light output spectrum. In the

region of the proton recoil edge the pile up events quickly become dominant due to the decreasing

statistics.
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Figure 5.13: (a) Neutron light output spectra with and without pile up events unscaled for the highest

intensity run of the 5.000 MeV neutron beam, (b) The pile up events extracted from the pile up regions

in pulse shape discrimination plot, along with the percentage that pile up events represent in the neutron

light output spectra (c). The percentage is calculated through the ratio of pile up event to the total events.

The correction factor for pile up events, kPU , was calculated as the proportion of events occurring

at higher S and L values from the neutron distribution (Npu), as indicated in figure 5.11, to the

number of the total events in the neutron light output spectra (Ntot) as shown in equation 5.4. This

correction is then applied as an additional scaling factor as shown in section 5.3.5.

kPU =
Ntot

Ntot−Npu
(5.4)

The associated uncertainty in kPU is then defined as:

u
(
kPU
)
= kPU

√√√√[u(Ntot)

Ntot

]2

+

[√
u(Ntot)2 +u(Npu)2

Ntot−Npu

]2

. (5.5)
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5.3.2 Buffer Saturation Correction

As detailed in section 3.1.4, events are acquired into a set of circular buffers on board in the digitiser

unit. When one buffer is full it is locked, preventing overwriting of events and is read out when

the desired number of events per block transfer is obtained. If the buffers fill up faster than they

are able to be read out, then once all the buffers are full the digitiser will not be able to acquire

any events until events have been read out. The dead time associated with the acquisition pausing

due to buffer saturation is non-paralysable and can be regarded as a type of saturation, without any

appreciable dead time between consecutive events within a single memory buffer as in traditional

dead time models. These losses can be minimised by selecting for the minimum acceptable event

size and to optimize the number of events that can be read out at a time.

Before buffer saturation any triggers that occur out of an acquired event window will be acquired

without any dead time. Triggers occurring within the window of another event will not be acquired

as a separate event and these events are recorded as pile up events.

The degree of buffer saturation is dependent on the read out speed, frequency of read out, event size,

number of events read out in one block transfer and rate of incoming events. Event size and number

of events read out in one block transfer are both controllable parameters through the software and

can be optimized to minimize buffer saturation during high intensity runs. The read out speed is

limited by the mode of communication from the digitiser to the PC, being either an optical link

(80 MB/s) or a USB (30 MB/s) connection. The frequency of read out depends on the frequency of

incoming events and is not software controllable.

The digitiser samples at a rate of 500 MS/s, with 14 bit voltage resolution, resulting in a sustained

data rate of near 1 GB/s as shown below.

500 MS/s×14 bit/s = 7000 Mbit/s
7000 Mbit/s

8 bit/byte
= 875 Mbytes/s,

with the additional overhead for header and timing information ≈ 1 Gbytes/s. The maximum event

rate before buffer saturation is then determined by the event size.

The measured count rate using the digitiser has been plotted against the monitor (M100) rate for

three different sample lengths chosen in figure 5.14. The chosen sample lengths of 256, 512 and

1024 samples saturate at rates of around 34500, 19500 , and 10000 counts s−1, with decreasing

sample size.
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Buffer saturation is clearly evident in figure 5.15 which present a sample section of the events as a

function of time for both an (a) unsaturated and a (b) partially saturated data set.

Figure 5.14: Plot of the digitiser acquired rate against the associated monitor rate for varying intensity

neutron beams. Three different sample sizes are shown, indicating the effect of sample size with respect

to the point at which the buffers become saturated.

Figure 5.15: Events as function of time for an (a) unsaturated and a (b) partially saturated data set.

There are well defined sections of zero acquisition seen in the saturated data set, corresponding to the

buffers being full and the read out time for the designated number of events.
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The histogram of time-between-events for the unsaturated case is expected to be exponential in

form due to the Poisson distribution in the events, as seen in figure 5.16(a). The saturated data set

will lose a proportion of the events closely positioned to each other in time within the buffer read

out period as can be seen in figure 5.16(b). Additionally, there will be a Gaussian distributed peak

associated with the time taken for read out to occur. The higher the intensity, the more saturated the

digitiser, the less scatter in the Gaussian distribution. The scatter in the distribution associated with

the events occurring after a buffer read out is due to the scatter in time between events, at higher

intensities this scatter reduces and the distribution becomes dominated by the read out time.

Figure 5.16(a) shows a frequency histogram for the time between consecutive events (∆t) occurring

within a buffer / within consecutive buffers that have not saturated. Note that the vertical axis

is a log scale and hence that the form of the histogram is exponential as expected for a Poisson

distributed source of events. The period of the exponential (gradient in the lin-log scale shown) is

inversely proportional to the average event rate. Figure 5.16(b) illustrates the same histogram for a

saturated data set, note that the time axis is greatly extended compared to the previous figure. At

low ∆t, as with 5.16(a) and shown in the inset, the distribution is exponential in form demonstrating

the same behaviour as in the unsaturated case. These data occur within the buffer read period where

there is near-zero dead time and events are recorded correctly as expected.

Figure 5.16: The number of occurrences as a function of time between events in µs for the

(a) unsaturated 7.000 MeV data set and (b) higher intensity 7.000 MeV measurement which required

buffer saturation correction. (c) A zoomed in section of (b) showing the Poisson distributed section of

the data.

At long ∆t, additional events are observed in the histogram forming a Gaussian type peak with

an centroid ∆t, in this case, of 14 ms. These events are transposed to large ∆t as a result of the

buffer saturation, and represent the time difference between the last event in a successfully readout
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buffer, and the next event recorded following a saturation delay. Thus the centroid value is a linear

combination of the average saturation readout delay (large) plus the time to first event following

acquisition start being enabled once again (small).

There is a secondary dead time effect to take into consideration, at the higher intensities there is

a loss of events with small time between events. This additional loss can be seen in the highest

intensity 7.000 MeV measurements. Unlike figure 5.16 the highest intensity measurement shows a

change to the Poisson distribution of the counts, refer to figure 5.17. The source of these additional

losses are still under investigation.

Figure 5.17: Counts as a function of time between events in µs for the highest intensity 7.000 MeV

measurement. Unlike the saturated data set in figure 5.16 there is an addition loss of events which can

be seen in the deviation from the Poisson distribution at very small time between events, in the inset

axis.

To correct fully for the digital buffer saturation (kS), one must correct for both saturation effects

shown. One approach to this is to use the time between events distribution to correct for both.

Summing the events in the distribution attributed to the buffer read out freeze period, weighted by

their time, produces the total time that the digitiser was frozen and unable to acquire any events

(tsat). Using this time we define kbu f as the proportion of the live time (the total acquisition time

less the time that the buffers were all saturated) to the total acquisition time (ttot), as shown in

equation 5.6.

kbu f =
ttot

ttot− tsat
(5.6)
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In the case of extreme buffer saturation the secondary saturation effect should be corrected for with

an additional scaling factor k∆t, which is demonstrated in figure 5.17 in the inset axes. This can be

corrected by calculating the proportion of missing events from the deviation from the Poisson dis-

tribution. This correction factor is currently not well understood and requires further investigation.

The raw, buffer corrected (kbu f ) and additional missing counts at low ∆t corrected (kbu f k∆t) count

rates measured by the digitiser have been plotted against the monitor count rate in figure 5.18 for

each of the different acquisition window sizes; (a) 1024, (b) 512 and (c) 256 samples. The low

intensity measured count rates were used to determine the linear fit (black dashed line in the figure)

representing the proportionality of the two quantities in the case of insignificant dead time effects.

The correction factor for buffer saturation occurring at large ∆t (kbu f ) corrects for the data sets

where there is little to no events lost at low ∆t, and produces a higher saturation point. The higher

the intensity the greater loss of events at low ∆t. The correction factor k∆t is not correcting for the

lost events entirely. In figure 5.18a at the extreme intensities k∆t produces inconsistent behaviour

and the resultant corrected count rates being much larger than expected. For the other two acqui-

sition window lengths, shown in figure 5.18b and c k∆t appears to be under correcting, implying

additional effect which has not been corrected for.

Since the k∆t correction factor produces inconsistent behaviour the results presented for the rest of

the chapter only include the correction factors kbu f and kS.
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(a) 1024 samples

(b) 512 samples

(c) 256 samples

Figure 5.18: Plot of the digitiser acquired rate against the associated monitor rate for varying intensity

neutron beams for the measured rates, R ( ), the buffer saturated corrected rates, kbu f f R (×) and the

corrected for the additionally missing counts at low ∆t, kbu f f k∆tR (N) for the three different sample

sizes; (a) 1024, (b) 512 and (c) 256. The fitted line represents the line of y = 24x+ 7300 representing

the proportionality at low intensities when dead time factors are negligible.
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5.3.3 Unfolding

The neutron spectra in figure 5.10 were unfolded through the same two-stage unfolding process as

the analogue measurements. The final unfolded neutron spectra all had solutions with a reduced χ2

value of under 4.0. Figure 5.19 shows the measured and refolded fitted light output neutron spectra

for the four standard intensity measurements. There is good agreement for the four measured

spectra. As was seen in the refolded spectrum of the MPA 2.500 MeV neutron measurement (figure

4.5(b)) there is an small deviation from the measured light output spectrum at around 0.3 MeVee

which is not physical.

Figure 5.19: Neutron light output spectra measured with the digital acquisition system for four neutron

fields with nominal energies of (a) 1.200 MeV; (b) 2.500 MeV; (c) 5.000 MeV and (d) 7.000 MeV for

the standard intensities. The refolded light output spectra from the unfolding calculations have been

included as the light blue line in each of the plots.

The resultant unfolded neutron energy spectra, ΦE , for the standard intensity measurements have

been plotted in figure 5.20. Other than the primary peak, there are the expected secondary lower

energy peaks attributed to secondary reaction channels with carbon and oxygen in the TiT target

[108]. For the 1.200 MeV measurement the unfolded spectra showed significant asymmetry in the

primary peak, this has been attributed to the neutron edge for this measurement being close to the

threshold on the measurements making it difficult to unfold the measurement. The asymmetry in

the peaks for the 2.500 MeV, 5.000 MeV and 7.000 MeV measurements are attributed to energy
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loss within the target.

(a) (b)

(c) (d)

Figure 5.20: Scaled using the monitor value associated with the cumulative charge, the MAXED un-

folded neutron energy spectra measured with the digital acquisition system are plotted for four neutron

fields with nominal energies of (a) 1.200 MeV; (b) 2.50 MeV; (c) 5.000 MeV and (d) 7.000 MeV for the

standard intensities. Effects of pile up are visible in (d) by the small feature at 8.5 MeV. These spectra

are not corrected for dead time or pile up effects. The lower energy peaks are attributed to secondary

reaction channels with carbon and oxygen in the TiT target [108]

5.3.4 Peak Neutron Energy Uncertainty Analysis

Using the same method of analysis as for the analogue energy calculations, a Gaussian function

was fitted to the primary peaks and the centroid of the distribution is taken as the best estimate,

Eobs
n,peak, for the energy measured. The uncertainty in the fit parameters is small in comparison to the

uncertainty introduced in the MeVee calibration. The results of the fitting along with the TARGET

calculated expected values are given in table 5.2.
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Table 5.2: Calculated and measured (obs) values for the peak neutron energy for the standard intensity

neutron energy measurements made with the DT5730 CAEN digital acquisition system.

Ecalc
n,peak (MeV) Eobs

n,peak (MeV)

1.200 ± 0.003 1.160 ± 0.030

2.500 ± 0.004 2.632 ± 0.059

5.000 ± 0.003 5.150 ± 0.085

7.000 ± 0.006 7.24 ± 0.12

Since the digital long gate was chosen to match the analogue measurements there is a similar

disagreement between the Gaussian fitted primary peaks and the expected values as was seen in the

analogue measurements. To account for this the same correction factor must be applied, kRM. An

additional scaling factor can be introduced to account for differences introduced by the choice of

long gate, kD.

However, since there is no way to deconvolve the two scaling factors from each other and no way

to determine their combined value, a correction factor can be applied to scale the results linearly to

account for the difference between the measured values and the simulated calculated values, kRMD.

Unfortunately, due to the anode only information and the outdated response functions, it is not

possible to show that kRMD is equal to the combination of kD and kRM.

In the same way that kRM was determined for the analogue measurements, figure 5.21 shows the plot

of Eobs
n,peak versus Emeas

n,peak allowing us to apply a linear fit. The linear fit has a gradient of 1.019(79)

and an intercept of 0.010(42) MeV. Included in the plot is the line of Eobs
n,peak = Emeas

n,peak to indicate

the line of best agreement between the values.

Figure 5.21: The observed neutron peak energies (MeV) vs the calculated neutron peak energies (MeV).

The red line has a slope value of 1.019(79) and an intercept value 0.010(42) MeV.



Chapter 5. Single Channel Digital Data Acquisition 73

The scaling factor applied, kRMD, is then defined as the inverse of the gradient of a fitted linear fit

between the expected values (figure 5.21) for the primary peaks and the measured values, according

to equation 5.7.

kRMD :=
1
m

= 0.9812(97) (5.7)

The final neutron energy measurement, Emeas
n,peak, quoted is then defined by equation 5.8.

Emeas
n,peak = kRMDEobs

n,peak (5.8)

The uncertainties in Emeas
n,peak is then the combined uncertainties of the MeVee calibration and the

scaling factor kRMD. The scaling factor uncertainty is defined by propagating the fit uncertainty in

the fitted gradient through to the inverse. Equation 5.9 defines the final combined uncertainty.

u
(
Emeas

n,peak
)
= Emeas

n,peak

√√√√[u
(
Eobs

n,peak

)
Eobs

n,peak

]2

+

[
u(kRMD)

kRMD

]2

(5.9)

The best estimates for the unscaled measured primary peaks have been tabulated in table 5.3 along

with both the expected calculated values from the beam conditions using the TARGET code [92]

and the final scaled measured values. The final values Emeas
n,peak all agree with the expected values

Ecalc
n,peak within 2σ. For the 1.200 MeV standard intensity measurement the voltage threshold limited

the line shape of the spectra significantly, affecting the unfolded neutron energy spectrum.

Table 5.3: Calculated and measured final values for the standard intensity neutron energy measurements

made with the DT5730 CAEN digital acquisition system.

Ecalc
n,peak (MeV) 1.200(3) 2.500(4) 5.000(3) 7.000(6)

Eobsn, peak (MeV) 1.160(30) 2.632(59) 5.150(85) 7.24(12)

Emeas
n,peak (MeV) 1.160(30) 2.582(63) 5.053(97) 7.10(14)
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5.3.5 Peak Fluence Intensity Uncertainty Analysis

For fluence measurements, the counts in the primary peak in the raw unfolded neutron spectra are

summed
(
Φobs

E,peak

)
, and then scaled appropriately to produce Φmeas

E,peak in the desired units. Equation

5.10 shows the method by which Φobs
E,peak was calculated.

Φ
obs
E,peak =

i+3σ

∑
j=i−6σ

φ j, (5.10)

where φ j is the jth channel of the raw unfolded neutron energy spectrum φ, i is the centroid channel

of the primary peak and σ is the standard deviation of the peak in channels. The summation over

the peak is asymmetrical due to the asymmetry in the peak due to energy loss in the target.

The uncertainty in Φobs
E,peak is then the combined uncertainty in each of the channels. The uncertain-

ties are combined by the square root of the sum of the squared values for each channel as shown in

equation 5.11.

u
(
Φ

obs
E,peak

)
=

√√√√ i+3σ

∑
j=i−6σ

u(φ j)2 (5.11)

The uncertainties in each channel are determined by the ICQU UMG package (appendix A). The

package propagates the uncertainties in the measured neutron light output spectra through the un-

folding fitting process. The uncertainties in the neutron light output spectra include the uncertainty

due to counting and binning and uncertainty introduced by the PSD cuts. For more detail on these

uncertainties refer to section 4.4.

In order to express our final fluence (Φmeas
E,peak) in units of neutrons cm−2 µC−1, the raw quantity

calculated in equation 5.10 is scaled by the charge integrator count (Q) and then corrected for dead

time and pulse pile up effects, as shown in equation 5.12.

Φ
meas
E,peak = kDT

Φobs
E,peak

Q
, (5.12)

where kDT is defined in equation 5.13 to include contributions from buffer saturation (kS) and pulse

pile up (kPU ).

kDT = kS kPU (5.13)
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For the standard intensity measurements, other than the 1.200 MeV measurement, the digitiser was

operating below buffer saturation so kS takes on the value of unity within one standard uncertainty.

This correction factor and how to calculate them are discussed in detail in section 5.4.

The standard uncertainty in the final fluence value, Φmeas
E,peak, is then:

u
(
Φ

meas
E,peak

)
= Φ

meas
E,peak

√√√√[u(Φobs
E,peak)

Φobs
E,peak

]2

+

[
u(Q)

Q

]2

+

[
u(kDT )

kDT

]2

, (5.14)

where

u(Φobs
E,peak) : given by equation 5.11

u(Q) : Poisson counting, takes the value of
√

Q

u(kDT ) : takes the value of kDT

√√√√[u(kS)

kS

]2

+

[
u(kPU)

kPU

]2

The scaling factors used and their uncertainties are presented in table 5.4.

Table 5.4: The calculated scaling factors with their associated uncertainties for the peak neutron fluence

calculations for the standard intensity digital measurements.

Ecalc
n,peak (MeV) 1.200(3) 2.500(4) 5.000(3) 7.000(6)

Q (µC) 2551.374(51) 336.603(18) 301.833(17) 331.364(18)

kS 1.3642(41) 1.0010(21) 1.0010(27) 1.0010(25)

kPU 1.0030(79) 1.001(21) 1.001(37) 1.002(17)

The resultant fluence measurements for the digitally measured standard intensities are presented in

table 5.5 along with their associated uncertainties and the expected literature values.

Table 5.5: The calculated neutron fluence measurements for the peak neutron fluence calculations for

the standard intensity measurements with and without the correction factors,along with their associated

uncertainties. *Uncertainties provided by ICQU on the order of ×10−6

Ecalc
n,peak (MeV) 1.200(3) 2.500(4) 5.000(3) 7.000(6)

Φobs
E,peak (×104cm−2) 71.02* 29.23* 12.85* 23.35*

Φmeas
E,peak (cm−2 µC−1) 380.9(32) 869(19) 426(16) 706(12)
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5.4 Measurements at Higher Intensities

Several measurements were made with the BC501A detector and the CAEN digitiser (section 3.1.4)

of varying beam current for nominal neutron energies of 2.500 MeV, 5.000 MeV and 7.000 MeV.

Counts as a function of pulse shape and light output parameters have been plotted for beam currents

of 0.140 µA, 0.593 µA, 1.180 µA and 2.500 µA for the primary neutron energy of 7.000 MeV in

figure 5.22. The shape of the proton and electron loci are consistent throughout but the proportion

of the pile up events that occur increase as a function of intensity as expected. The source and effect

of pile up events has been discussed in section 5.3.1.

(a) (b)

(c) (d)

Figure 5.22: Counts as a function of S and L measured with the digital acquisition system for four

neutron fields with a nominal energy of 7.000 MeV for beam currents of (a) 0.140 µA; (b) 0.593 µA;

(c) 1.180 µA and (d) 2.500 µA. The the cut applied used to separate the gamma-ray and neutron induced

events is indicated by the red line.
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The events associated with the LED pulser in the detector have been removed from the measure-

ments between L values of 3.5 MeVee to 4.0 MeVee with an S value between 700 and 800.

The neutron light output spectra for these measurements (fig. 5.22) along with the additional inten-

sity measurements for the 2.500 MeV and 5.000 MeV neutron beams, scaled by the monitor value

Q and then corrected for dead time and pile up as per described in the sections 5.3.1 and 5.3.2, have

been plotted in figure 5.23. The correction factors and scaling factors used for the presented results

can be found in appendix D. Figure 5.23 shows the scaled neutron light output spectra for the three

different nominal energies measured with the digital data acquisition system.

The neutron line shapes should agree with each other after these scaling factors but there are still

large discrepancies, as seen in figure 5.23, which propagate to the numerical fluence measurements.

As there was with the MPA measurements of the 2.500 MeV neutron field, with the digitally ac-

quired 0.54 µA measurement has a higher resultant scaled counts than the 0.11 µA measurement

for the 2.500 MeV neutron field. Both the 5.000 MeV and 7.000 MeV measurements agree with

each other, except for the highest intensity measurement.
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(a)

(b)

(c)

Figure 5.23: Neutron light output spectra for three different nominal neutron energies (a) 2.500 MeV,

(b) 5.000 MeV and (c) 7.000 MeV. At each energy four different beam intensities were measured. The

spectra have all been scaled by the charge integrator monitor value and corrected for pile up events and

buffer saturation.
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5.4.1 Results

The resultant scaled unfolded spectra have been plotted in figure 5.24. As a result of the difference

in the neutron light output spectra shown in figure 5.23, the unfolded neutron energy spectra for the

different beam intensities do not align in amplitude, except for the 5.000 MeV measurement. All

unfolded spectra align in energy and exhibit similar energy resolution. The small peak due to pile

up only being evident at the higher intensities at each energy.

The primary peak neutron energy measurements quoted in table 5.6 have all been scaled appro-

priately using the same factors determined in section 5.3.4, equation 5.7. The raw peak neutron

fluences, Φobs
E,peak, for each of the beam conditions, along with the associated scaling factors kPU ,

ks and Q, can be found in table D.1 in appendix D. The fluence values presented in table 5.6 were

calculated from the energy spectra produced by the ICQU UMG package and are scaled using the

charge integrator monitor value, Q, and corrected for pile up and buffer saturation effects.

Table 5.6: The calculated neutron fluence measurements for the peak neutron fluence calculations for

the standard intensity measurements with and without the correction factors, along with their associated

uncertainties.

Ecalc
n,peak

[MeV]

Beam Current

[µA]

Emeas
n,peak

[MeV]

Φmeas
E,peak

[cm−2 µC−1)

2.50(04)

0.108 2.589(65) 844(34)

0.540 2.582(63) 869(19)

1.160 2.602(64) 687(15)

2.770 2.580(63) 633.4(77)

5.00(03)

0.122 5.090(97) 432(19)

0.585 5.053(97) 426(16)

2.570 5.096(98) 427.5(58)

5.100 5.054(97) 390.2(45)

7.00(06)

0.140 7.16(14) 726(26)

0.593 7.10(13) 706(12)

1.180 7.14(13) 697(14)

2.500 7.09(14) 402.1(50)
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(a) (b)

(c) (d)

(e) (f)

Figure 5.24: Unfolded fluence spectra, in cm−2µC−1, for the different intensity beams at the nominal

energies of (a) 2.500 MeV, (c) 5.000 MeV and (e) 7.000 MeV, plots (b), (d) and (f) show only the nominal

peaks of the same spectra respectively. All spectra are corrected for pile up and buffer saturation.



6. Dual Channel Digital Data Acquisition

Additional measurements were made at the n-lab facility [111] at the University of Cape Town

(UCT). These measurements were made to further address the issue of choice of long gate for digital

neutron measurements without time-of-flight information which was demonstrated in section 5.1.3.

Thus the digital pulse height parameter and its relationship to L is explored in further detail within

this section.

6.1 n-lab Facility

The fast neutron facility (n-lab) falls within the Metrological and Applied Sciences University Re-

search Unit (MeASURe) in Department of Physics at UCT. The n-lab features a Thermo MP-320

[112] sealed tube neutron generator (STNG) which produces mono-energetic neutrons of approxi-

mately 14 MeV through a deuterium-tritium fusion reaction. Neutrons can be produced in pulsed

or steady state mode with variable beam current up to a maximum of 60 µA. Operating optimally

the STNG can produce rates of up to 108 neutrons per second into 4π steradians.

Additional to the STNG, the n-lab provides a broad neutron energy spectrum ranging from the

thermal range to 11 MeV through the use of a 220 GBq 241Am-9Be radioisotopic source. The

AmBe source produces approximately 107 neutrons per second into 4π steradians. These two main

sources that n-lab hosts make the facility able to cater to a wide range of measurements.

The two sources are housed in a well shielded vault consisting of high-density polyethelene (HDPE)

with a variable size collimator producing a pencil beam of neutrons in the experimental area, refer

to figure 6.1 for a layout of the facility. The variable collimator is operated at a standard exit

diameter of 0.8 cm. The neutron fluence n-lab provides is approximately 400 neutrons cm−2 s−1

(STNG) and 40 neutrons cm−2 s−1 (AmBe) at 1.40 m from the source.

The facility includes two reference detectors used as monitors: one liquid scintillator detector em-

bedded in the vault near to the source, and a thin plastic scintillator near the exit of the collimator.

These two detectors are used to monitor the neutron emission rate, and to scale all measurements

to the same fluence for comparative measurements.

81
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Figure 6.1: (a) A schematic of the layout of the n-lab facility at UCT, showing the vault enclosing the

sources along with the experimental measurement area and control section. (b) A photograph of the

standard EJ301 detector on the positioning system within the experimental area.

The standard detector used for neutron measurements at the facility is a 50 mm x 50 mm cylindrical

EJ301 liquid scintillator [113] optically coupled to a Scionix supplied ETL 9214 12-stage photo-

multiplier tube [114] and base, operated at a HV negative bias of 1100 V. This detector is equivalent

in scintillator chemistry to the BC501A liquid scintillator detector used for the measurements taken

at AMANDE, this setup is then ideal for follow up measurements.

6.2 The Digital Pulse Height Parameter

Considering a standard organic liquid scintillator detector such as the BC501A or EJ301 detector,

the ionisation and energy deposition is considered instantaneous in conjunction with the resultant

scintillation light producing free charge within the photomultiplier tube (PMT). The intensity of

the scintillation light is proportional to both the energy deposited in the scintillation medium and

the amount of free charge produced in the PMT.

The charges produced are then multiplied through a set of dynodes which create an electron cas-

cade. Once all the charge reaches the anode the charge induction ceases [115], tc. This processes,

typically referred to as charge collection, creates an electronic signal. The time integral of this

signal, i(t) for t = [0, tc], is then equal to the total charge produced from the energy deposited in the

scintillation medium.
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An equivalent circuit of the base anode electronics consists of a parallel RC circuit, shown in figure

6.2. The scintillation light is assumed to decay exponentially with decay constant λ, thus i(t) can

be described by:

i(t) = i0e−λt , (6.1)

where the i0 refers to the initial current and be determined through the total time integral of i(t)

being equal to the total charge induced, Q. The resultant expression for i(t) is then given by

i(t) = Qλe−λt . (6.2)

Figure 6.2: Circuit schematic of the anode elec-

tronics with resistor R, capacitor C and current

i(t). The voltage across the capacitor or resistor

is given by V (t).

Additionally, the current i(t) must be equal to the sum of the current in the resistor and capacitor

branches:

i(t) =C
dV (t)

dt
+

V (t)
R

. (6.3)

Combining equation 6.2 and 6.3 a differential equation for the voltage V (t) is given by

dV (t)
dt

+
V (t)
RC

=
λQ
C

eλt . (6.4)

With an inital condition of V (0) = 0, the voltage is

V (t) =
1

λ−Θ

λQ
C

[
eΘt− e−λt], (6.5)

where Θ = 1/RC. In the case of Θ� λ (large time constant relative to Θ, dynode electronics)

the amplitude of the pulse tends to Q/C, while for Θ� λ (short constant relative to Θ, anode

electronics) the amplitude of the pulse tends to λQ/ΘC.
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The pulse height parameter is to be defined such that it is proportional to the energy deposited in

the detector. This parameter must be determined from the output of the detector i(t) and can be

determined in a number of ways [110]:

• integrate on the sensor capacitance

• charge sensitive pre-amplifier (CSP) along the dynode and determine the pulse height

• amplify i(t) and use a charge collecting ADC

• sample the anode voltage at a high frequency and digitally integrate

In traditional analogue electronics systems typically use a CSP in conjunction with an amplifier

along the dynode output [13] to produce the light output parameter L from the amplitude of the

event. The CSP integrates the current pulse with the use of a long time constant capacitor, convert-

ing the collected charge into a voltage amplitude, refer to equation 6.6 where Vdyn is the potential

difference measured across the capacitor, Q is the total collected charge and C is the capacitance of

the capacitor.

Vdynode =
Q
C

(6.6)

After this integration the information of the energy deposited in the detector is carried in the ampli-

tude of the pulse. The critical parameter in these systems is the total capacitance in the system. The

greater the capacitance the smaller the signal-to-noise ratio (SNR) [110]. This is usually applied

to the dynode output of the detector due to the long time constant of the dynode electronics chain

resulting in a better energy resolution while the fast timing aspect of the anode is better for mea-

surements requiring good time resolution, such as the pulse shape parameter determined through

a zero-crossing method. The larger time constant on the dynode chain allows for one to measure

the voltage being proportional to the collected charge even without a pre-amplifier or amplifier, but

due to the load of the analogue electronics the pre-amplifier is necessary.

The measurements were made with a pre-amplifier and amplifier on the dynode acquired at the

same time as the anode. Although the digitiser is significant loading on the anode, the anode was

acquired without a pre-amplifier in order to relate to the measurements made at the IRSN.
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The CAEN digitiser connections make use of a 50 Ω terminator to impedance match with the

NIM/TTL signals on LEMO connectors to ensure that the input of the digitiser is on the same

order of magnitude as the output of the equivalent analogue readout output. The 50 Ω terminator

is a considerable load on the dynode and anode. Due to the low impedance of the anode (as a

requirement for timing resolution for PSD) a pre-amplifier should be used between the output of

the anode or dynode to the digitiser in order to maintain the integrity of the pulse.

The digital equivalent of the analogue CSP along the dynode chain, is to digitally integrate or sum

the raw anode pulses over time. A single current pulse is measured across a resistor resulting in

a voltage pulse described by equation 6.7, where Vanode(t) is the raw anode voltage as a function

of time, i(t) is the time dependent current pulse and R is the resistance of the resistor which the

current pulse is measured across. The voltage pulse must therefore be integrated to obtain the charge

Q, which should be proportional to the energy deposited in the detector [13], as demonstrated in

equation 6.8, where t0 is the beginning of the event and tL is the charge collection time, or some

reasonable time to encompass the pulse. As expected for a small tL, with regards to the duration

of the pulse, the full charge would not be determined while for tL tending to infinity, additional

contributions due to noise and baseline variation would become larger.

Vanode(t) = i(t)R (6.7)∫ tL

t0
Vanode(t)dt = R

∫ tL

t0
i(t)dt ≡ RQ (6.8)

An important choice in determining L digitally is then the integration time tL (long gate). For a

single event without noise or baseline variation, the ideal long gate would be tL = inf, but due to

practicalities we require tl < inf. The longer the window of integration the greater percentage of

pile up events, even in such low event rates such that pile up events would be unlikely an extremely

long integral window starts to decrease the SNR due to the portion of the window where the noise

is dominant.

Due to the different pulse shapes caused by the different interacting radiation there is an additional

factor to consider in the choice of tL. Referring to figure 6.3, the two neutron pulses that have been

plotted have the same apparent energy in MeVee as a gamma-ray for two integral times of 300

ns and 800 ns respectively. This shows that the relationship between the gamma-ray and neutron

scales change as a function of long gate and directly affects the results one would get from unfolding

neutron energy from a MeVee calibrated neutron light output spectrum. The issue of a long gate

choice is therefore not present when only dealing with gamma-ray measurements, or time-of-flight

neutron spectrometry.
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The unfolding process is heavily reliant on a well characterised detector relative to the response

functions. Response functions have, in the past, been calibrated to the detector through empirical

measurements made with the standard analogue acquisition system used with that detector, in this

case the dynode pulse height. These measurements determine the relationship between a light

output spectrum calibrated to electron equivalent MeV (MeVee) and the associated neutron line

shape which determines the neutron energy in MeV. For the case of integrating the anode pulse this

relationship is different as a function of neutron energy and integration time of the pulses, as shown

in figure 6.3.
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Figure 6.3: Plot showing the pulse shape of a gamma-ray and two neutron pulses. The neutron pulses

are the MeVee equivalent to the gamma-ray pulse for two different long gate choices, 300 ns and 800 ns.

6.3 The Measurements

The measurements presented in this section were made with the 0.8 cm diameter collimated 14.1

MeV neutron beam produced by the STNG by accelerating deuterium incident on a zirconium

doped tritium target with a beam current of 60 µA and accelerator voltage of 80 kV. The reference

detector was placed directly in the neutron beam line at 1.68 m from the centre of the STNG target.

A CAEN DT5730 desktop digitiser was used to acquire the anode signal along with the dynode

signal after a 100 pF CSP and an amplifier. The amplifier was set to 50 V coarse gain and a 0.5 µs

shaping time. The high voltage was set to -1.07 kV. The raw anode pulses were acquired in channel

0 and the dynode through the pre-amplifier and amplifier were acquired on channel 1. For each

triggered event, both the anode and dynode outputs were acquired.
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With the raw pulses from the two channels two sets of pulse height parameters can be extracted, the

digitally integrated raw anode pulse following equation 6.8 (anode integral) and the equivalent of

the analogue pulse height parameter from the dynode chain and extracting the acquired pulse am-

plitudes (dynode PH). These can then be used to investigate the behaviour of the digitally integrated

anode pulse in comparison with the analogue equivalent pulse height, dynode PH. The dynode PH

is independent of post acquisition choices.

The pulse shape parameter is calculated in the standard digital charge comparison method as in

chapter 3, equation 2.7, using the ratio of a shorter integral to a longer integral bound of the same

anode pulse. The short integral length was set to being 30 ns from the start (defined by the CFD as

per the previous chapters, for more information on the digital CFD refer to chapter 5).

Figure 6.4 presents counts as a function of pulse shape parameter (S) and the dynode chain pulse

height parameter L, for the AmBe radioisotopic source measurement and the 14.1 MeV neutron

beam along with their associated cuts to separate the neutron induced events from the gamma-ray

induced events.

Figure 6.4: Count rate as a function of pulse height parameter, dynode PH, and the pulse shape parame-

ter for (a) the AmBe radio-isotopic source and (b) the 14.1 MeV neutron beam. Small amounts of pulse

height saturation occurring at around 9.5 MeVee in both measurements. The red line indicates the cuts

chosen to separate the neutron induced events from the gamma-ray induced events.

For the MeVee calibration the gamma-ray sources used were 22Na, 60Co, 54Mn, 137Cs and the radio-

isotopic AmBe source. For each long gate chosen there is a different MeVee calibration, presented

in figure 6.5. The three different long integral lengths used for the results presented are 50 ns, 450

ns and 1700 ns.
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These integral lengths have been chosen to investigate the consequences of having an integral

which: does not include all the charge information (50 ns), a reasonable choice (450 ns) and an

integral time with a significant portion of the window which is baseline (1700 ns).

Figure 6.5: Gamma-ray calibrations for the anode integral lengths of 50 ns, 450 ns and 1700 ns using

a weighted linear least square fit. The fitted calibrations have gradients of 0.001428(11) longint/MeVee,

0.001356(11) longint/MeVee and 0.001340(14) longint/MeVee respectively.

6.4 Long Gate Choice

The two different pulse height parameters calculated either along the anode or the dynode chain

should be proportional to each other by definition. If these two pulse height parameters are equiv-

alent, or at least proportional to each other, they should be linear with respect to each other with

gamma-ray and neutron induced events being equivalent in both parameters. Considering the ratio

of two parameters plotted in figure 6.6, the difference between the parameters is evident through the

separation of events. The distribution of this ratio would also provide the scaling factors required

for both the neutron and the gamma-ray induced events to ensure the relationship between the two

would be equal to the empirical relationship between neutron and gamma-ray MeVee scales in the

analogue measurements.

The distribution plotted in figure 6.6 shows events as a function of the ratio of the two pulse height

parameters and the anode integral for the AmBe data set. The separation of the neutron and gamma-

ray associated events seen forms due to the choice of the anode integral forming a charge integral

comparison using the anode integral (short integral) and the dynode PH (total energy deposited

in the detector as defined by the dynode PH). If the choice of anode integral length produced a

quantity which is proportional to the total energy deposited in the detector this should give a single

peaked distribution. Any other choices of anode long integral length would result in the split of the

two distributions in the ratio as seen in figure 6.6.
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(a) (b)

(c)

Figure 6.6: The same counts as a function of

the ratio of the two pulse height parameters and

anode integral of an AmBe source for integral

lengths of (a) 50 ns, (b) 450 ns and (c) 1700 ns.

The separation of events indicating the relation-

ship between the neutron and gamma-ray scales

as a function of integral length.

The integral length which results in the distributions converging allows a pulse height parameter to

be determined which is proportional to the analogue neutron and gamma-ray pulse height param-

eter. This L would include the same relationship between the neutron MeVee and the gamma-ray

MeV. Any separation in the ratio plotted in figure 6.6 is undesirable and will lead to incorrect neu-

tron energy measurements through unfolding using the response functions calibrated through the

analogue measurements.

Histograms of the ratio of the two pulse height parameters for three different long gate choices can

be seen in figure 6.7 (a). The three different long gates show how the neutrons and the gamma-ray

loci move as a function of long gate choice. The choice of 50 ns acts similarly to a short integral

and essentially the ratio becomes a charge comparison and becomes equivalent to the pulse shape

parameter used digitally. As this integral increases there is a point where the distributions merge

and peak maximally. As the length of integral increases past this point the neutron distribution

begins to separate from the gamma-ray peak and disperse due to the integral including a greater

portion of noise. This plot demonstrates how the choice of long gate determines the relationship

of the gamma-ray induced pulse height parameters to the neutron induced pulse height parameters.
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In order to ensure that our digital pulse height parameter is the same as the analogue pulse height

parameter we can determine when these two distributions converge.

Another way to determine the long gate which produces the best convergence is to consider the

width of the distribution or the figure of merit of the two distributions, the width can be determined

as the sum of the full width half maxes for the two distributions. A measure of the width of these

two distributions as a function of long gate has been plotted in figure 6.7 (b), where the minimum

was taken as the best estimate for the best choice for long gate and was determined to being 450 ns.

It is desirable to determine this long gate because the distribution in figure 6.6 show how the neutron

locus is not entirely linear with pulse height at low pulse height values. This would mean when the

distributions are not converged a non-linear scaling factor would need to be applied for accurate

neutron measurements through unfolding. If a constant scaling factor would be applied to this

distribution the neutron distribution would still disagree at lower energies. One can use the scaling

factors kn/γ

lg obtainable from the peaks of distributions of the ratio of the pulse height parameters,

as seen in figure 6.7 (a) and table 6.1, to account for any choice in long gate. Due to the non-linear

behaviour of the neutrons at low pulse height values, the method which would result in the lowest

uncertainty on the measurement would be to obtain the long gate that produces the best convergence

in this ratio.

(a) (b)

Figure 6.7: Distributions of the ratio of the two pulse height parameters for three different long gate

choices (a); 50 ns in blue, 450 ns in orange and 1700 ns in green. The effective width of this distribution

has been plotted as a function of long gate (b) to determine the long gate which produces the best

convergence of the two distributions, which was chosen to be 450 ns.
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Table 6.1: Table of the scaling factors kn/γ

lg for the neutron and gamma-ray loci, respectively. Determined

from the ratio of the dynode PH to the anode integral of an AmBe measurements (figure 6.7) for the

integral length of 50 ns, 450 ns and 1700 ns.

Anode Integral Length (ns) kn
lg kγ

lg

50 0.1600(14) 0.1435(10)

450 0.1355(10) 0.1355(10)

1700 0.1270(21) 0.1325(13)

6.5 Results

The neutron light output and energy spectra are produced through the same means as the spectra

from the data measured at AMANDE, detailed in chapters 3, 4 and 5. The neutron cuts were

calculated in the same way and all pile up events were included in the spectra following. The

unfolded energy spectra were determined using GRAVEL and MAXED.

6.5.1 14 MeV Neutrons

The MeVee calibrated light output spectra for the different three long gates (figure 6.6) have been

plotted in figures 6.8 and 6.9 with the light output spectra produced from the dynode PH. The

unscaled spectra, figure 6.8, are the raw calibrated light output spectra of the selected long gates.

The scaled neutron light output spectra, figure 6.9, are the raw neutron light output spectra (figure

6.8) scaled by the factors determined in table 6.1 which were applied to the data before MeVee

calibration. The effect of the long gate is most noticeable around the neutron edge for the unscaled

spectra (figure 5.8) consequentially the unfolded results are inconsistent with each other as evident

in figure 6.8 (b).

The unscaled unfolded neutron energy spectrum for the long gate of 1700 ns in figure 6.8 (b) has

an abnormal addition to the expected single peak, it is unclear what produces this artefact. The

scaled neutron light output and energy spectra, figure 6.9 (a) and (b) respectively, are in much

better agreement than the unscaled results. In contrast to the unscaled unfolded results there is an

anomaly in the scaled unfolded neutron energy spectrum determined using a long gate of 50 ns.

Applying the scaling factors obtained from the loci in figure 6.6(a) the edges align within uncer-

tainty. The resultant peak centroids and their associated variances can be seen in table 6.2.
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(a) (b)

Figure 6.8: Plots showing the unscaled MeVee calibrated light output spectra (a) and unfolded neutron

energy spectra (b) for integral lengths of 50 ns, 450 ns and 1700 ns for the measurements made with the

14 MeV neutron beam at n-lab.

(a) (b)

Figure 6.9: Plots showing the scaled MeVee calibrated light output spectra (a) and unfolded neutron

energy spectra (b) for integral lengths of 50 ns, 450 ns and 1700 ns, for the measurements made with

the 14 MeV neutron beam and n-lab.

Table 6.2: The resultant peak centroids along with their standard deviations, measured from the

MXD MC33 unfolded neutron energy spectra presented in figure 6.9(b)

Spectrum
Peak Centroid

[MeV]

Standard Deviation

σ [MeV]

Dynode PH 14.14 0.18

Anode Integral (50 ns) 14.15 0.22

Anode Integral (450 ns) 14.02 0.20

Anode Integral (1700 ns) 14.00 0.22
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The use of the data file with the two channel acquisition allows for one to determine the optimal long

gate, relative to the analogue equivalent (dynode PH), for the lowest uncertainty measurements,

along with its scaling factor without prior knowledge of the radiation field measured.

The dual channel acquisition set up requires one additional calibration measurement to determine

the best long gate and scaling factor. This can be done with a calibration source which emits both

neutrons and gamma-rays and applied to all other measurements, provided the detector is being

operated within the recommend HV range where the response to the scintillation light is then linear

with intensity.

The scaling factors obtained in the ratio of the pulse height parameters allows for one to correct for

any choice of long gate. For the best measurements, with respect to preserving the line shape of the

response functions, one should choose the long gate based on the convergence of the gamma-ray

and neutron loci in the ratio of the two pulse height parameters.

6.5.2 241Am-9Be

The same analysis applied to the 241Am-9Be radioisotopic calibration source data sets to investigate

the effectiveness of such analysis across a larger neutron energy range. Figure 6.10 shows (a) the

unscaled MeVee calibrated light output spectra for the dynode PH and the three chosen anode

integrals, along with (b) the normalised unfolded results for the plotted light output spectra plotted

in (a). As expected, the light output spectra do not align with each other and this influences the

unfolded results, with the largest disagreement with the dynode PH neutron light output spectrum

being the spectrum obtained using the anode with an integral time of 50 ns. The neutron light

output spectra determined from the anode measurements with integral times of 450 ns and 1700 ns

are in better agreement with the expected dynode PH neutron light output spectrum. The unfolding

was completed with MXD MC33 using the AmBe ISO standard fluence spectrum as the default.

The spectra can be compared through the use of the maximum difference ∆m and coefficient of

variation Cν. The maximum difference is used as a metric for the magnitude and nature of the

largest difference between the distributions being compared. Defining Fi(E) as the ith channel of

the primary distribution F as a function of energy E and Gi(E) as the ith channel of the distribution

G, that is being compared to F , the maximum difference is defined as:

∆m = max
[
Fi(E)−Gi(E)

]
i∈[0,N]

, (6.9)

where N is the total number of channels.
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Figure 6.10: Plots showing the unscaled MeVee calibrated light output spectra (a) and unfolded neutron

energy spectra (b) of the AmBe measurements, for integral lengths of 50 ns, 450 ns and 1700 ns along

with the AmBe ISO standard fluence spectrum.

Since ∆m does not provide a measure of how well G(E) agrees with F(E), the coefficient of varia-

tion Cν, defined in equation 6.10, is used to determine the average deviation from F(E).

Cν =
1
¯F(E)

√
∑

N
i=0
[
Fi(E)−Gi(E)

]2
N

(6.10)

The coefficient of variation produces a value of zero if F(E) = G(E) and otherwise is presented as

a percentage indicating how closely G(E) follows F(E) over the entire range, with respect to the

mean of F(E).

The dynode PH AmBe spectrum is defined as F(E), and the final resultant anode integral unfolded

spectra as G(E). The results of the shape analysis for the unscaled AmBe unfolded spectra are

presented in table 6.3.

Table 6.3: Table of the maximum differences (∆m) between the dynode PH AmBe spectrum and the un-

scaled measured unfolded spectra along with the coefficient of variation (Cν) for the difference between

the two respective spectra.

Spectrum

G(E)

Maximum Difference

∆m

Coefficient of Variation

Cν

Anode Integral (50 ns) -0.0095 0.150

Anode Integral (450 ns) -0.0029 0.043

Anode Integral (1700 ns) 0.0064 0.083
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The coefficient of variation values presented in table 6.3 indicate, as expected, that the spectrum

with the largest difference and variation in shape with the dynode PH AmBe spectrum is the anode

integral of 50 ns. The spectrum with the smallest difference and the least variation off the expected

is the anode integral of 450 ns. The coefficient of variation for the anode integral of 1700 ns is

almost double that of the integral of 450 ns, indicating increased variation relative to the dynode

PH spectrum.

The scaled MeVee calibrated light output spectra for the dynode PH and the three chosen anode

integrals agree with each other, refer to figure 6.11(a). The corresponding unfolded spectra can be

seen in figure 6.11(b) showing a much better agreement with the ISO standard spectrum than the

unscaled results in figure 6.10(b).

0 1 2 3 4 5 6 7 8
Light Output (MeVee)

0

200

400

600

800

1000

1200

Co
un

ts

Dynode
Anode (50 ns)
Anode (450 ns)
Anode (1700 ns)

(a)

0 1 2 3 4 5 6 7 8 9 10 11
Neutron Energy (MeV)

0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035

0.040

Co
un

ts
 N

or
m

al
ise

d 
by

 A
re

a

Dynode
Anode (50 ns)
Anode (450 ns)
Anode (1700 ns)
ISO Standard AmBe

(b)

Figure 6.11: Plots showing the scaled MeVee calibrated light output spectra (a) and unfolded neutron

energy spectra (b) of the AmBe measurements, for integral lengths of 50 ns, 450 ns and 1700 ns along

with the AmBe ISO standard fluence spectrum

The maximum differences and coefficient of variations for the scaled unfolded spectra in compari-

son with the dynode PH AmBe spectra can be found in table 6.4.

Table 6.4: Table of the maximum differences (∆m) between the dynode PH AmBe spectrum and the

scaled measured unfolded spectra along with the co-efficient of variation (Cν) for the difference between

the two respective spectra.

Spectrum

G(E)

Maximum Difference

∆m

Coefficient of Variation

Cnu

Anode Integral (50 ns) 0.0052 0.082

Anode Integral (450 ns) 0.0039 0.059

Anode Integral (1700 ns) -0.0019 0.032
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Comparing the tables 6.3 and 6.4 there is an improvement in the Cν and ∆m due to the scaling for

the anode integrals of 50 ns and 1700 ns, while for the anode integral of 450 ns they worsened by a

small amount. The energy spectra with the largest disagreement after scaling is the anode integral

of 50 ns, with all spectra on the same order of magnitude for both Cν and ∆m. The spectrum with

the smallest ∆m and Cν after scaling is the spectrum determined using the integral length of 1700

ns.

The unfolded AmBe spectra are all close in shape to the ISO standard due to it being used as the

default spectrum and none of the solutions iterating to further than 3 iterations off the default. This

is not a rigorous demonstration of the behaviour across energy but rather a demonstration that the

solution is better behaved after scaling. Investigations with mono-energetic beams over a large

range in energy would be better suited to further determine the behaviour of this method of scaling.

6.6 Simplified Scaling

The above method allows for the determination of scaling factors without requiring a mono-energetic

beam measurement, however, if one has a mono-energetic beam measurement at a known energy

value, a χ2 minimisation can be applied to measurements to ensure agreement between the anode

light output spectrum and the measured dynode pulse height spectrum. This fitting should provide

a scaling factor for the MeVee scale which can be applied to the rest of the measured data.

For the same unscaled raw MeVee calibrated neutron light output spectra and unfolded spectra

plotted in figure 6.8 (a), a scaling factor is applied to the MeVee scale of the desired light output

spectra to match the scale of the 14.1 MeV measured dynode spectrum. The scaled spectra need

to be re-binned accordingly to be comparable across measurements. The results of this scaling can

be seen in figure 6.12, along with the associated measured peak centroid and standard deviation in

table 6.5.

The presented unfolded results required the unfolded dynode PH resultant unfolded fluence spec-

trum to be used as the default spectrum in order for MXD MC33 to converge. The solutions, with

a flat default spectrum, were unable to converge to a well fitted solution.
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Figure 6.12: Plots showing the scaled MeVee calibrated light output spectra (a) and unfolded neutron

energy spectra (b) for integral lengths of 50 ns, 450 ns and 1700 ns, for the measurements made with

the 14 MeV neutron beam and n-lab, with scaling factors of 1.070, 1.020 and 0.985 respectively.

Table 6.5: The resultant peak centroids along with their amplitudes and standard deviations, measured

from the MXD MC33 unfolded neutron energy spectra presented in figure 6.12(b)

Spectrum

G(E)

Peak Centroid

[MeV]

Peak Amplitude

Counts ×104

Standard Deviation

σ [MeV]

Dynode PH 14.14 4.92 0.18

Anode Integral (50 ns) 14.14 4.83 0.18

Anode Integral (450 ns) 14.14 4.98 0.18

Anode Integral (1700 ns) 14.14 4.99 0.18

There is excellent agreement between the different scaled light output spectra. The only significant

difference between the spectra can be seen in the small shoulder, due to the alpha contribution,

occurring at around 1 MeVee for the anode measurement with an integral time of 50 ns. This

difference at lower MeVee values implies that a single constant scaling factor applied to any anode

integral will not correct across the entire energy range. This agrees with the plot in figure 6.6

where the neutron distributions centroid changes as a function of pulse height parameter, in the

distributions obtained from the ratio of the anode measured integral to the dynode PH, resulting

in non-Gaussian neutron distributions in figure 6.7 (a). This would imply that a non-linear scaling

factor may be needed to ensure agreement across the energy range.
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The unfolded spectra presented in figure 6.12(b) appear identical. Since the results are very de-

pendent on the dynode PH unfolded neutron energy spectrum, the results all closely agree with the

centroid, amplitude and and standard deviation of the dynode PH spectrum. All unfolded results

had a χ2/dof value of 1.4. The results being not varying much between each other could indicate

that MAXED is not iterating from the default solution, this would require further measurements to

investigate and verify these results.

Applying the same scaling factors to the AmBe data, the resultant scaled AmBe measurement

can be seen in figure 6.13 along with the maximum differences and coefficient of variations are

presented in table 6.6. The unfolded neutron energy spectra presented were only able to converge on

a reasonable result using the ISO standard spectrum as the default spectrum. All spectra presented

in figure 6.13(b) were not allowed to iterate more than 3 times off of the default spectrum.
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Figure 6.13: Plots showing the scaled MeVee calibrated light output spectra (a) and unfolded neutron

energy spectra (b) of the AmBe measurements, for integral lengths of 50 ns, 450 ns and 1700 ns along

with the AmBe ISO standard fluence spectrum, with the scaling factors of 1.070, 1.020 and 0.985

respectively.

The light output spectra do not entirely agree with each other, implying the scaling factors deter-

mined through the scaling of the 14.1 MeV measurement do not work entirely across all energies,

when integration times are either extremely long or short. Despite this, in comparison with the

results presented in table 6.3 there is an improvement in the agreement with the dynode PH spec-

trum as presented in table 6.6. The spectrum associated with an anode integral of 450 ns produced

the largest ∆m and Cν. While all the spectra have ∆m and Cν of the same orders of magnitude the

spectrum with the smallest average variation relative to the dynode PH spectrum is the spectrum

produced with an anode integral of 50 ns.
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Table 6.6: Table of the maximum differences (∆m) between the Dynode PH spectrum and the scaled

measured unfolded spectra along with the co-efficient of variation (Cν) for the spectra presented in figure

6.13b, with the scaling factors of 1.070, 1.020 and 0.985 respectively.

Spectrum

G(E)

Maximum Difference

∆m

Coefficient of Variation

Cnu

Anode Integral (50 ns) -0.0039 0.056

Anode Integral (450 ns) 0.0042 0.064

Anode Integral (1700 ns) 0.0036 0.062

This scaling method provides a quicker and easier alternative to the method presented in the pre-

vious section, and produces essentially equivalent results. The only significant difference is the

dependency on a known mono-energetic beam measurement and the slight non-linearity intro-

duced through a constant scaling factor. Both methods indicate the ability to use any choice of

long integral as a comparable pulse height parameter L, with an associated scaling factor.

Acquiring energy information through the dynode PH while acquiring the anode for further infor-

mation would be the simplest solution to ensuring measurements made with a digitiser produce the

same MeVee scale as the analogue measurements, however this would result in the files acquired

becoming unreasonably large for simple measurements. Thus these methods for determining the

long gate or associated scaling factors are required for acquisition with the anode. Additional pulse

height parameters such as a triangular filter have not been considered in this work and would need

to be investigated in future. Another solution would be to determine response functions through

a digitally measured empirical calibration this would yield the correct resultant neutron energy

spectra through unfolding.



7. Discussion

A number of comparisons are possible from the results derived from the MPA-3 and DT5730 sys-

tems. A quantitative shape comparison of the measurements presented in chapters 4 and 5 allows

for further discussion on the two acquisition systems. The metrics used for comparing the shapes

of the different measured distributions are the Figure-of-Merit (FoM), coefficient of variation (Cν,

equation 6.10) and maximum difference (∆m, equation 6.9).

The FoM values provide a method to evaluate the quality of separation of the neutron and gamma-

ray distributions in the L-S density plots. For more on the definition of the FoM refer to section

5.1.2.

In this context, the coefficient of variation (Cν) is a measure of the how far the residuals differ

from zero on average, relative to the average of one of the spectra. This metric has been used in

the context of nuclear physics in the medical industry [116]. The maximum difference provide

information on the size and nature of the largest disagreement between the distributions.

7.1 Pulse Shape Discrimination

Event density plots of pulse shape parameter (S) against the light output parameter (L) for the

standard intensity measurements made with the MPA-3 and DT5730 acquisition systems, for the

neutron energies of 1.200 MeV, 2.500 MeV, 5.000 MeV and 7.000 MeV are presented in figure 7.1.

The S parameter measured by the MPA-3 system is determind through the zero crossing method

while the S calculated from the data acquired with the DT5730 digitiser is based on the charge

comparison method. Both of these methods have been detailed in section 2.2.

100
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Figure 7.1: Events as a function of S and L for the measurements made at standard beam intensities for

the four measured neutron energies: 1.200 MeV; 2.500 MeV; 5.000 MeV and 7.000 MeV for the MPA-3

(a to d) and DT5730 (e to h) acquisition systems. The PSD cuts that were applied to each of the plots

are indicated by the red lines.
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The scales of S in figure 7.1 are arbitrary as the digitally acquired S can be scaled with a simple

multiplication factor (equation 2.7). The distributions are seen to be consistent with each other, with

the only obvious difference being the distribution of pile up events, due to the different method of

calculating S between the two systems.

A Figure-of-Merit (FoM) is a useful way to compare these measurements since these density plots

are used to separate the distributions associated with gamma-ray and neutron induced interactions.

For a FoM value greater than one the loci are considered separable. The FoM changes as a function

of L, thus in order to compare the plots produced from data acquired with the two different acqui-

sition systems the FoM values were calculated from slices along the L-axis of width 0.1 MeVee.

The uncertainty in this value has been propagated through from a fit uncertainty in the centroid and

FWHM of the distribution. Figure 7.2 shows the FoM as a function of L for the measurement made

with neutrons at 7.000 MeV with the standard intensity, for the two different acquisition systems.

Figure 7.2: The FoM as a function of energy for the measurements at 7.000 MeV with the MPA-3 and

DT5730 acquisition systems.

From figure 7.2 the quality of separation of the neutron and gamma-ray loci is seen to be marginally

better for the measurements made with the MPA-3 acquisition system for reasons which are not

fully understood and require further investigation.
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7.2 Light Output and Energy Spectra

Neutron light output spectra were compared for the measurements made at standard intensities

with the MPA-3 and the DT5730 acquisition systems for a 1.200 MeV, 2.400 MeV, 5.000 MeV and

7.000 MeV neutron beams. Figure 7.3 shows the measured spectra and residuals (Ri) determined by

subtracting the spectrum measured with the DT5730 digitiser (Di) from the MPA-3 measurement

(Mi) as indicated in equation 7.1.

Ri = Di−Mi (7.1)

The largest differences in the measured neutron light output spectra occur at low MeVee values,

near the threshold limit and at the upper edge of the spectra. This difference is expected due

to the complications in the choice of the long gate for the digital measurements. The residuals

plotted (fig. 7.3) indicate that the upper edges are in better agreement for the lower neutron energy

measurements.

The resolution of the edge can not be accurately commented on for the 1.2 MeV measurement due

to the edge being near to the threshold limit, however the residuals of the 2.5 MeV measurement

indicate that the analogue measurements have a better resolution.

The difference in the upper edge changes the MeVee range in which the spectra have been nor-

malised. The digitally measured spectra typically have an edge of a lower MeVee value than the

analogue spectra the digital spectra and thus, in the 5.000 MeV and 7.000 MeV spectra, have a

higher normalised counts along the plateau region of the spectra. The undershooting in the residu-

als is then an artefact of normalisation.

The metrics used to further compare the spectra are the coefficient of variation (Cν) and maximum

difference (∆m). Table 7.1 presents these values for the spectra being compared in figure 7.3.

The spectrum with the largest coefficient of variation and residual when compared with the MPA-3

measurement is the DT5730 measurement at 1.200 MeV. This is not surprising as the upper edge

of the neutron light output spectra for these measurements is very close to the applied acquisition

threshold. The spectra which demonstrate the best agreement with each other are those at a neutron

energy of 5.000 MeV.
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Figure 7.3: Measured light output spectra normalised to an area of one (a) and residuals (b) for the

same beam conditions as measured by the MPA-3 and DT5730 acquisition system. The measurements

presented are the standard intensities at 1) 1.200 MeV, 2) 2.500 MeV, 3) 5.000 MeV and 4) 7.000 MeV

neutron beam energies. The relative uncertainties have been included, represented by the shaded regions

around the counts and the residuals.
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Table 7.1: The calculated metrics (coefficient of variation (Cν) and maximum difference (∆m)) for the

standard intensity measurements of the neutron light output spectra for neutron beam energies of 1.200

MeV, 2.500 MeV, 5.000 MeV and 7.000 MeV, measured for both acquisition systems. All calculations

presented assume the MPA-3 measurement as the primary function with the DT5730 measured spec-

trum being compared to it. The maximum (red) and minimum (blue) of each of the metrics have been

indicated with text color in the table.

Ecalc
n,peak

[MeV]

Beam Current

[µA]

Cν

%
∆m

1.200(3) 4.520 26.6 -0.0148

2.500(4) 0.540 6.8 0.0034

5.000(3) 0.590 7.1 0.0020

7.000(6) 0.574 6.7 -0.0033

A similar analysis can be applied to the measured neutron energy spectra, where the unfolded neu-

tron spectra for the MPA-3 and DT5730 measurements are shown together with their residuals in

figure 7.4. The residuals were calculated by subtracting the DT5730 measurement from the MPA-3

measurement. The correction to the energy scale has been applied to the spectra as discussed in

chapter 4 and 5.

The largest difference between the spectra presented in figure 7.4 is due to the offset between the

primary peaks. The centroids of the unfolded neutron energy spectra measured with the DT5730

digitiser appear at a higher energy to the MPA-3 centroids. The difference in amplitudes are an

artefact of the normalisation. The digitally acquired spectra have a slightly broader primary peak

indicating a better resolution for the analogue acquired spectra. The largest difference in primary

peak is produced by the 7.000 MeV measurement. This agrees with the results presented for the

neutron light output spectra (fig. 7.3) as the difference in upper edge would follow through the

unfolding process resulting in different mean energy.

Similarly to the difference between the measured light output spectra (figure 7.3), the difference in

centroid value is primarily due to the difference in the neutron MeVee scale.

The same metrics of comparison that were used for the neutron light output spectra were used for

the unfolded energy spectra and are presented in table 7.2. The 1.200 MeV measurements produce

the smallest relative coefficient of variation and maximum difference, implying the best agreement

between the two measured spectra. The 2.500 MeV measurements have the largest coefficient of

variation and maximum difference. The measurements for 5.000 MeV and 7.000 MeV have similar

coefficients of variation and maximum differences, indicating a similar quality and good agreement

between the spectra.
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1a) 1.200 MeV 1b) 1.200 MeV

2a) 2.500 MeV 2b) 2.500 MeV

3a) 5.000 MeV 3b) 5.000 MeV

4a) 7.000 MeV 4b) 7.000 MeV

Figure 7.4: Measured neutron energy spectra (a) along with their residuals (b), for the same beam

conditions as measured by the MPA-3 and DT5730 acquisition systems. The measurements presented

are the standard intensities at 1) 1.200 MeV, 2) 2.500 MeV, 3) 5.000 MeV and 4) 7.000 MeV neutron

beam energies.
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Table 7.2: Calculated metrics (coefficient of variation (Cν) and maximum difference (∆m)) for the mea-

surements of the neutron energy spectra for neutron beam energies of 1.200 MeV, 2.500 MeV, 5.000

MeV and 7.000 MeV. The maximum (red) and minimum (blue) of each of the metrics have been indi-

cated with text color in the table.

Ecalc
n,peak

[MeV]

Beam Current

[µA]

Cν

%
∆m

1.200(3) 4.520 152.5 0.056

2.500(4) 0.540 435.1 0.179

5.000(3) 0.590 194.4 -0.070

7.000(6) 0.574 213.4 -0.066

7.3 Uncertainty Budget Comparison

The analogue measured neutron energies have two significant sources of uncertainty. The one

is associated with the uncertainty in the MeVee calibration, u
(
Eobs,MPA

n,peak

)
, and the other is due to

the scaling factor introduced to correct for outdated response functions, u
(
kRM

)
. Similarly, the

two factors accounted for in the digitally measured neutron energies are the MeVee calibration

uncertainty, u
(
Eobs,DT 5730

n,peak

)
, and the scaling factor introduced to correct for the choice of long gate,

u
(
kRMD

)
. The final uncertainty is then a combination of these two factors, as seen in equation 7.2

u
(
Eobs,MPA/DT 5730

n,peak

)
= Emeas,MPA/DT 5730

n,peak

√√√√√[u
(
Eobs,MPA/DT 5730

n,peak

)
Eobs,MPA/DT 5730

n,peak

]2

+

[
u
(
kRM/RMD

)
kRM/RMD

]2

(7.2)

The values used to calculate the final measured neutron energies and their associated uncertainties

are included in table 7.3. The values for the uncertainty are of the same order of magnitude for all

the measurements except for the 7.000 MeV measurement. However, the values for the uncertainty

in Eobs,MPA
n,peak are consistently smaller than those for Eobs,DT 5730

n,peak .

The final measured energies and their standard uncertainties have been tabulated along with the

expected energies in table 7.4, showing that the resultant final energy measurements do agree with

each other within one standard uncertainty.

The fluence measurements made are unfortunately unable to be compared due to several complica-

tions.
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Table 7.3: The measured values for kRM/RMD and Eobs,MPA/DT 5730
n,peak and their associated uncertainties for

the MPA-3 and DT5730 standard intensity measurements.

MPA-3 DT5730

kRM/RMD 0.954(15) 0.9812(97)

Eobs
n,1.200 1.200(20) 1.160(30)

Eobs
n,2.500 2.636(16) 2.632(59)

Eobs
n,5.000 5.235(25) 5.150(85)

Eobs
n,7.000 7.320(32) 7.24(12)

Table 7.4: Final neutron energy measurements from the unfolded spectra presented in figure 7.4 along

with the expected values of the neutron energies calculated from beam conditions.

Expected

Neutron Energy

[MeV]

1.200(30) 2.500(4) 5.000(3) 7.000(6)

DT5730

Measured Energy

[MeV]

1.160(30) 2.582(63) 5.053(97) 7.10(14)

MPA-3

Measured Energy

[MeV]

1.145(26) 2.515(42) 4.994(82) 6.98(11)

7.4 Time-of-Flight measurements

Time-of-Flight (ToF) measurements were made with the BC501A detector using both the CAEN

DT5730 digitiser and the standard analogue acquisition system coupled with the MPA-3 multi-

parameter analyser. Preliminary results are presented for a calculated neutron energy of

17.00(72) MeV, produced by 1.380 MeV deuterons incident on a 2045 µg cm−2 TiT target. The

stop pulse frequency for these measurements was 2.00 MHz and the time calibration was deter-

mined to be 2.23 channel per ns for the MPA-3 measurements and 1.00 channel per ns for the

DT5730 measurements. The time zero channel (t0), for the time-of-flight parameter (T ), was cal-

culated from the centroid channel of the gamma-ray peak.

The measured T-spectra are presented in figure 7.5 for three different detector distances for (a) the

MPA-3 and (b) DT5730 systems.
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The neutron energy spectra were calculated as described in section 2.3.2 and are presented in

figure 7.6. The spectra have an energy binning of 0.5 MeV and have been corrected for the effi-

ciency of the detector at a threshold of 0.25 MeVee.

The numerical results for the neutron energies have can be found in table 7.5, where the neutron

energies (En) and their associated FWHM/En (∆En) have been tabulated for each of the distances

and acquisition system. All the measured results agree within one standard uncertainty with the

expected value.

Figure 7.5: Time-of-flight spectra measured with the (a) MPA-3 and (b) DT5730 for the BC501A

detector, placed at three distances from the edge of a the TiT target for the 17.00 MeV neutron beam.

The spectra have been normalised to an integral of unity and the gamma-ray peaks are evident in the

regions of (a) 800 ch and (b) 360 ch.

Figure 7.6: Neutron energy spectra measured via ToF with the (a) MPA-3 and (b) DT5730 for the

BC501A detector, placed at three distances from the edge of a the TiT target for the 17.00 MeV neutron

beam. The spectra have been normalised to an integral of unity after being corrected for the efficiency

of the detector at a threshold of 0.25 MeVee.
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Table 7.5: Neutron energies as determined from the ToF spectra for 17.00 MeV neutrons measured with

a BC501A detector with the two acquisition systems for 3 distances.

Distance [m] 4.534(68) 3.534(54) 2.534(40)

MPA-3
En [MeV] 17.04 16.72 16.90

∆En [MeV] 0.17 0.21 0.30

DT5730
En [MeV] 17.02 17.15 17.07

∆En [MeV] 0.18 0.21 0.26



8. Conclusion

Investigations have been completed into the suitability of a CAEN DT5730 digitiser unit, coupled

with the QtDAQ software, as viable alternative to a traditional analogue system for data acquisition

for fast neutron metrology. Previous investigations into the use of digitisers for neutron metrology

by Lebreton in 2007 [117] have resulted in mixed conclusions. Experiments were completed at

the fast neutron facilities of AMANDE (IRSN, Cadarache) using a BC501A scintillation detector

and both the DT5730 digitiser and an analogue system based on NIM electronics and an MPA-3

multi-channel analyser acquisition unit, under identical conditions using a broad range of beam

conditions available at the AMANDE facility. Follow-up measurements were made at the n-lab

facility at the University of Cape Town.

The main focus of the analyses was the unfolding of measured light output spectra to determine

the neutron energy distributions of the neutron fields. Detailed investigations were made into the

dead time characteristics of the DT5730 unit, and uncertainty budgets for both systems were used

as the basis of the comparisons between the two systems. Preliminary results for measurements

with neutron time-of-flight have also been presented, although future measurements should include

a wider range of beam conditions.

The quality of pulse shape discrimination for both systems is very similar (figure 7.1), with the

difference in the distributions of the pile-up being attributed to the different ways in which the

pulse shape parameter S is derived in each case. The quality of separation of the neutron and

gamma-ray induced events was quantified using a Figure-of-Merit (FoM) value, which were also

very similar to each other as expected (figure 7.2), although further exploration of digital pulse

shape parameters is necessary.

Furthermore, the measured energy spectra from unfolding analyses achieved in both systems are

in good agreement with each other with respect to both peak energy and spectral fluence, although

a comparison with reference values was not possible due to unresolvable inconsistencies in the

analogue pulse processing. Comparison of the uncertainty budgets for the two systems indicates

similar quality of measurement result, with the DT5730 uncertainties being consistently larger by

a few percent.
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The fact that the response functions used for the analyses were not well matched to the measured

data does not detract from these conclusions since reasonable corrections were applied consistently

to both systems to mitigate this.

For the digitally acquired measurements, there is non-linear behaviour between the choice of long

gate in the definition of the light output parameter and the proportionality to the light output param-

eter measured by the analogue acquisition system. There needs to be a reliably scaled light output

parameter L from the anode pulses, which is consistent for both gamma-ray and neutron events.

A reliable calibration of the neutron light output spectra in MeVee is a prerequisite for producing

accurate energy spectra from the subsequent unfolding analyses. In the analogue system the L pa-

rameter is determined from the (voltage) pulse height of the amplified dynode pulse. In the DT5730

system, the unamplified anode pulse is used which does not provide a reliable L parameter from the

“pulse height” due the sharp rise time of the anode pulse. Therefore, the L parameter is determined

from a (long) integral of the anode pulse, typically between 500 ns and 1000 ns, depending on the

detector. The selection of the long integration time is thus critical if a reliable calibration of the L

parameter is to be achieved. Although post-acquisition corrections may be applied to ensure this, a

more direct method was explored in follow-up measurements at the n-lab at the University of Cape

Town (Chapter 6). It was shown that one solution is to record both the anode pulse (for pulse shape

discrimination) and the dynode pulse (for light output) in coincidence, as is done when using the

MPA-3 system. This increases the size of the list mode file by a factor of about 12. It was thus

demonstrated that it is sufficient to calibrate the anode channel to the dynode channel in order to

either determine either the appropriate long integral for the anode pulse, or the (single) factor by

which an unoptimized long integral needs to be scaled. Further work on possible definitions of the

digital light output parameter, such as a trapezoidal filter [13] for a digital light output parameter

may offer an alternative method to derive a stable light output parameter.

Another factor which influenced the precision of the energy measurements made at AMANDE with

the DT5730 digitiser is that the analogue pulser correction unit remained operational throughout.

This unit dynamically adjusts the high voltage power supply to correct for gain drifts in the analogue

light output parameter (L).

A coarse gain pulser correction was developed and presented (Chapter 5). A fine gain pulser cor-

rection was also developed (see Appendix C) which may improve the resolution of the edge of the

neutron light output spectra in the digitally measured spectra.

A considerable advantage of the DT5730 digitiser over the MPA-3 acquisition system is the ef-

fective zero event loss while operating below the buffer saturation level. After buffer saturation

occurs events lost increases linearly, although these may be corrected for until an additional dead

time affect becomes apparent. Further investigations are required to fully correct for these effects.

Pile-up events are also a contributing factor to the loss of events.
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At low rates this correction is small but at increasing rates this factor become significant. A broad

correction for these events has been applied in this work, however the digitally acquired waveforms

provide the potential to deconvolve the overlaid pulses and analyse all peaks within an acquired

window. This method requires further work to be implemented but has already been used in several

contexts [118, 119]. Separating the pulses within one acquisition window and processing them as

individual events would allow for the loss of events due to pile up to be reduced to effectively zero.

In conclusion, the measurements reported here made with a CAEN DT5730 system, and the Qt-

DAQ software, suggest that modern digital systems are now offering a reliable alternative to the

well characterized reference acquisition systems based on analogue NIM modules. A compact

digital unit also offers the advantage of deploying the same metrology reference system in both

laboratory and field environments. The present measurements were made with the DT5730 module

connected by USB-2 cable to a regular laptop. Further improvements in stability, reliability and

performance would be gained by utilising the optical cable connection between the DT5730 and an

appropriate desktop PC. The present investigations have shown that there is now value in seriously

considering implementation of a digital acquisition system for fast neutron metrology in a labora-

tory setting. Further experiments are planned to advance these investigations under conditions that

better represent the standard beam and acquisition setups for fast neutron metrology measurements

at the AMANDE facility, and elsewhere.
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A. The UMG Package

As described in section 2.3.1, unfolding is the process by which a neutron energy spectrum is

determined through the deconvolution of a detectors inherent response functions from a measured

combined neutron pulse height spectrum. The energy spectrum of the neutron source measured can

be determined from the measured pulse height spectrum by solving the system of linear equations:

zi =
∫

∞

0
Ri(E)φ(E)dE, (A.1)

where i ∈ [1,m] is the subscript referring to the channel number of the measurement with a total

of m channels, zi represents the measured neutron light output spectrum in channel i, Ri(E) are the

response functions for energy E in the ith channel and φ(E) are the average fluence values in the

interval of E ∈ [Ei,Ei+1]. Writing this as a discretised matrix equation:

z = RΦ, (A.2)

where the z column vector is the measured pulse height spectrum with associated uncertainties

given by the co-variance matrix Sz which is diagonal. The matrix R is the response matrix which

is assumed to be known with little uncertainty, leaving the column vector Φ needing to be solved

for. The uncertainties are then able to be propagated through this unfolding calculation producing

uncertainties in the final unfolded neutron energy spectrum Φ.

A best estimate for Φ can be determined through χ2 minimisation, where χ2 is defined as the

weighted sum of residuals:

χ
2 = ∑

i
Wi

[
zi−∑

j
Ri jφ j

]2

, (A.3)

the weighting factors Wi being the inverse of the variance of each data point. The minimisation

process can be executed through a least squares algorithm, such as the minimisation algorithm

implemented by GRAVEL, or through more advanced algorithms to reduce the likelihood of non-

physical features and negative elements in the solution.

MAXED relies on a maximum entropy algorithm, allowing for an a priori to be taken into consid-

eration. MAXED includes an error column vector in equation A.2 being the difference between the
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predicted and measured values of the neutron light output spectrum. This is then constrained by:

∑
i

ε2
i

u(zi)2 = Ω, (A.4)

where u(zi)
2 is the standard uncertainty in the ith element of the z column vector, εi is error between

the predicted and measured values for the ith channel in the neutron light output spectrum and Ω is

a free parameter chosen by the user. The function minimised by MAXED is given by:

S =−∑
j

[
φ jln

(
φ j

φ
de f
j

)
+φ

de f
j −φ j

]
, (A.5)

where φ
de f
j is the provided default spectrum. This calculation allows for the uncertainties in the

solution φi, u(φi), to be determined through a type A analysis and is provided through the ICQU

code included in the UMG package.



B. Analogue Varying Intensities

The counts as a function of pulse shape S and pulse height L normalised by area to aid in comparison

can be seen in figure B.1 and B.2 for the nominal neutron energies of 2.500 MeV and 5.000 MeV.

(a) (b)

(c) (d)

Figure B.1: Counts as a function of S and L measured with the analogue acquisition system for four

neutron fields with a nominal energy of 2.500 MeV for beam currents of (a) 0.108 µA; (b) 0.540 µA;

(c) 1.130 µA and (d) 2.770 µA. The plots also include the cut applied used to separate the gamma-ray

and neutron induced events.

127



Appendix B. Analogue Varying Intensities 128

As with the 7.000 MeV data sets shown in the text, the measurements all exhibit the same features

with the increase in pile up with intensity being the difference between the measurements.

(a) (b)

(c) (d)

Figure B.2: Counts as a function of S and L measured with the analogue acquisition system for four

neutron fields with a nominal energy of 5.000 MeV for beam currents of (a) 0.135 µA; (b) 0.590 µA;

(c) 2.560 µA and (d) 5.060 µA. The red line indicating the cut applied used to separate the gamma-ray

and neutron induced events.

The raw peak neutron fluences, Φobs
E,peak, for each of the beam conditions, along with the associated

scaling factors kMPA, kPU and Q, can be found in tables B.1, B.2 and B.3.
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Table B.1: Scaling factors that make us kDT for the peak neutron fluence calculation for each of the

different beam intensities for the nominal energy of 2.500 MeV

Beam Current (µA) 0.108 0.540 1.130 2.770

M20 count rate (counts s−1) 51.90(18) 220.09(55) 415.90(96) 1051.9(24)

kMPA 1.0028(40) 1.011(29) 1.021(28) *1

kPU 1.0004(10) 1.00108(73) 1.0019(16) 1.0042(11)

Q (µC) 216.080(15) 423.231(21) 671.289(82) 379.743(62)

Φobs
E, peak (×104cm−2) *11.88 *30.11 *23.52 34.95777(52)

Table B.2: Scaling factors that make us kDT for the peak neutron fluence calculation for each of the

different beam intensities for the nominal energy of 5.000 MeV

Beam Current (µA) 0.135 0.590 2.560 5.060

M20 count rate (counts s−1) 18.35(14) 82.02(36) 358.37(95) 701.0(10)

kMPA *1 1.0053(62) 1.0229(24) 1.04526(91)

kPU 1.00047(51) 1.0009(33) 1.0024(15) 1.00386(93)

Q (µC) ‘110.204(10) 369.793(19) 1085.73(10) 3845.86(20)

Φobs
E, peak (×106cm−2) *44.62 *14.65 39.00673(50) *129.57

Table B.3: Scaling factors that make us kDT for the peak neutron fluence calculation for each of the

different beam intensities for the nominal energy of 7.000 MeV

Beam Current (µA) 0.120 0.574 1.130 2.500

M20 count rate (counts s−1) 44.94(28) 185.46(52) 350.4(12) 770.0(13)

kMPA 1.0039(48) 1.0164(48) 1.0309(15) 1.06758(58)

kPU 1.0005(10) 1.0009(27) 1.0012(23) 1.0017(14)

Q (µC) 76.4313(87) 416.161(20) 312.430(56) 1273.38(11)

Φobs
E, peak (×106cm−2) *4.810 23.5953(36) 13.7575(13) 48.266(12)



C. Digital Pulser Correction

To correct for the affects of the analogue pulser altering the HV, a digital pulser correction was

applied matching the centroids of the pulser distributions. The correction factors kp, the resultant

centroid and FWHM values for the pulser distribution along with the uncorrected pulser centroid

and FWHM values for the digital data sets are presented in table C.1.

Table C.1: The pulser centroid values along with the FWHM of the pulser distribution, before and after

correction, kp, is applied, for the digital neutron measurements.

Ecalc
n,peak Beam kp Uncorrected (long int) Corrected (long int)

(MeV) Current (µA) Centroid FWHM Centroid FWHM

1.20(4) 4.520 1.00(1) 3842(2) 203.8(2) 3842(2) 203.8(2)

2.50(3)

0.108 1.02(1) 3789(2) 220.6(3) 3865(2) 225.1(3)

0.540 1.03(1) 3755(1) 206.6(2) 3867(2) 212.5(2)

1.160 1.02(1) 3816(2) 219.9(2) 3892(2) 223.2(2)

2.770 0.99(1) 3864(2) 222.9(3) 3864(2) 223.1(2)

5.00(7)

0.122 1.02(1) 3774(1) 203.6(1) 3850(1) 208(1)

0.585 1.01(1) 3826(2) 196.0(1) 3826(2) 196.0(1)

2.570 0.99(1) 3877(3) 202.3(1) 3876(3) 202.3(2)

5.100 0.98(1) 3905(4) 205.1(2) 3827(4) 202.1(3)

7.00(4)

0.140 1.02(1) 3785(1) 202.7(2) 3861(2) 207(2)

0.593 1.00(1) 3847(3) 199.0(1) 3847(3) 199.0(2)

1.180 1.00(1) 3849(3) 205.7(2) 3849(3) 205.7(2)

2.500 0.98(1) 3899(4) 207.6(3) 3821(4) 204.7(3)
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D. Digital Varying Intensity

In order to compare measurements across intensities and energies the raw neutron spectra need to

be scaled by a monitor value and corrected for pile up and dead time affects. The monitor chosen

was the integrated charge value in order to express the final fluence values in neutrons cm−2 µC−1.

The correction factors and the scaling factors along with the raw calculated fluence value can be

seen in table D.1.

Table D.1: Scaling factors for the peak neutron fluence calculation for each of the different beam

intensities for the three different nominal energy of 2.5 MeV, 5.0 MeV and 7.0 MeV. *uncertainties

provided by ICQU very small E-6

Ecalc
n,peak

[MeV]

Beam Current

[µA]

Emeas
n,peak

[MeV]
kPU kS

Q

[µC]

Φobs
E, peak

[×104cm−2]

2.50(03)

0.108 2.589(65) 1.001(40) 1.0000(15) 126.007(11) 10.6310*

0.540 2.582(63) 1.001(21) 1.0000(21) 336.603(18) 29.2264*

1.160 2.602(64) 1.001(20) 1.0000(65) 301.773(17) 20.7164*

2.770 2.580(63) 1.002(11) 1.5786(76) 1041.042(32) 41.6735*

5.00(07)

0.122 5.090(97) 1.002(43) 1.0000(15) 119.385(11) 5.1494*

0.585 5.053(97) 1.001(37) 1.0000(27) 301.833(17) 12.8517*

2.570 5.096(98) 1.002(13) 1.0000(36) 1025.865(32) 43.7675*

5.100 5.054(97) 1.004(10) 1.5265(92) 1554.338(39) 39.5778*

7.00(04)

0.140 7.16(14) 1.002(36) 1.0000(30) 66.4788(82) 4.8182*

0.593 7.10(13) 1.002(17) 1.0000(25) 331.364(18) 23.3505*

1.180 7.14(13) 1.002(18) 1.333(10) 256.126(16) 13.3554*

2.500 7.09(14) 1.004(11) 1.5579(95) 774.990(28) 19.9161*
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