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Abstract
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TOFu (Time-Of-Flight upgrade) is a fully digital data acquisition system based on 1 GSPS, 12
bit digitisers for the TOFOR (Time-Of-Flight spectrometer Optimised for Rate) fusion neutron
spectrometer at JET. The system has been assessed, developed and subsequently tested during
experimental campaigns at JET. A detailed presentation is provided, describing the electronics
setup, as well as solutions to challenges related to time-alignment and synchronisation of the
signal lines and digitisers.

The system enables kinematic discrimination of spectral background, based on associated
time and energy measurements. This technique has been tested with synthetic data, evaluated,
and compared to experimental results. The kinematic background discrimination method is
shown to provide improvements in signal-to-background ratio of up to 500 % in certain spectral
regions.

TOFOR is optimised for spectrometry of deuterium-deuterium fusion neutron emission at
JET. The primary purpose of TOFu is to enable TOFOR to retain these spectrometric capabilities
in the presence of a strong background of high-energy deuterium-tritium fusion emission
neutrons, in a forthcoming deuterium-tritium fusion plasma campaign at JET. However, the
improvement in signal-to-background ratio also allows for detailed studies of low-intensity
spectral components, such as the contribution due to neutrons scattering off the internal wall
of the JET tokamak before impinging on the TOFOR sight line. Satisfying experimental results
pertaining to this aspect of spectral analysis with TOFu data are shown.

Finally, a conceptual backscattering time-of-flight spectrometer, based on deuterated
scintillator detectors is presented. The backscattering time-of-flight technique is shown to be
able to provide high-resolution spectrometric capabilities of deuterium-tritium fusion plasma
neutron emission. Studies with synthetic data are used to demonstrate these capabilities and
the effects of the developed background discrimination techniques on deuterium-tritium fusion
neutron spectra obtained with the instrument.
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Introduction 

Lights of days 
We’ll beat a path through the mirrored maze 

- Metric 
 

Thermonuclear fusion may be one of the keys to solving future energy cri-
ses. It is clean – the only radioactive waste mainly comprised of discarded 
reactor material – and demands very little in terms of resources. However, 
due to the immense temperatures required to initiate and sustain fusion, 
along with the complex behaviour of plasma it is also very difficult to ac-
complish. Therefore, fusion research has grown into a vast field containing a 
multitude of specialised research topics. It is the aim of this thesis to present 
recent advancements within one of these sub-fields. 

Thermonuclear fusion for energy 
One of the most important questions that mankind has to answer in order for 
civilisation to survive and prosper may be this: how to satiate our ever-
increasing demand for energy sustainably, without draining precious re-
sources, damaging the environment and endangering future generations? The 
answer may literally have been hiding in plain sight all along.  

At the end of the 19th century and the following decades, great leaps were 
being made in our understanding of the inner workings of the universe. The 
electron was discovered, followed by the equivalence of matter and ener-
gy[1]. Soon after, the hitherto blurry picture of the atomic nucleus, discov-
ered in 1911[2], resolved into its constituent parts: the proton[3] and finally 
the neutron in 1931[4], preceded by the formulation of the Bohr model in 
1913[5]. 

One important result emerging from the then-nascent field of nuclear 
physics was the existence of binding energy: a nucleus, consisting of a cer-
tain number of neutrons and protons, weighs less than the sum of its parts. A 
fraction of the mass is bound in the form of potential energy, and its magni-
tude differs between elements and isotopes. It follows that conversion of 
nuclei will either release or require excess energy, since the mass of the end 
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product of any nuclear reaction, be it fission, fusion, absorption or decay, 
does not match that of its initial state.  

For heavy nuclei, spontaneous fission or decay can occur when the total 
binding energy of the daughter state is lower than that of the mother nucleus. 
Fission can also be induced through for example neutron capture, if the bind-
ing energy of the captured neutron is large enough to sufficiently excite the 
nucleus in order to overcome the strength of the nuclear force. The fission 
process results in a net release of kinetic energy. For lighter elements, energy 
can instead be released through fusion, when two nuclei merge, forming a 
new nucleus (along with various, additional fusion products). 

In the 1930’s, an instance of the latter process was discovered to be the 
mechanism driving the energy production of the Sun and the other stars[6], 
as no chemical reaction can be conceived of that would uphold the energy 
output of these bright, large and long-lived objects. It was not long before 
the question was asked if one could utilise nuclear fusion on Earth in order 
to produce useful energy. 

Since atomic nuclei are positively charged, they repel each other. A cer-
tain amount of force must be exerted on two nuclei in order for them to 
overcome this barrier and fuse. In the stars, this force is supplied by gravity, 
which coerces the hydrogen nuclei together so that fusion may take place. 
The gravitational pressure is aided by the size of the star; despite the rela-
tively poor cross section of most fusion reactions occurring within it, the 
large amount of eligible targets and length of the path to the surface of each 
nucleus in the stellar interior results in a favourable containment time. 

 Such conditions are not possible to replicate on Earth. However, the nec-
essary kinetic energy may be imparted to the fusion fuel in the form of heat. 
As a gas is heated, the mean velocity of its constituent particles increase. 
However, for fusion of hydrogen to occur, the temperatures necessary for the 
nuclei to overcome each other’s Coulomb barriers are so high that the partak-
ing atoms are ionised and the gas becomes a plasma[7] of free electrons and 
nuclei. This is a problem which partially carries its own solution. The super-
heated gas, reaching temperatures of millions of Kelvin, will damage any 
vessel designed to hold it. However, since the constituent particles in a 
plasma are electrically charged, it may be contained by magnetic fields. This 
realisation led to the design and construction of a succession of magnetic 
confinement devices of increasing complexity. 

While the fusion chain in the Sun and other stars begin with fusion of or-
dinary 1H hydrogen nuclei, Earthly fusion reactors require reactions with 
higher cross sections and energy output. The main, desired reaction in a fu-
ture, energy-producing fusion reactor is 
 

 (1) 
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where D and T represent deuterium and tritium respectively, while the prod-
ucts are 4He, a neutron and 17.6 MeV of energy, of which a majority is im-
parted to the neutron. This reaction is advantageous for several reasons, in-
cluding high energy output and a favourable cross sections.  

In practice, the use of tritium is limited in experimental facilities. When 
tritium is employed as fuel together with deuterium in a fusion plasma, the 
high energies imparted to fusion emission neutrons may result in problemat-
ic activation of surrounding structures and materials. In addition, tritium is 
radiating which constitutes a handling problem on its own. Due to these rea-
sons and the high price of tritium, it is customary to mainly use deuterium 
fuel plasmas for experiments in many fusion devices. The dominating fusion 
reactions in a deuterium plasma are shown in Equations (2) and (3). 
  

 (2) 

 
 (3) 

 
Of the shown reactions, those described by Equations (1) and (2) will be of 
particular interest for the purposes of this thesis, due to the emission of fu-
sion neutrons. The importance of the fusion neutron emission cannot be un-
derstated for energy production purposes, as neutrons will be responsible for 
carrying a substantial fraction of the fusion energy to external media, which 
in turn contribute to the production of electrical energy in fusion power 
plants. In addition, they will play a crucial role in the fuel cycle by reacting 
with lithium within the reactor walls, producing tritium for the fusion fuel. 

It is important to note that the exact amount energy imparted to the fusion 
products, such as the neutron, is dependent on the prior motion of the ions 
partaking in the fusion reaction. For example, a device designed to measure 
the energies of the fusion neutrons will see a shift in the measured energies, 
depending on factors such as the temperature of the fusion plasma ion spe-
cies and their velocity relative to each other and the sight line viewing angle 
of such a device. 

JET and ITER 
JET (Joint European Torus)[8], shown in Figure 1, is not the most recently 
constructed fusion device, but at a plasma volume of 100 m3 it remains the 
largest one to utilise magnetic confinement. An experimental, tokamak-
type[9] fusion reactor situated in Culham, Oxfordshire, England, it was orig-
inally built between 1978 and 1982 but has since then gone through numer-
ous modifications, dictated by advances in the field of fusion research. 
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Figure 1. The JET tokamak vacuum vessel and magnetic coils. 

 
The tokamak configuration is among the most well-researched solutions to 
the problem of constructing a functional fusion reactor, building on a series 
of preceding attempts. The word tokamak is an abbreviation of the Russian 
phrase     , trans-
latable as “toroidal chamber with magnetic coils”. The main advantage of a 
toroidal shape over a cylindrical magnetic confinement machine is the pre-
vention of otherwise unavoidable loss of plasma through the ends of the 
cylinder. The coils generate a toroidal magnetic field, while an induced, to-
roidal current in the plasma adds a poloidal component to the field. This 
current and the resulting helical, magnetic field are the other defining fea-
tures of the tokamak. The field configuration enhances the stability of the 
plasma which is prone to erratic behaviour.  

Commonly, fusion fuels containing no tritium are used for experiments at 
JET. However, a deuterium-tritium campaign in 1997 resulted in a world 
record power output of 16 MW[10]. Another deuterium-tritium campaign is 
presently planned for 2018-2019. 
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Figure 2. The ITER tokamak vacuum vessel, surrounded by diagnostic ports. 

The next stage of tokamak-based fusion research is ITER (The Way), in 
Cadarache, France. At the time of writing, ITER, shown in Figure 2, is un-
der construction with a foreseen first-phase completion date in 2025. ITER, 
with a plasma volume of 840 m3, is envisioned as the final, experimental 
step in tokamak research before the construction of the first demonstration 
reactor DEMO. ITER is, however, intended to be able to achieve a positive 
energy output (break-even), and a so-called burning plasma state[11], i.e. a 
self-sustaining fusion chain reaction, heated solely by fusion products in the 
form of 4He ( -particles).  

Fusion plasma heating 
In ITER and in future fusion power plants, fusion plasma will be capable of 
self-heating, i.e. burning, by kinetic energy transference from the -particles 
produced in the deuterium-tritium reaction to the bulk plasma. 

However, in order to reach the burning state, or to sustain a non-burning 
fusion plasma at experimentally relevant temperatures (such as in JET), ap-
plication of external heating is necessary. The primary methods are resistive 
current induction (Ohmic heating), ion cyclotron resonance heating (ICRH) 
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and neutral beam injection (NBI). ICRH relies on coupling of electromagnet-
ic waves with the fuel ions, while NBI heating employs a beam of neutral 
hydrogen and helium isotopes (by accelerating and subsequently neutralising 
ions) which transfer kinetic energy to the bulk plasma through collisions. 
The last two heating schemes give rise to ion populations with distinct ener-
gy distributions, noticeably affecting the shape of the neutron emission ener-
gy spectrum.  

JET experimental plasmas, known as discharges and referenced by their 
sequence numbers, have a typical duration of less than two minutes, of 
which about 10 seconds are subject to heating according to the experimental 
parameters of the given discharge. At the time of writing, over 90 000 num-
bered discharges have taken place at JET. 

Fusion plasma neutron emission spectrometry 
Beyond power output, there is a plethora of fusion plasma parameters and 
characteristics that provide crucial information on the complex processes 
occurring within the reactor. Hence, a wide variety of fusion plasma diag-
nostic methods and instruments have been developed. One measurable in-
formation-carrier is the fusion neutron. Being neutral, it is able to escape the 
magnetic containment field and its origin in the fusion reactions means that 
the characteristics of the flux and energy spectrum of the neutron emission 
are dependent on the temperature, motion and density of the ion species par-
taking in or affecting the fusion process. It follows then that the energy dis-
tribution of the neutron can provide information on the aforementioned 
plasma parameters.  

The energy En of a neutron emitted in a fusion reaction is given by Equa-
tion (4). Here, mn is the neutron mass, vcm is the velocity of the centre of 
mass of the reactants in the lab frame, mr is the mass of the residual nucleus, 
Q is the total energy, K is the relative kinetic energy of the reactants and  is 
the angle between the relative velocity of the reactants and the emission of 
the neutron in the centre of mass frame.  

 

 (4) 

 
The velocity of the centre of mass vcm, expressed in terms of the masses and 
velocities of the reactants in the centre of mass frame m1, m2, v1 and v2 re-
spectively, is given by Equation (5).  
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 (5) 

 
Finally, the relative kinetic energy K of the reactants is given by Equation 
(6), where  is the reduced mass and vrel is the relative velocity. 

 

 (6) 

 
From these equations it is apparent that the energy of the neutron does not 
simply depend on the masses and binding energies of the fusing nuclei. In 
the case of the deuterium-deuterium and deuterium-tritium, neutron emitting 
fusion reactions described by Equations (2) and (3), where the value of Q is 
3.27 MeV and 17.6 MeV respectively, the energy of the fusion neutron cal-
culated based on the difference in binding energy only evaluates to 2.45 
MeV for the deuterium-deuterium reaction and 14.0 MeV for the deuterium-
tritium reaction. However, in a situation where the reactants possess relative 
motion, the resulting neutron energy En will convey information on this mo-
tion and by extension, certain aspects of the plasma state can be assessed 
from measurements of the neutron energy distribution. Another implication 
of Equation (4) is that there is a directional emission dependence due to the 
cos  term. Any device measuring some aspect of the neutron emission will 
be limited to observing neutrons emitted in the direction of said instrument. 
Therefore, non-isotropic velocity distributions of the fuel ions will have a 
sight-line dependent effect on neutron measurements.  

Several methods to extract information from the neutron emission exist; 
from flux measurements with or without spatial resolution to detector-based 
spectrometry. In all cases, the fact that the neutron is neutral implies that it 
cannot be detected directly. Therefore, neutron detectors must rely on sec-
ondary effects of neutron-induced nuclear reactions. Among the available 
techniques are charged particle production, activation or scattering of sec-
ondary nuclei.  

Charged particle production entails reactions in a target material which 
subsequently generates particles that are possible to detect through electro-
magnetic interactions. The target material can for example contain a fissile, 
heavy isotope or a nucleus prone to participate in a nuclear reaction with the 
neutron, such as 12C. Activation measurements are based upon neutron ab-
sorption in some material. In this case however, the absorption results in 
detectable activation of the target. Finally, elastic scattering produces a 
charged recoil particle, such as a proton. The recoil particle can then be ana-
lysed using a magnetic field or deposit its energy in a detector material. 

The focus of the work presented in this thesis is the time-of-flight tech-
nique[12] [13], which aims to determine the fusion neutron energy spectrum 
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by measuring the time required by the neutrons to travel a known distance. 
The fundamental detection principle relies on production of a charged recoil 
particle through elastic scattering, in order to determine the scattering time in 
the detectors. While assessment of the energy deposited by the recoil particle 
is not strictly necessary for timing purposes, the spectrometric capabilities of 
the scattering detectors can be employed to complement the time measure-
ment, providing useful constraints in subsequent data reduction, thereby 
aiding the spectral analysis (Paper I). This aspect of time-of-flight spectrom-
etry will be explored in the present thesis.   
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Neutron detection for time-of-flight 
spectrometry 

And I’m looking through the glass 
Where the light bends at the cracks  

- The Postal Service 
 

The research presented in this thesis is concerned with the details of neutron 
detection, from the detectors via the signal chain to signal processing, timing 
and digitisation. The topic is viewed from the perspective of the specific 
application of time-of-flight spectrometry with scintillation detectors.  
 

Time-of-flight spectrometry 
The time-of-flight concept is one solution to the problem of determining the 
energy distribution of the fusion neutron emission. The basis of the tech-
nique is to measure the flight-time of a neutron between two known points in 
space. In certain time-of-flight scenarios, the emission time of the measured 
particle is inherently known due to the nature of the experiments, for exam-
ple when the particle emission occurs during an event with a duration which 
is short compared to the typical flight-time, such as for inertial confinement 
fusion[14]. For magnetic confinement fusion plasma neutron emission, the 
neutrons are emitted continuously over a relatively long time period (several 
seconds in the case of a typical JET plasma, and even longer periods of time 
in envisioned future power plants).  

Therefore, a double scattering arrangement is required for magnetic con-
finement fusion plasma neutron emission time-of-flight measurements. Such 
a device consists of two sets of detectors: one to measure the first interaction 
(the “start” time) and one to measure another interaction (the “stop” time). 
Together, the start and stop signals form a coincidence and the time differ-
ence between these interactions is the time-of-flight. If the length of the 
flight path between the detectors is known, the time-of-flight can be used to 
compute the velocity and hence energy En’ of the scattered neutron, accord-
ing to Equation (7), where mn is the neutron mass, vn’ is the velocity of the 
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scattered neutron, L is the length of the flight path and tTOF is the measured 
time of flight. 
 

 (7) 

 
The energy of the scattered neutron can subsequently be related to the ener-
gy of the incoming neutron through elastic scattering kinematics, as further 
elaborated upon in forthcoming chapters. 

Some issues need to be taken into account when constructing a time-of-
flight device in practice. The ones listed below are addressed in varying de-
grees by the methods presented in this thesis: 
1. An ideal time-of-flight spectrometer would have point-sized detectors so 

that the exact position of the interactions and thus the exact length of the 
flight path would be known. In practice, detectors are finite sized, mean-
ing that the neutron interactions occur in an unknown position within the 
detector volume. This introduces uncertainty in the determination of the 
flight path and hence the energy. Decreasing the size of the detectors 
improves the precision in the determination of the flight path length, 
while decreasing the detection efficiency. A trade-off between detection 
rate and energy resolution is therefore unavoidable, unless segmented 
detectors are employed which in turn increases instrumental complexity. 

2. In organic scintillation detectors, which are commonly used for neutron 
detection, a particle interaction will produce a light pulse. The pulse du-
ration is typically on the order of several nanoseconds, and when nano-
second timing precision is required, this makes the determination of the 
detection time non-trivial.  

3. It is not possible to know if a given start signal was induced by the same 
neutron that produced the stop signal. With sufficiently high neutron 
rates, accidental pairings of unrelated start and stop signals will occur, 
known as false coincidences or accidentals. These accidentals constitute 
a significant amount of the background present in neutron time-of-flight 
spectra. However, the energy information contained in the light signal 
can be utilised to partially offset the accidental background problem. 

Organic plastic scintillation neutron detectors 
The scintillator[15] is a detector type which relies on the principle of elastic 
scattering on charged particles, for the purposes of neutron detection. In 
general, a scintillator consists of a clear material which emits light in re-
sponse to ionizing radiation. The plastic scintillator, consisting of a fluores-
cent material suspended in a solid polymer matrix, is advantageous when 
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accurate timing of neutron events is required, such as in time-of-flight spec-
trometry, due to a fast response time on the order of a few nanoseconds. 
Unlike liquid or gaseous scintillators, it also has the advantage of not requir-
ing containment in a separate vessel and the added benefit of being easily 
shapeable. Among disadvantages is the fact that many plastic scintillators 
lack the neutron-  separation capabilities offered by some other scintillator 
types.  

The polymer medium in a plastic scintillator contains a substantial 
amount of hydrogen, i.e. protons. These protons constitute a suitable target 
for neutron detection through elastic scattering, since neutron-proton scatter-
ing has the potential to result in a relatively large kinetic energy transfer, as 
neutrons and protons have very similar mass. Under the approximation that 
the masses of the neutron and the proton are identical, the energy En’ of a 
neutron after elastic scattering on a proton relates to the incident neutron En 
energy according to Equation (8), where  is the scattering angle with re-
gards to the incident direction. 
 

 (8) 

 
It follows then that the energy of the recoil proton amounts to the difference 
between the energies of the incident neutron En and the scattered neutron En’, 
as shown in Equation (9). 
 

 (9) 

 
The energy of the recoil proton is subsequently deposited in the scintillator 
material, as the constituent molecules are ionised and excited by the travers-
ing proton. In some cases, the following recombination and decay of the 
electron excitations results in a light pulse. The light yield of the pulse is not 
linearly dependent on the deposited energy in general, as the ability to excite 
the fluorescent material is dependent on the mass and energy of the excita-
tion particle. It is customary to express the amount of scintillation light in 
electron-equivalent units (eVee), where 1 eVee is the emitted light due to the 
energy deposited by a 1 eV electron. For a proton in an organic scintillator, 
the light-yield l(Ep) can be estimated using Equation (10)[16], where Ep is 
the recoil proton energy in MeV. The resulting light is finally converted to 
an electric pulse, for example with photo-multiplier tubes (PMT). 
 

 (10) 
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Data acquisition and signal processing 
Digitisation of detector signals can employ different levels of analogue pre-
processing in order to reduce the amount of data finally being stored. For 
time of flight spectrometry, the fundamental, required quantity to be record-
ed is the interaction time within the detector. There exist analogue electron-
ics capable of transforming raw detector pulses into logical pulses which 
indicate the interaction time with a high level of precision. Using such de-
vices limits the need for data storage to the interaction times. However, data 
acquisition (DAQ) electronics now exist in the form of fast sampling ADCs 
(Analogue-to-Digital Converters) which are capable of coping with high 
sample rates and precise timing (  1 GHz) at sufficient bit resolutions to 
resolve a wide range of pulse energies adequately. Along with high perfor-
mance storage, such technology enables digitisation and analysis of large 
amounts of fast signals, such as neutron induced plastic scintillator PMT 
pulses with regards to timing and pulse shape (energy deposition) infor-
mation. 

In order to determine accurate energy deposition and timing information 
from a particle induced detector pulse, of which a digitised example is 
shown in Figure 3 (blue, dotted), some form of signal processing is required. 
For purposes of energy information extraction, one can use either the peak 
amplitude of the pulse or integrate it to acquire the area. The latter is particu-
larly advantageous when using digitised pulse shapes, as integration utilises 
more data points and thus provides light yield determination with less sensi-
tivity to light collection and photon statistics.  

Precision timing of detector signals is essential for fusion plasma neutron 
emission time-of-flight measurements. A neutron emitted in deuterium-
deuterium or deuterium-tritium fusion reaction will typically have a flight-
time on the order of tens of nanoseconds per meter, after scattering in the 
primary detector and before reaching the secondary detector. Signal timing 
on sub-nanosecond level is therefore desirable. However, the rise and fall 
times of a scintillator PMT pulse such as the one shown in Figure 3, are 
usually several nanoseconds in duration. In view of the timing requirements, 
timing with a simple, static level trigger is not sufficient for such pulses, as 
the determined time will vary with the amplitude of the pulse. Instead, some 
more precise timing method must be employed. 

For determination of timing of a pulse, the constant fraction discrimina-
tion method can be used, provided that the shape of the pulse does not de-
pend on its amplitude[17]. The process entails timing the pulse at a certain, 
constant fraction of the pulse amplitude (which varies with the proton-
induced light yield in the case of scintillator-based neutron detection). This 
timing can be performed using constant fraction discriminator (CFD) ana-
logue modules. However, the principles of analogue constant fraction timing 
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can be replicated by operating on digitised pulse shape (Paper IV). The steps 
required for digital constant fraction timing can be summarised as  

i) identification of the pulse baseline level and subtracting its mean,  
ii) finding the peak sample of the pulse,  
iii) finding the sample closest to a certain fraction of the full ampli-

tude on the leading edge,  
iv) performing a linear fit of a small number of samples around this 

value and  
v) locating the point on the thus constructed line that corresponds to 

the chosen full amplitude fraction and determining the corre-
sponding time.   

The timing and pulse height determination procedure is illustrated in Fig-
ure 3. 

 
Figure 3. The digital CFD timing method illustrated. Shown are samples of the 
digitised pulse (blue dots), the area to be integrated in order to obtain the pulse 
height (blue, shaded), the triggering sample (black square), the peak sample (black 
ring), the linear interpolation of the leading edge (red line) and the found time (black 
x). Also indicated is the base line, the peak level and the constant fraction level at 50 
% of the peak level with respect to the baseline. 

Digital resolution and sample rate requirements 
In order to retain timing and pulse shape information with a sufficient degree 
of precision, the sample rate and bit resolution of the digitiser device used 
have to fulfil certain criteria, determined by the dynamic range and frequen-
cy content of the signals of interest (Paper II). 
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According to the Nyquist–Shannon[18] sampling theorem, if a signal Y(t) 
contains no frequencies higher than fNyquist it is completely determined by 
giving its ordinates at a series of points spaced t = 1/(2fNyquist) apart, i.e. 
sampling the signal at a sampling frequency f  2fNyquist. The Whittaker-
Shannon interpolation formula, shown in Equation (11), derived from the 
Nyquist-Shannon theorem, can be used to reconstruct a signal fulfilling the 
aforementioned sampling frequency criterion.  

However, pulse shape information of the sampled signal will be lost un-
less the sampling frequency is at least twice as high as the maximum fre-
quency contained in the pulse. The effects of sampling of pulses at various 
frequencies can be studied by down sampling synthetic (i.e. well known) 
signals and reconstructing them using Equation (11), where Y(t) is the recon-
structed signal evaluated at any time t, the sinc function is defined as 

, ti are the sample points, yi are the sampled values at 
those points and t is the distance between the sample points, or 1/f where f 
is the sampling frequency.  
 

 (11) 

 
The effects of sampling and then reconstructing a synthetic pulse at two 
sampling frequencies (500 MHz and 200 MHz respectively) are shown in 
Figure 4, where it can be seen that the reconstruction based on the lower 
frequency sampling (b) suffers from considerable aliasing. The position and 
shape of the pulse is notably shifted and distorted, introducing an uncertainty 
on the order of a nanosecond in any attempt to determine the position of a 
point Y(t). It has been shown in Paper II that a sampling frequency of 500 
MHz is required in order to avoid significant aliasing when sampling neu-
tron-induced plastic scintillator pulses as 99.9 % of the frequency content of 
such pulses is below 250 MHz. 
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Figure 4. The sinc interpolation procedure illustrated for a synthetic pulse, down-
sampled to (a) 500 MHz and (b) 200 MHz respectively. The original pulse is shown 
as a blue, whole-drawn line, the down-sampled points as red dots, the constituent 
sinc functions as grey, dashed lines and the resulting, total reconstruction as red, 
dashed lines. 

In regard to bit resolution, the effects on timing of synthetic Gaussian pulses, 
sampled with bit depths ranging from 5 to 11 reveals that the effects of sam-
ple rate fully dominate at rates below the Nyquist frequency fNyquist. After that 
breakpoint, bit depth has a significant impact on time resolution. The pulses 
were timed using sinc interpolation according to Equation (11), whereupon a 
histogram of time difference between pairs of pulses was constructed, for 
two pulse widths (7.5 ns and 10 ns). The effects of the bit resolution on the 
FWHM of the resulting peak are displayed in Figure 5, where it is shown 
that interpolation of the pulse shape at 11 bits allows for timing with a 10 ps 
precision, two orders of magnitude above the sampling frequency of 2 GHz.   
 

 
Figure 5. Timing performance of computer generated Gaussian pulses of width 
7.5 ns (a) and 1.0 ns (b), as a function of sample frequency fs and bit resolution. 
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TOFOR: a fusion neutron emission time-of-
flight spectrometer 

Time gets harder to outrun 

- The Vaccines 
 

TOFOR[19] [20] (Time-of-Flight spectrometer Optimised for Rate) is a fu-
sion plasma neutron emission time-of-flight spectrometer at JET, constructed 
in 2005 by the fusion neutron spectrometry group at Uppsala university. It is 
located in the roof laboratory above the torus (reactor) hall, viewing the fu-
sion plasma through a port in the vacuum vessel, as can be seen in Figure 6. 
The device is separated from the torus hall by a 1.90 m concrete floor. The 
neutron stream impinges on the spectrometer through a 4.05 cm wide, cylin-
drical collimator in this floor.  

TOFOR, schematically depicted in Figure 7, consists of two sets of scin-
tillators, S1 and S2, which act as "start" and "stop" detectors, respectively. 
S1 is placed directly above the collimator opening in the neutron stream and 
consists of a stack of five circular, plastic scintillators. S2 forms a frustum of 
32 elongated trapezoid detectors around the central axis coinciding with the 
collimator. The distance L between the centres of the two scintillator arrays 
is about 1.2 m and the S2 scintillators are centred on a scattering angle  = 
30 °. The size and geometry of the S2 detectors are chosen for optimal neu-
tron count rate rather than precision in determination of the location of a 
given neutron interaction in the detector. 

The geometry of TOFOR was designed in such a way as to give rise to an 
energy resolution En/E no larger than the width of the neutron emission 
energy Doppler broadening for a 4 keV thermal plasma, i.e. about 7 %, for 
deuterium-deuterium fusion emission neutrons. 
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Figure 6. The position of the TOFOR spectrometer above the JET vacuum vessel 
(spectrometer not to scale). 

In the original TOFOR installation, the scintillator PMT signals are pro-
cessed by an array of electronics modules and timed using analogue constant 
fraction discriminators. The resulting time signals of the neutron interactions 
are digitised and stored by custom-built digitisers[21] with 0.4 ns timing 
precision. The integrated charges of the neutron pulses are also processed, 
digitised and stored by the system, but this energy information cannot be 
related to the time stamp. In other words, no correlated energy and time in-
formation can be gained from the original TOFOR DAQ system. 
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Figure 7. A schematic view of TOFOR. The S1 and S2 detector arrays are indicated, 
along with the entry-point of the incident neutrons (n), the path of the scattered neu-
trons (n´), the length of their flight path (L) and the scattering angle ( ).  

The time stamps are stored separately for each detector and are subsequently 
combined to compute the time-of-flight (tTOF) in an off-line data processing 
step. For every S2 time stamp t2, a time-window of t2 ± 200 ns is defined. 
Each S1 time stamp t1 within this time window is subtracted from the S2 
time stamp, as illustrated in Figure 8. Each pairing of time stamps within 
this window is treated as a coincidence and the accordingly calculated time-
of-flight is added to the final tTOF spectrum.  

There is no way to distinguish between events due to scattering of the 
same neutron, and those who accidentally end up within the defined time 
window. Therefore, some of the coincidences will be constituted of acci-
dental matching of uncorrelated events due to separate neutrons. The amount 
of these false coincidences, or accidentals, depends on the neutron rate. 
These accidentals form an unavoidable background in TOFOR spectra.  
 

 
Figure 8. An illustration of the procedure employed when constructing tTOF spectra. 
The axes t1 and t2 represent the series of digitised time stamps obtained with the S1 
and S2 arrays respectively. The currently analysed time stamp is indicated on t2 in 
green and the S1 time stamps occurring within the designated time window of ±200 
ns are shown on t1 in red and green. The green tick on t1 represents a true coinci-
dence, while the falsely coincident S1 time stamps are shown in red.  
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Forward modelling and the response function 
TOFOR spectra are analysed using fitting of pre-modelled spectral compo-
nents[22], describing neutron emission due to fusion reactions involving ions 
of various populations induced by different heating schemes. The compo-
nents include for example neutrons produced due to interactions between 
ions from the thermal fuel induced population, NBI particles and thermal 
fuel ions[23] as well as neutrons scattered off the vacuum vessel walls. 
These components are expressed in parameters such as amplitude and width, 
as required in order to assess for example ion temperature, the relative con-
centrations of different ion populations and the efficiency of the plasma heat-
ing.  

A crucial step in the fitting procedure is multiplication of the spectral 
components with a response function. Extensive Monte Carlo modelling has 
been used prior to the construction of the instrument to produce a response 
matrix which maps incident neutron energies to the range of possible corre-
sponding flight-times[24]. An additional effect to take into account during 
the fitting procedure is the spectral component due to neutrons scattering off 
the reactor wall opposing the TOFOR port. For TOFOR analysis, the 
backscattered neutrons are taken into account by an additional response ma-
trix, calculated using the MCNP code, that estimates the flux and energy 
distribution of these neutrons in the TOFOR sightline[25].  

A typical TOFOR spectrum representing discharge 85382 and the corre-
sponding, fitted components can be seen in Figure 9. The components in-
clude thermonuclear neutron emission, fusion of beam ions and bulk plasma 
and neutrons back-scattered off the reactor wall.  

  

 
Figure 9. An analysed TOFOR tTOF spectrum of JET discharge 85382. Experimental 
data is shown as black dots with error bars. The fitted components include thermo-
nuclear neutron emission (THN, red, whole-drawn), neutron emission due to fusion 
with neutral beam ions (NBI, black) and back-scattered neutrons (Scattered, black). 
The total, fitted spectrum is drawn in blue.  
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Spectral background 
As accidentals are equally likely to occur for any tTOF, they will form a flat 
background of equal intensity across the entire spectrum, in the case when 
no background mitigating procedure is employed. When analysing TOFOR 
spectra, one must take this background component into account. The intensi-
ty B0 of the background component per bin depends on the chosen bin width 
( t) and the count rate in the S1 (CS1) and S2 (CS1) detectors respectively, 
according to Equation (12). 

 
 (12) 

 
The even distribution of random events will also be present for regions of the 
spectrum with no, or few, true coincidences, such as for negative values of 
tTOF. In such regions, accidental background component will completely 
dominate the spectrum. Therefore, in analysis of TOFOR spectra, a back-
ground component is calculated from the mean of the spectrum in the nega-
tive tTOF range and added as a fixed component during the fitting procedure. 
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TOFu: a fully digital data acquisition system 
upgrade for TOFOR 

Better things are coming 

- Passion Pit 
 
Even though TOFOR has been successfully producing neutron spectra and 
contributing to fusion research since its inception, at the time of construction 
there were limitations to affordable digitiser technology. Because of this, 
there are enhancements of the spectrometric capabilities to be achieved by 
upgrading the TOFOR DAQ system with modern digitiser electronics.  

TOFu (Time Of Flight upgrade) (Paper I and Paper IV) is based on digi-
tiser modules which, unlike the original TOFOR time digitisers, are able to 
record entire waveforms originating in the detector PMTs, along with the 
interaction time. This enables multi-parameter analysis as the time infor-
mation used to calculate the tTOF spectra can now be correlated with pulse 
height data, enabling limited spectrometry of pulse height in conjunction 
with time-of-flight based analysis. The introduction of 2D spectra provides 
new possibilities to mitigate a significant amount of background present in 
TOFOR spectra, and in addition, the digitisation of neutron-induced PMT 
pulses allows improved pulse shape analysis capabilities, as well as unprece-
dented control of timing. 

The ADQ412 digitisers 
The TOFOR digital DAQ system upgrade is based on the ADQ412 digitiser 
developed by SP Devices[26]. The ADQ412 is a 4 channel, PXIe-standard 
based digitiser, able to sample incoming signals at 12-bit resolution (imply-
ing a dynamic range of 4096 amplitude values, or codes) and 1 billion sam-
ples per second. Five such digitiserses are used in tandem, housed in a PXIe 
crate. 

The ADQ412 assigns a 1 GHz precision time-stamp to a digitised wave-
form by associating the time given by its internal 1 GHz clock at the time of 
triggering to the triggering sample. Each of the digitiser channels are capable 
of triggering separately on a user-defined triggering voltage level. Upon 
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receiving a trigger, the digitisers store the triggering waveform in a record in 
the on-board memory. The length of such a record can be selected by the 
user. For TOFu, 56 samples (ns), including 16 pre-trigger samples, were 
deemed sufficient for purposes of covering the length of a typical scintillator 
pulse. Each sample occupies 2 bytes in the internal digitiser memory and 
every record, regardless of length, requires an additional 8 samples (16 
bytes) of header information which includes the time stamp and the identity 
of the triggering channel. 

The internal memory capacity of the ADQ412 is 1 GB. Thus, it is capable 
of storing 1 073 741 824 samples. Given the current setting of 56 + 8 sam-
ples or 128 bytes per record, the maximum theoretical number of records is 8 
388 608 per board. Considering that the record count is dominated by S1 
events (the event rate in the S1 array is typically around 10 times larger than 
that of the entire S2 array) and a typical JET discharge length of 10 seconds, 
this memory capacity translates into a theoretical extended count rate capaci-
ty of approximately 8 MHz per S1 channel.  

 
Figure 10. An illustration of the effects of dead time for the original TOFOR DAQ 
(a) and TOFu (b). 

The ADQ412 channels have a dead time of 10 ns after each record, during 
which no events can trigger that particular channel. This is a considerable 
improvement compared to the original TOFOR DAQ, where logical gate 
signals triggered by the analogue CFD modules result in a dead time of over 
70 ns after each time event. The effects of dead time in the original TOFOR 
DAQ and TOFu are illustrated and compared in Figure 10, where a sequence 
of PMT pulses is shown as digitised by both systems. The effects of the TO-
FOR DAQ 70 ns dead time after the acquisition of a time stamp results in a 
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missed pulse, which TOFu is able to digitise normally due to the shorter 
dead time.  

Ignoring the possibility of several neutron events occurring within the 
bound of one record, TOFu is capable of a peak count rate capacity per 
channel of one event per 66 ns, or 15 MHz per channel, with the current 
settings. This exceeds the projected count rate ability of the original TOFOR 
DAQ, which is estimated to be about 1 MHz per channel. 

The original TOFOR time digitisers have a precision of 0.4 ns. Such a 
high precision was a requirement in the design phase of the DAQ system, as 
it is necessary that the bin width of the time-of-flight spectra constructed 
from TOFOR data is significantly smaller than the targeted energy resolution 
of 7 %. In the case of the TOFu ADQ412 ADCs, the full digitisation of 
waveforms enables interpolation of pulses and therefore arbitrarily precise 
time determination compared to the original TOFOR DAQ, given that the 
digitised signals fulfil the Shannon-Nyquist criterion.   

Electronics setup 
The TOFu system consists of five digitiser boards, employed in parallel to 
the original TOFOR DAQ system without interference. The PXIe crate hous-
ing the digitisers provides signal and power-interfacing services to the digi-
tisers, and in addition, a 1 MHz clock, fed to the digitisers for synchronisa-
tion purposes.  

All five of the S1 channels are connected to the prototype system, along 
with 30 of the S2 channels. This corresponds to 5×30=150 of the 5×32=160 
individual S1-S2 combinations normally available to TOFOR, or 90 % of the 
full efficiency of the spectrometer. 

As the S1 detectors are exposed to a neutron flux one order of magnitude 
higher than the S2 detectors, due to their position within the stream of neu-
trons impinging on TOFOR from the tokamak, any S1 channel generates 
more records than any S2 channel. Therefore, in order to ensure that the five 
internal board memories are filled at approximately the same rate, one S1 
detector is coupled to each board. The remaining three channels per board, 
or 15 in total, are reserved for S2 detectors. In order to accommodate as 
many S2 signal lines as possible, the S2 detectors were arranged in pairs by 
summation using Fan In – Fan Out (FIFO) modules, doubling the amount of 
available S2 detector signal lines from 15 to 30.  

The electronics setup is illustrated in Figure 11, which is subdivided into 
sections denoted by roman numerals (i) through (vii). For the remainder of 
this section, elements of Figure 11 will be referred to solely by these labels. 
The figure is layered in order to represent the connections of the five 
ADQ412 digitisers (vii). The five layers are each arranged in an identical 
pattern. 
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Figure 11. A scheme of the TOFu electronics setup. Signal sources are shown as 
filled boxes, while throughputs and digitisers are represented by white boxes with 
coloured borders. Inputs (blue) and outputs (red) are shown as filled circles with 
ingoing and outgoing arrows respectively. Signals from the three PMTs of each of 
the five S1 (i) detectors are summed by linear FIFO (iii) modules. A second set of 
linear FIFO (iv) modules sum the signals from pairs of separate S2 (ii) detectors. 
One of the latter (iv) FIFO modules for each digitiser (vii) also receives a copy of 
the 1 kHz JET clock (v). In addition, the digitisers (vii) receive one copy each of the 
JET PRE signal (vi) at the start of every JET discharge. Finally, the data is down-
loaded to a PC via a PXIe interface (not shown) at the end of each JET discharge. 
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The signal lines originate in the S1 (i) and S2 (ii) scintillators. Each S1 (i) 
detector consists of one scintillator, connected to three PMTs. The three 
PMTs are summed using FIFO modules (iii). Up until this point, the S1 sig-
nal lines are shared between the original TOFOR DAQ and TOFu. After the 
FIFO modules (iii), one branch of the signal path is fed into TOFOR DAQ 
and one into channel A on one of the TOFu digitisers (vii).  

The S2 (ii) signal paths are branched in an additional set of FIFO modules 
(not pictured) before they are summed in pairs using FIFO modules (iv) ex-
clusive to the TOFu setup. Each of the B, C and D channels on the digitisers 
(vii) receive a mix of two S2 signal paths. In addition, channel D on each 
digitiser (vii) is fed a copy of the JET 1 kHz clock signal (v). The JET 1 kHz 
clock is an analogue signal supplied to several JET diagnostics, defining the 
JET discharge time scale. For TOFu, it is split into five copies, using FIFO 
modules (not pictured). The clock signal (v) is subsequently added to one of 
the paired S2 signal paths using the summing FIFO modules (iv). In this 
way, each of the ADQ412 digitisers (vii) receives one copy each of a syn-
chronised, logic pulse train which can be used for precision time alignment 
of the separate digitisers.  

PRE (vi) is an additional, global JET auxiliary signal used to indicate the 
beginning of a JET discharge. One each of five copies, produced using yet 
another FIFO (not pictured) is fed into a specialised trigger input on each of 
the digitisers (vii). The PRE signal (vi) is used for coarse (1 ns precision) 
pre-alignment of the digitisers. 

During operation, the digitisers are initialised using a global, digital signal 
called INIT (not pictured) which contains the JET discharge number. At this 
time, the digitisers are set to trigger only on the PRE (vi) signal. Once the 
PRE signal has been registered, the boards are set to trigger on detector 
events on the A, B and C channels, and in the case of the D channels, on 
both detector events and 1 kHz clock pulses (v).  

Time alignment and synchronisation 
Time-of-flight measurements for fusion emission neutrons with TOFOR 
require a high degree of timing precision. The neutrons typically have ener-
gies in the MeV range. At the same time, due to practical considerations, the 
size of the device and hence the distance between detectors is on the order of 
about 1 m. Thus, typical measured neutron flight-times will be on the order 
of tens of nanoseconds. The measured quantity is a function of two separate 
time measurements where each pair of measurements is provided by one out 
of the 160 (for the full set of detectors) combinations of individual scintilla-
tor detectors. The TOFOR signal path from scintillator to digitiser consists 
of various cables and electronics. Small differences in cable length between 
individual signal paths can add up to time differences on nanosecond-scale 
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in signal transmission. This results in significant reduction of spectral resolu-
tion, unless compensated for.  

 It is therefore crucial to not only have a method of timing that is accurate 
on nanosecond scale or better, but also to achieve reliable time alignment 
between each possible detector pairing, and with at least equally good preci-
sion. In summary, the following problems need to be considered in order to 
produce high-quality TOFOR spectra with the current TOFu DAQ setup: 
1. Digitiser Synchronisation and time alignment. The digitisers assign 

time stamps to the triggering events and therefore each data channel 
must be synchronized on the sub-nanosecond level to each-other. In the 
case of the TOFOR DAQ upgrade, the problem entails synchronising the 
ADQ412 digitisers every time the internal clocks are started (upon the 
beginning of every JET discharge), maintain the synchronisation 
throughout an entire discharge and to provide a common time reference 
for each of the digitisers.  

2. Relative time alignment of S2 detector pairs. In the summation of S2 
pairs, information on in which specific detector a particular signal origi-
nated is lost. It is therefore necessary to achieve a high degree of time 
alignment between each signal line in each pair prior to the summation. 

3. Relative and absolute time alignment of S1-S2 detector combina-
tions. A TOFOR spectrum is built up of sub-spectra constructed using 
each of the 160 S1-S2 combinations. In the case of TOFu, after summa-
tion of S2 pairs, the amount of combinations is 75. Regardless, each S1-
S2 combination needs to be time aligned so that correlated spectral fea-
tures have equal tTOF responses to the same neutron energies, and are 
aligned on an absolute level to the true, expected tTOF. This problem is 
distinct from that detailed in step 1 above, as it depends on discrepancies 
in the detector signal paths, not on the intrinsic properties of the digitis-
ers. 

Digitiser synchronisation and time alignment 
Care must be taken to ensure that the individual digitisers in the DAQ sys-
tem are properly synchronised and time-aligned. The synchronisation pro-
cess is highly hardware dependent. The individual ADQ412 units compris-
ing the TOFu DAQ system each have separate 1 GHz sampling clocks. In 
order to avoid relative clock drift, the digitisers are synchronised using a 1 
MHz reference clock built into the housing PXIe crate.  

The 1 MHz PXIe clock merely ensures that all the digitiser clocks are 
running in synch however; a common reference start time also has to be 
provided since it is not practically possible to start the clocks of the digitisers 
at the exact same moment. In the case of TOFu, the time reference is provid-
ed by the 1 kHz clock supplied by JET, used to synchronise various diagnos-
tics with the discharge timing. The 1 kHz clock is fed into TOFu data chan-
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nels by patching the signals into FIFO modules used to relay the signals 
originating from the S2 detectors. In this way, each of the five ADQ412 
digitisers receive a synchronised, distinctively shaped pulse every millisec-
ond. This in turn is used to provide a common reference start time when 
constructing spectra and to time-align the measurements with the JET dis-
charges. An example clock pulse, compared to typical, example S1 and S2 
pulses, is shown in Figure 12. Due to their difference in shape from neutron-
induced signals, the clock pulses are easily detected exploiting for example 
the relationship between their amplitude and integrated area.  

As the digitised clock pulse segments are approximately square shaped, 
they are timed by fitting a soft step function, shown in Equation (13). Here b 
is the baseline level, t is the time, a is a parameter affecting the rise time and 
t0 is the time at which the function reaches half of its amplitude V0 while k 
and m are parameters of a modifying linear function. The parameter t0 is 
taken as the found time of the clock pulse. 

 

 
Figure 12. A comparison of typical S1 (blue dots), S2 (red diamonds) pulses to a 
clock pulse (green squares) segment. 

Due to the high frequency content necessary to generate an analogue square 
pulse, some ringing close to the edges is present in the waveform. The ef-
fects of the ringing are avoided by excluding a few samples near the leading 
edge for purposes of fitting. An example fit (red, whole-drawn) of a digitised 
clock pulse segment (blue dots) is shown in Figure 13. 
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Figure 13. An example, digitized clock pulse segment (blue dots) and fitted soft step 
function (red, whole-drawn). 

Once the clock pulses have been identified and timed, the preliminary time 
alignment obtained using the PRE signal ensures that a given clock pulse 
recorded by one of the digitisers matches its corresponding copies, as rec-
orded by any of the other digitisers, in time. Next, the differences in time of 
corresponding clock pulse copies for all pair-wise combinations of digitisers 
are computed and used to construct time-difference histograms. An example 
of such a histogram is shown in Figure 14. The resulting histogram should 
ideally form a sharp peak around exactly 0 ns. However, due to the afore-
mentioned non-deterministic boot sequence, time shifts will be introduced. 
Thus, the position of the clock pulse time difference histogram can be taken 
as the relative time shift between each pair of digitisers. This shift can sub-
sequently be used to compensate for these instrumental time shifts in order 
to achieve the required degree of time alignment between the digitisers. A 
small uncertainty of the order ± 40 ps remains as seen from the spread 
around the mean. This can be due to small variations in the original clock 
pulse timing as well as in their shapes resulting in slightly different fits and 
thereby time pick off values. This uncertainty is small compared to other 
contributions to overall resolution of the instrument, however. 
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Figure 14. An example clock pulse time difference spectrum. 

Time-alignment of S2 detector pairs. 
The paired S2 signal lines have to be time-aligned a priori as information on 
the identity of the originating detector is lost in the FIFO summation. This 
was accomplished with data from several JET discharges, using the  peak at 
tTOF = 4 ns. The procedure entailed disconnecting one of the S2 detectors in 
each pair, subsequently constructing and summing several time-of-flight 
spectra. Thereafter, the hitherto disconnected signal lines replaced their twin 
lines in each pair whereupon another set of time-of-flight spectra were con-
structed. For each of the two summed spectra, a Gaussian was fitted to the  
peaks. The positions of the peaks and any displacement from the expected 
flight-time of 4 ns was noted. These shifts were then corrected for, using 
short, time-calibrated cables of varying lengths. 

The process is illustrated in Figure 15, where the required corrections for 
each S2 signal line in a pair are found by identifying the measured shift of 
the  peak from the expected tTOF value. For illustration, the spectra are dis-
played before (top) and after (bottom) the shift.  

A drawback of this method is that actual plasma discharges have to be 
used, for which half of the S2 signal lines are disconnected, thereby reducing 
the efficiency of the system. However, it would normally be possible to per-
form this alignment in periods of plant preparations and start-up, during for 
example commissioning of the heating systems, thereby avoiding loss of 
valuable data for physics analysis. Also, monitoring of the stability of this 
time-alignment during experimental campaigns can subsequently be done 
using reference LED data over-night, in weekends or in shorter periods of 
maintenance. 
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Figure 15. Position of TOFu sub-spectra using the reactor-capture  peak, before 
(top) and after (bottom) relative time alignment.  

Relative and absolute time-alignment of S1-S2 detector 
combinations 
While it is only possible to align the S2 pairs using cables of appropriate 
length, separate combinations of S2 pairs and individual S1 detectors can be 
aligned a posteriori, by operating on the sub-spectra generated from these 
detector combinations before summation of the individual S1-S2 combina-
tion spectra. In principle, a certain degree of absolute alignment is already 
achieved in the previous step of aligning S2 pairs. However, the alignment 
can be fine-tuned using the procedure detailed in this section, in order to 
partially compensate for remaining discrepancies in cable length. It is im-
portant to realise that some information on these discrepancies in the previ-
ous step is lost as the signal lines are mixed, introducing an instrumental 
resolution effect that is difficult to avoid without cables precisely adjusted in 
length on the sub-ns level. Nevertheless, additional alignment of the S1-S2 
combinations can be attempted to further mitigate some of the instrumental 
misalignment.  

The process closely resembles the one required to time-align the S2 pairs. 
Now, however, the assessed shift can be introduced numerically during the 
summation of the sub-spectra in order to construct the full tTOF spectrum. 
This allows for aligning with sub-ns precision and greater control than what 
is achieved with aligning using cables.  

At this time, it is necessary to realise that the response of TOFOR to  is 
not fully characterised and the position of a Gaussian fitted to the  peak is 
not necessarily corresponding to the true, mean flight-time of  in the TO-
FOR system. Therefore, using the  signal for absolute time alignment is not 
recommended. Instead, one should use the position of the deuterium-
deuterium peak to optimise the time alignment for the neutron signal of in-
terest. One reliable way of achieving this is to sum spectra constructed using 
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only data from the initial, Ohmic heating phase of a fusion plasma discharge. 
The shape of the neutron energy spectrum heated only by plasma current is 
relatively easy to predict; the plasma temperature affects the width and posi-
tion of the various spectral features, not their shape. Therefore, one can for 
example assume that the energy spectrum of the deuterium-deuterium neu-
trons produced during the Ohmic phase will be centred on the predicted 2.45 
MeV. This in turn will translate into a mean tTOF of 64.9 ns, considering the 
geometry of the device. Alignment using Ohmic neutrons is employed for 
analysis of data acquired using the original TOFOR DAQ system. At the 
time of writing, however, extraction of Ohmic neutron data from TOFu data 
was not implemented. Instead, summed data from the entire duration of sev-
eral discharges was used for the a posteriori time-alignment procedure. Fig-
ure 15 can be taken as an illustration of the principles of the method, but in 
this case using the position of the deuterium-deuterium peak at about 65 ns 
for determining the necessary shifts.  

 
Figure 16. Example data, from JET discharges 90893 through 90955, obtained using 
TOFu, before (blue) and after (red) synchronisation with deuterium-deuterium fu-
sion emission neutron tTOF data. The  peak is visible at around 4 ns. The deuterium-
deuterium fusion neutron peak is present at about 65 ns while a deuterium-tritium 
signal due to triton burn-up neutrons can be seen around 27 ns. 

 
The results of the time-alignment process can be seen in Figure 16, where an 
example tTOF spectrum created using summed TOFu data from several dis-
charges is shown before (blue) and after (red) relative alignment using the 
deuterium-deuterium peak. The deuterium-deuterium peak is shifted to the 
expected 64.9 ns, while the  peak is slightly shifted and acquires a better-
defined shape. 



 42 

Time-of-flight vs. pulse height spectra 
While the construction of spectra with data acquired using the original TO-
FOR DAQ system only entails computing flight-times by subtracting time 
stamps from each-other, the analogous process with a DAQ system capable 
of correlated time and energy storage adds information on pulse height to 
each time-stamp. The difference is illustrated in Figure 17, where the time-
stamps previously shown in Figure 8 now are replaced with digitised pulse 
shapes containing the pulse height information, which is related to the light 
yield and in turn, recoil proton energy deposition.  
 

 
Figure 17. An illustration of the effects of the transition from the original, time-
digitising DAQ of TOFOR and the TOFu DAQ upgrade, demonstrating how S1 (t1) 
and S2 (t2) time-stamps now are associated with a digitised PMT pulse shape, con-
taining energy deposition information. 

As the information on what S1 and S2 pulse heights, as digitised by the TO-
Fu system, correspond to a particular coincidence and value of tTOF is now 
retained, 2D time-of-flight vs. pulse height spectra, analogous to traditional 
TOFOR 1D tTOF spectra can now be constructed, revealing structure in the 
distribution of coincidences in tTOF and pulse height. As each coincidence is 
associated with one tTOF measurement and two PMT pulses (in S1 and S2 
respectively), two 2D spectra can be constructed for each measured 1D tTOF 
spectrum. Projecting any of these 2D spectra on the tTOF axis removes the 
pulse height information and results in the exact same tTOF spectrum.  
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Figure 18. Time-of-flight vs recoil proton pulse height spectra for S1 (b) and S2 (d) 
(uncalibrated, arbitrary units), with projections on the pulse height axis for S1 (a) 
and S2 (c) and the projection on the tTOF axis (e). The region 60 ns < tTOF < 70 ns is 
indicated in red lines in b) and d), with the projection of that selected region shown 
in a) and c) in red. 

In Figure 18 b) and d), typical tTOF vs pulse height spectra (JET discharge 
90906) for S1 and S2 can be seen. The y-axes represent pulse height in arbi-
trary units (obtained by integrating or summing the digitised pulses, as seen 
in Figure 3). In Figure 18 a) and c), projections on the pulse height axis are 
shown, with the full projections in blue and projections for the selected re-
gion 60 ns < tTOF < 70 ns indicated in a) and c) in red. In Figure 18 e), the 
projection on the tTOF axis can be seen. From viewing the figure, it is appar-
ent that structures with a certain extension in both tTOF and pulse height exist 
in the spectra. The structure at ~4 ns corresponds to a velocity equal to the 
speed of light c, indicating that the structure is due to  S1-S2 coincidences. 
The  structure is revealed to consist of a wide range of pulse heights (as 
expected for photons). Around 65 ns, extending to 5200 arbitrary pulse 
height units, a cloud corresponding to the deuterium-deuterium neutron peak 
appears. The boundaries at about 12000 arbitrary units in a) and 7200 in c) 
indicate the maximum extents of the range of energy depositions in S1 and 
S2 respectively, determined by the maximum energy obtainable by neutrons 
originating from fusion reactions in this particular discharge. 

Energy calibration 
The detectors of TOFOR were not calibrated in the traditional sense for the 
purposes of TOFu-based multi-parameter analysis, with a radioactive source, 
as access to the instrument is limited during the experiments. In addition, 
frequent recalibration would be necessary in response to instrumental drift 
over time. However, using well-known structures in time-of-flight vs. pulse 
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height spectra, the pulse height response to different proton energy deposi-
tions can be estimated to a satisfactory degree.  

As can be seen in Figure 18 a), the structure corresponding to 64.9 ns, 
2.45 MeV neutrons peaks at about 800 arbitrary units, extending to roughly 
5200 arbitrary units. The former number corresponds to the mean energy 
deposition of 2.45 MeV neutrons in S1, i.e. 0.08 MeVee, while the latter 
maps to the maximum energy deposition in S1 for such neutrons, or 0.2 
MeVee. Finally, the range of pulse heights can be seen to extend to about 
12000 arbitrary units for neutron induced pulses. If the neutron emission is 
dominated by 2.45 MeV neutrons, the boundary of this region should begin 
to fall off at that energy, as it is the maximum energy available for transfer to 
recoil protons and subsequent deposition. This energy expressed in electron 
equivalent units is about 0.7 MeVee. These three points can now be used to 
estimate the relation between the arbitrary units obtained by summing digit-
ised pulses and the electron equivalent scale and by extension, recoil proton 
energy deposition in MeV.  

For S2, similar steps can be taken by noting the peak energy available to 
recoil protons due to incident 2.45 MeV neutrons, as well as the maximum 
energy available to neutrons partaking in true coincidences, as these struc-
tures can also be identified from the time-of-flight vs. pulse height spectra 
for S2. In this manner, a sufficient degree of energy calibration can be 
achieved for all detectors.  

Note that, while similar, the energy deposition response of the different 
S2 detectors is not the same and depends on various instrumental factors 
such as high voltage settings of the PMTs. Therefore, summation of S2 pairs 
introduces an additional resolution-affecting effect. In combination with the 
availability of only two calibration points in the tTOF vs Ep spectra, lower 
statistics as fewer neutrons reach the S2 array and the large size of the S2 
detectors (which has uncharacterised and possibly significant effects on light 
collection properties depending on the interaction site of the specific neu-
trons), the energy calibration of the S2 detectors can be expected to be less 
precise than that of the S1 array.  

A comparison of TOFOR and TOFu data 
At this stage, it is prudent to demonstrate the ability of the TOFu system to 
match spectra constructed using the original TOFOR DAQ. To this end, 
timing data from a chosen discharge (89715) obtained using both systems 
has been aligned by comparing the time stamp sequences for both the TO-
FOR DAQ and TOFu acquired using this discharge. Due to differences in 
dead time and different low threshold settings, the TOFOR DAQ events are 
a subset of those acquired using TOFu, i.e. some events digitised by TOFu 
are missed by the original TOFOR DAQ. By comparing corresponding time 
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data sequences, events that were not digitised by both of the systems can be 
removed. By using the resulting, reduced time data, fully comparable spectra 
can be constructed. This has been done for the JET 89715 discharge, result-
ing in the spectrum shown in Figure 19 (Paper IV). The p-value reported in 
Paper IV is misleading, and substantially lowered by an excess number of 
empty bins. After merging empty or almost empty bins, in order to improve 
the 2 approximation to the null distribution of the test statistic, a 2 test 
yields p = 0.17 ( 2

 = 80.096 on 69 degrees of freedom)[27]. In conclusiom, 
there is no statistically significant difference between the spectra. The dis-
crepancies that are present in the spectra are due to minor differences in the 
digital and analogue timing procedures. 

 
Figure 19. A comparison of TOFOR (blue) and TOFu (red) data for the discharge 
89715. 
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Kinematic background discrimination 

So tonight I'm gonna cut it out and then restart 

- Florence + the Machine 
 
As stated previously, false coincidences constitute the primary background 
component in TOFOR time-of-flight spectra for sufficiently high neutron 
rates. These accidentals are evenly distributed over the spectrum, forming a 
flat, rate-dependent background level. However, using knowledge of the 
geometry of TOFOR, particle kinematics along with correlated time and 
energy information, some of this background can be removed from the spec-
trum (Paper V). This is only possible with a DAQ system capable of digitis-
ing correlated time and pulse height information, and can enable the visibil-
ity of certain low-intensity spectral features which would otherwise be indis-
tinguishable from the statistical fluctuations of the accidental background. 

For single scattering of a neutron off a proton, the energy En’ of the neu-
tron after the initial scattering and detection in S1 is given by Equation (7). 
One can now note that the length of the flight path L is a function of the scat-
tering angle , while also depending on the exact interaction loci in S1 and 
S2. By combining the expression for recoil proton energy deposition given 
by Equation (9) with Equation (7), the recoil proton energy Ep

S1 in the S1 
detector array can be expressed in the manner provided in Equation (14). 

 

 (14) 

 
From this expression, it is evident that the deposited energy Ep

S1 depends on 
the length of the flight path L, the time-of-flight and the scattering angle . 
The values of the geometrical parameters L and  cannot be determined with 
precision, since they depend on the unknown positions of the interactions 
within the scintillator detector volumes. They will fall within a certain range 
determined by the geometry of the instrument. 

S2 covers a limited range of the scattering angle  as seen from S1. This 
angular interval and the limits min and max are known. The minimum and 
maximum distances Lmin and Lmax between the two sets of scintillators that a 
neutron has to traverse are also well-determined, for any point of interaction 
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within S1 and S2. Inserting these extrema into Equation (14), it is possible to 
obtain the corresponding values of Ep

S1 as functions of only tTOF.  
 

 
(15) 

 

 
The implication of Equations (15) is that, for a given time-of-flight, the 
range of possible energy depositions (and hence, pulse heights) of neutron-
proton scatterings in S1 is bounded by Emin

S1(tTOF) and Emax
S1(tTOF). If the 

energy deposition information is available and correlated to the time infor-
mation, this technique can be used to discriminate against accidentals that 
don’t fit the criteria of properly matching time-of-flight and energy deposi-
tion i S1. Any coincidence where the time-of-flight corresponds to an energy 
deposition higher than Emax

S1(tTOF) or lower than Emin
S1(tTOF) can be removed 

in the analysis.  
Energy is deposited by neutron recoil protons in the S2 scintillator array 

as well. Since no geometric selection occurs after the neutron has interacted 
within S2, the energy deposition has no lower bound: a neutron may transfer 
any amount of its energy to protons in S2. There is however an upper bound, 
equal to the post-S1 scattering energy En’ of the neutron. This upper bound, 
given in Equation (16) is obtained from Equation (8) and by realizing that L 
= Lmin corresponds to the maximum possible energy deposition Emax

S1(tTOF). 
 

 (16) 

Kinematic background discrimination on synthetic data 
The kinematic cuts described by Equations (15) and (16) have been tested on 
synthetic data, obtained using a Monte Carlo, Geant4 simulation of the TO-
FOR system responding to a wide range of incident neutron energies. The 
synthetic tTOF vs Ep spectra shown in Figure 20 represent the TOFOR re-
sponse to a flat incident neutron energy spectrum, with an infinitely low rate 
(which implies that only true coincidences will be present in the spectra). As 
can be seen, the kinematic cuts (shown in red) closely follow the Ep distribu-
tion of true, single neutron-proton scattering coincident events. The low-
intensity component present outside the cuts contains all events that to do 
not belong to this category. Among them are, for example, multi-scattering 
events and scattering on carbon. These events to not adhere to the simple 
kinematic relations described previously and are treated as background. 
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Figure 20. A synthetic tTOF vs. Ep spectrum for S1, with the kinematic cuts given by 
Equation (15) shown in red (a), and the corresponding S2 spectrum with the kine-
matic cut given by Equation (16) shown in red (b). 

The major contribution to background in experimental scenarios however, is 
not due to such special scattering events but rather to rate dependent acci-
dental coincidences. In order to demonstrate the effect of kinematic cuts on 
this, significant part of the background, additional synthetic time-of-flight vs 
energy deposition spectra have been produced. These spectra, shown in Fig-
ure 21 (a) and (b), model a scenario with a neutron rate of 7 MHz and a sim-
ulated discharge duration of 1 s. A strong background component is now 
present across the entire tTOF range.  

In Figure 21 (c), the projections of these spectra on the tTOF axis are 
shown with and without kinematic background discrimination, where the 
effects on the background can be clearly seen. Also apparent is the shape of 
the remaining background component, in particular in the negative tTOF range 
where no true coincidences are present. 

The discriminated background component 
The kinematic background technique does not enable complete removal of 
the accidental background; a certain amount of false coincidences will al-
ways fulfil the energy discrimination criteria, due to their uniform distribu-
tion in tTOF. It is important to understand the characteristics of this portion of 
non-discriminated background in order to be able to take it into account in 
data analysis.  
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Figure 21. A synthetic tTOF vs. Ep spectrum for S1, with the kinematic cuts given by 
Equation (15) shown in red (a), and the corresponding S2 spectrum with the kine-
matic cut given by Equation (16) shown in red (b). The projection on the tTOF axis 
(i.e. the tTOF spectrum) is shown in (c) black, along with the projection resulting 
from applying the kinematic cuts (blue). The S1 event rate and discharge duration 
are 7 MHz and 1 s respectively. 

For TOFOR spectra without kinematic discrimination, the flat background is 
included as a fixed component during the fitting procedure. For spectra with 
kinematic discrimination, it is more complicated to obtain the shape of the 
background component as it is no longer flat; due to the application of the 
kinematic cuts it acquires a characteristic shape. It is however possible to 
obtain an assessment of the shape of the discriminated background compo-
nent from the negative tTOF range.  

By applying the energy discrimination criteria described by Equations 
(15) and (16) to coincidences with negative tTOF, an inverted spectrum con-
sisting only of non-discriminated background may be constructed and uti-
lised for background compensation in spectral analysis.  
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In Figure 22, a synthetic spectrum where the simulated discharge duration 
is reduced to 1.5 ms is shown. In this figure, the non-discriminated spectrum 
(black) is shown along with the discriminated one (blue), along with two 
additional components (red and green) which will be discussed shortly. The 
low neutron count results in significant noise, rendering it unsuitable for 
usage as a fixed component in spectral analysis. In analogy, this is also true 
for spectra without kinematic background discrimination which is why the 
background component is calculated from the mean of a range of negative 
tTOF values. In another analogy to the background component calculation 
procedure for spectra without kinematic background discrimination, it is 
possible to assess the shape of the discriminated background component by 
computing a mean of the background in the negative tTOF range, whilst tak-
ing the energy deposition distribution of the background events into account. 
The result of this smoothing procedure, discussed in forthcoming para-
graphs, results in the red component of Figure 22, whereas the result of sub-
tracting the smoothed background from the discriminated spectrum is shown 
in green. 

 
Figure 22. The projection on the tTOF axis of a synthetic tTOF vs. Ep spectrum in black 
with reduced statistics compared to Figure 21, along with the projection resulting 
from applying the kinematic cuts (blue), the averaged background component (red) 
and the projection with kinematic cuts and the averaged background component 
subtracted (green). The S1 event rate and discharge duration are 7 MHz and 1.5 ms 
respectively. 

 
The procedure, illustrated in Figure 23 entails averaging time-of-flight vs. 
energy deposition spectra across the negative tTOF range, for both the S1 (a) 
and S2 (d) detectors. The resulting, smoothed background is shown for S1 
(b) and S2 (e). This is viable as long as the distribution of energy deposition 
for background events is uniform in tTOF. By applying the kinematic cuts to 
the averaged time-of-flight vs. energy deposition spectrum, one obtains a 
smoothed discriminated background component for S1 (c) and for S2 (f).  
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Finally, the separate, smoothed background components are multiplied 
bin-wise and divided by the mean intensity of the full, un-discriminated 
background for normalisation (g). The resulting, averaged background can 
then be used as a fixed component in forward modelling analysis of tTOF 
spectra for which kinematic background discrimination has been applied.  

 
Figure 23. The procedure of constructing the averaged background component, 
illustrated. To the left, in a) the S1 synthetic background for the negative tTOF region 
is shown. The averaged tTOF vs Ep spectrum is displayed in b) along with the kine-
matic cuts and the resulting background component is shown in c). The correspond-
ing plots for S2 are displayed in d), e) and f). The background resulting from apply-
ing the kinematic cuts to the negative tTOF region is shown in g) (blue), along with 
the averaged background component obtained by multiplying the components from 
c) and f), with the result of subtracting the averaged background component from 
the background with kinematic cuts applied in green. 

Experimental spectrum from a 3rd harmonic heated 
discharge 
In order to demonstrate the adherence of the kinematic cuts to calibrated, 
experimental pulse height data, a JET discharge (86775) with a prominent 
fast, i.e. supra-thermal, ion component was chosen. A suitable heating 
scheme in this context is ICRH 3rd harmonic deuterium resonance heating 
[28], which generates a substantial high-energy neutron distribution, visible 
in TOFOR tTOF spectra as a high-intensity tail extending down to ~45 ns. The 
tTOF vs pulse height spectrum of discharge 86775 can be viewed in Figure 
24.  
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The employed heating scheme gives rise to a neutron time-of-flight spec-
trum with an increased extent in tTOF of true coincidence events, compared to 
data obtained from discharges powered by other heating schemes. Therefore 
this discharge provides an opportunity to better study the ability of the kine-
matic cuts described by Equations (15) and (16) to reproduce the upper (and 
in the case of S1, also lower) bounds of the distribution of coincidences in 
the time-of-flight vs energy deposition plane. As can be seen in Figure 24, 
the lines (red) representing the kinematic cuts conspicuously follow the 
bounds of the structure due to true coincidences. 

 
Figure 24. A tTOF vs. Ep spectrum for S1 obtained using TOFu of the JET discharge 
86775, with the kinematic cuts shown in red (a), and the corresponding S2 spectrum 
with the kinematic cut shown in red (b). 

Kinematic background discrimination on summed 
experimental data 
For purposes of presenting the effects of kinematic background discrimina-
tion on experimental data, a range of JET discharges with relatively high rate 
were chosen. Time-of-flight vs energy deposition spectra were constructed 
and summed, prior to application of kinematic cuts. The result can be viewed 
in Figure 25. Shown are time-of-flight vs energy deposition spectra for S1 
(a) and S2 (b) with kinematic cuts in red, the projection of the un-
discriminated spectrum (blue) (c) with the mean background in red and the 
result of the subtraction of the background from the data in green, and finally 
the projection of the discriminated spectrum (d) with data (blue), background 
(red) and the product of subtraction of the latter from the former (green).  
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Figure 25. An experimental tTOF vs. Ep spectrum from summed JET data obtained 
with TOFu for S1, with the kinematic cuts shown in red (a), and the corresponding 
S2 spectrum with the kinematic cut shown in red (b). Projections on the tTOF axis 
(i.e. the tTOF spectrum) with (c) and without (d) kinematic background discrimina-
tion are shown in blue, along with the corresponding averaged background compo-
nents (red) and the projections with kinematic cuts and the averaged background 
components subtracted (green). 

The application of the kinematic cuts improves the signal-to-background 
ratio across the entire tTOF range in varying degrees. However, the effects are 
particularly pronounced for high (> 70 ns) and low (< 30 ns) tTOF. The effect 
of the kinematic cuts for the 27 ns region, around the deuterium-tritium 
peak, are studied in detail in Figure 26. Here, the effect on the error on the 
data points prior (blue) and after (red) the application of the kinematic cuts is 
evident. By fitting Gaussian curves to both the un-discriminated (cyan) and 
the discriminated (magenta) data and comparing their integrated area to the 
background (blue and red whole-drawn lines respectively) reveals a 500 % 
improvement in the signal to background data, resulting in a more clearly 
resolved deuterium-tritium peak.   
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Figure 26. A comparison of the signal-to-background and the error per data point of 
the deuterium-tritium peak region of spectrum of summed time-of-flight data form 
several discharges. Mean background (line) and un-discriminated data (error bars) in 
blue, with Gaussian fit in cyan. Discriminated data (error bars) and background in 
red, with Gaussian fit in magenta. 

The effects of the kinematic cuts in the low-tTOF range of TOFu spectra are 
studied in greater detail in subsequent sections, where forward modelling 
analysis of tTOF spectra is emphasized.  
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Spectral analysis with TOFu 

I can’t begin to explain 
How we disassemble the parts and frame 

- The Naked and Famous 
 
Forward modelling spectral analysis is used in order to extract information 
on fuel ion concentrations, temperature and other plasma parameters from 
TOFOR time-of-flight spectra. These well-established techniques can be 
readily applied to background-discriminated TOFu spectra as well. Howev-
er, the effects of the background discrimination on the spectra has to be tak-
en into account during the fitting of the modelled spectral components. The 
present section aims to describe the necessary steps and demonstrate the 
application of the analysis procedure to background discriminated TOFu 
spectra (Paper VI). 

 
Figure 27. A visual comparison of the response matrices for TOFOR (left) and TO-
Fu (right), with neutrons per bin (colour) plotted on logarithmic scale. The effect of 
the kinematic cuts on the high-tTOF region, is clearly visible. Time-of-flight (tTOF) 
bins chosen for projection in Figure 28 are indicated in magenta. 
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A comparison of TOFOR and TOFu response functions 
An essential element in the TOFOR forward modelling procedure is the re-
sponse function, which maps the response of the instrument to different inci-
dent neutron energies. The forward modelling technique entails fitting syn-
thetic incident neutron energy components and folding them with a response 
matrix, which has been constructed using a Geant4[29] Monte-Carlo simula-
tion of the TOFOR system[24].  

In the case of TOFu data with applied kinematic cuts, it is necessary to 
construct a response matrix which takes the cuts into account. The resulting 
response function, in comparison to the corresponding, original TOFOR 
response matrix, is shown in Figure 27, with incident neutron energies on 
the y-axis and the tTOF response on the x-axis. The effects of the kinematic 
cuts are notable in the lack of events after approximately 100 ns. The affect-
ed region contains only events that are not single scattering neutron-proton 
events.  

Of particular interest are the regions around 2.45 MeV (deuterium-
deuterium fusion neutrons) and 14.0 MeV (deuterium-tritium fusion neu-
trons). Projections of these regions, indicated by magenta lines in Figure 27 
for both response matrices are displayed in Figure 28, with the deuterium-
deuterium projection in red and the deuterium-tritium projection in blue. 

 
Figure 28. Projections on the tTOF axis of selected En regions of the response func-
tion for the original TOFOR DAQ (whole-drawn) and TOFu (dashed). The selected 
regions correspond to neutrons emitted in the deuterium-deuterium reaction (2.45 
MeV, peaking at 65 ns, blue) and deuterium-tritium emission neutrons (14.0 MeV, 
27 ns, red). 
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The advantage of employing kinematic cuts on the signal to background 
ratio of deuterium-deuterium data in a prominent deuterium-tritium back-
ground is evident, as the discriminated projection for the chosen regions is 
significantly lower in intensity in the high-tTOF regions. Therefore, one can 
expect the visibility of the lower-energy component to improve with the 
application of kinematic cuts.  

 
Figure 29. An illustration of the JET MCNP model employed for calculation of the 
backscatter matrix (coloured fields) and the intersection of the model and the TO-
FOR sightline (shaded 3D-map). The colours of the segments in the model represent 
vacuum (white), air (light blue), beryllium (magenta), tungsten (orange), Inconel 
(green), carbon (yellow), divertor magnets (red), outer shell (dark blue) and addi-
tional surrounding structure (grey). The colours in the sight line map represent the 
probability of a neutron at that position to reach the TOFOR system, with dark blue 
and orange corresponding to the lowest and highest probabilities respectively. 



 58 

Another important aspect of analysing TOFOR (and TOFu) time-of-flight 
spectra is realising that a substantial amount of the incident neutron flux 
originates not in direct emission, but rather in neutrons scattering off the 
lower reactor wall before impinging on the TOFOR sight line. This contribu-
tion requires a separate response matrix which maps directly emitted neu-
trons of various energies to scattered neutron energies. Such matrices have 
been constructed for both the former JET carbon wall (CW) and the more 
recently installed ITER-like wall (ILW), which includes beryllium tiles and a 
tungsten divertor.  

The backscatter matrices were created using an MCNP model[25], a 
cross-section of which is shown in Figure 29, where the coloured fields rep-
resent different materials and the shaded height-map area in the top centre of 
the image represents the TOFOR sight line (see figure caption).  Note that 
while the section of the wall seen by TOFOR is relatively small, it is illumi-
nated by neutrons from the entire plasma in that region of the tokamak and 
as such its contribution to the flux of neutrons reaching TOFOR cannot be 
neglected. 

The matrices obtained using the MCNP model of the JET interior are 
shown in Figure 30. 

 
Figure 30. A comparison of the backscatter response matrices for the JET carbon 
(left) and ITER-like (right) walls respectively, with simulated direct emission neu-
tron energies on the y-axis and the corresponding scattered neutron energies on the 
x-axis. Colour (z-axis, counts per bin) on logarithmic scale. Simulated neutron ener-
gies chose for projection in Figure 31 are indicated in magenta. 

The 2.45 MeV and 14.0 MeV direct emission neutron energy ranges, indi-
cated in magenta in Figure 30, are projected on the scattered neutron energy 
axis in Figure 31, for both the carbon wall (blue, whole-drawn) and the ILW 
(red, dashed). The prominent structure to the right in the projections, close to 
the direct emission energy, correspond to inscatter neutrons and ILW scatter-
ing on tungsten whereas the secondary structures are due to scattering off 12C 
(ground state and the first excited state). As can be seen, these carbon scat-
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tering structures are slightly reduced in intensity while the structure close to 
the incoming energy is slightly enhanced for the ILW, as expected due to the 
lower carbon content in the wall and the introduction of the tungsten di-
vertor. 

 
Figure 31. Projections on the scattered neutron energy axis of the backscatter matri-
ces for incident neutron energies 2.5 ± 0.025 MeV (left) and 14.0 ± 0.025 MeV 
(right), comparing the carbon wall (CW, blue, whole-drawn, 50 keV bin width) and 
the ITER-like wall (ILW, red, dashed, 500 keV bin width). 

Analysis of the neutron emission backscatter component 
with TOFu 
The JET discharge 90906 was chosen to demonstrate the effects of kinematic 
background discrimination on forward modelling analysis, since it’s a high 
neutron rate discharge with a non-complicated heating scheme, consisting 
nearly exclusively of high-powered neutral beam (NBI) heating. A time trace 
displaying the applied neutral beam (red) and ICRH (blue) heating power is 
shown in Figure 32.  The chosen time slice (55 s to 70 s) was heated by a 
negligible amount of ICRH, resulting in a relatively simple analysis. 

Despite the fact that this discharge had a relatively high neutron rate, it is 
still not sufficient in order to clearly demonstrate the effect of background 
discrimination on the primary deuterium-deuterium peak. Instead, the high-
tTOF, low-energy region (> 70 ns) has been chosen as focus for the analysis 
presented in the present section. This region is dominated by the backscatter 
component, and since the data was acquired after installation of the ILW, the 
discharge provides an opportunity to study the ability of the new backscatter 
ILW matrix to describe the data.  
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Figure 32. A time trace of the heating schemes applied to JET discharge 90906 with 
NBI (red) and ICRH (blue) power output displayed. 

Initially, for comparison, the acquired spectrum was analysed without kine-
matic cuts, using the original TOFOR response function. The results are 
shown in Figure 33, with the component due to direct fusion emission from 
thermal and heated ion populations (blue, dashed), the backscatter compo-
nent (green, dot-dashed) and the background (black, dashed) are shown 
along with the data (black, error bars) and the sum (red, whole drawn) of the 
components.  

 
Figure 33.  TOFu data and fitted components of discharge 90906, without kinematic 
background discrimination. 
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As can be seen in Figure 33, the low-energy tail of the direct emission com-
ponent, due to events that are not originating in single, neutron-proton scat-
tering, dominates the high-tTOF region. The fit is not able to correctly repro-
duce the data in this region, in particular between 80 ns and 100 ns, and it is 
not possible to deduce with certainty which of the spectral components is the 
cause of this discrepancy from the given data.  

The descriptive power of the fit is enhanced after application of kinematic 
cuts, as can be seen in Figure 34. The significantly improved fit in the low-
energy region is now evident, as is the presence of the deuterium-tritium 
peak at 27 ns which previously did not contribute to the total fit.  

 
Figure 34. TOFu data and fitted components of discharge 90906, with kinematic 
background discrimination. 

It is now also clear that the backscattering component describes the high-tTOF 
region well, while the impact of the contribution from the low-energy direct 
emission tail is significantly diminished due to the application of the kine-
matic cuts. The cause of the inability of the direct emission component to 
fully reproduce the high-tTOF region of the data is possibly a discrepancy 
between the energy deposition calibration and the employed response func-
tion. The main conclusion from these results, however, is that the descriptive 
capability of the backscatter matrix is now validated. 
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Neutron time-of-flight spectrometry for 
deuterium-tritium plasmas  

Well, it does its magic discreetly 

- Bloc Party 
 
While the advantages of the background discrimination techniques presented 
in the present thesis have been shown to be significant, the effects of the 
method will not be realised in full until data acquired during deuterium-
tritium plasma experiments can be studied. This is due to the fact that the 
effects of the kinematic cuts most strongly affect the low-energy, high-tTOF 
(relative to the main spectral features) range. As a result of this, the visibility 
of the deuterium-deuterium peak in a relatively strong deuterium-tritium 
background will be significantly improved by the kinematic cuts and offer 
the clearest improvement in spectrometric capability of TOFOR, compared 
to the situation when no kinematic background discrimination is applied. 

As no deuterium-tritium experiments have taken place at JET during the 
life-time of TOFOR (and TOFu), synthetic data must be used in order to 
provide an assessment of the attainable improvements. The present section 
aims to illustrate such a scenario as pertaining to background discriminated 
TOFOR time-of-flight spectra. 

In this context, it is important to realise that TOFOR was not optimised 
for measurements of the deuterium-tritium fusion neutron emission. While 
the techniques presented in this thesis enable TOFOR to better function as a 
spectrometer of deuterium-deuterium neutrons in a strong deuterium-tritium 
background, the spectrometric capability of the system with regard to the 
deuterium-tritium response itself is limited. In view of this, a concept for an 
alternative, backscattering time-of-flight device based on deuterated primary 
scintillators and optimised to measure deuterium-tritium fusion emission 
neutrons is presented in this section (Paper VI). 
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Modelling of background discriminated TOFOR 
deuterium-tritium spectra 
The Monte-Carlo Geant4 model used to produce the TOFOR and TOFu 
response functions was employed to generate synthetic deuterium-tritium 
spectra, using source neutron energy distributions obtained with the Con-
trolRoom[30] Monte-Carlo code, with the fuel ion distribution given by a 
TRANSP model of JET discharge 82817. In the ControlRoom simulation, 
the relative concentrations of deuterium and tritium in the plasma were var-
ied to obtain the desired range of plasma scenarios. The discharge can be 
characterized as an H-mode plasma, heated by 18 MW deuterium beams and 
a trace amount of ICRH. The neutron emission rate of deuterium-tritium 
scenarios is expected to give rise to count rates significantly higher than 
those seen up to this date. Therefore, the simulated count rates were chosen 
to be close to the estimated peak count rate of the TOFOR system at 1 MHz 
per S1 channel.  

The source neutron energy distributions can be seen in Figure 35. Three 
scenarios, with a minor tritium amount of 1 % (blue), 20 % (red) and a full 
deuterium-tritium plasma at 50 % (green) were investigated. 

 
Figure 35. Source neutron energy spectra used to generate the neutron distribution 
for the Monte-Carlo modelling of deuterium-tritium fusion spectra. 
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The source energy distributions were used in concert with neutron-proton 
elastic scattering cross sections as weights for sampling of pre-generated 
Geant4 neutron interaction data, from which the synthetic tTOF spectra were 
calculated. The spectra are shown in Figure 36, Figure 37 and Figure 38, 
with the time-of-flight vs energy deposition S1 spectra in the top panels, the 
time-of-flight vs energy deposition S2 spectra in the middle panels and the 
projections on the tTOF axis, with (blue) and without (black) kinematic back-
ground discrimination in the bottom panels. In the top and middle panels, the 
kinematic cuts are shown as red, whole-drawn lines while the averaged 
background component is shown in red, dashed in the bottom panels. The S1 
(top) and S2 (middle) panels with time-of-flight vs energy deposition spectra 
share the intensity colour range within each figure, and as such use the same 
colour bar.  

For these three scenarios, the signal-to-background ratio in the deuterium-
deuterium peak region was calculated by summing (integrating) the data 
across the range 60 ns < tTOF < 70 ns, and comparing the result with the cor-
responding background component for both discriminated and non-
discriminated data. The results of the calculations of the signal to back-
ground ratios in the different cases, as well as the improvements in signal-to-
background ratio (S/B) are summarised in Table 1.  
 

 
Figure 36. Synthetic tTOF vs. energy deposition spectra for S1 (top) and S2 (middle), 
with projection on tTOF axis (black) in the bottom panel. Kinematic cuts are dis-
played in red in the tTOF vs. energy deposition spectra, with the projection of the 
discriminated spectra on the tTOF axis (blue) and the averaged background compo-
nent (red, dashed) in the bottom panel. The S1 count rate is 5 MHz and the tritium 
fraction is 1 %.   
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Figure 37. Synthetic tTOF vs. energy deposition spectra for S1 (top) and S2 (middle), 
with projection on tTOF axis (black) in the bottom panel. Kinematic cuts are dis-
played in red in the tTOF vs. energy deposition spectra, with the projection of the 
discriminated spectra on the tTOF axis (blue) and the averaged background compo-
nent (red, dashed) in the bottom panel. The S1 count rate is 5 MHz and the tritium 
fraction is 20 %.   

 
Figure 38. Synthetic tTOF vs. energy deposition spectra for S1 (top) and S2 (middle), 
with projection on tTOF axis (black) in the bottom panel. Kinematic cuts are dis-
played in red in the tTOF vs. energy deposition spectra, with the projection of the 
discriminated spectra on the tTOF axis (blue) and the averaged background compo-
nent (red, dashed) in the bottom panel. The S1 count rate is 5 MHz and the tritium 
fraction is 50 %.   
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Table 1. Signal-to-background ratio for three different tritium concentrations (nT/n). 

nT/n S/B, w/o discrimination S/B, w/ discrimination S/B, relative improvement 

1 % 2.524 6.021 239 % 
20 % 1.345 2.741 204 % 
50 % 1.248 2.141 172 % 

 
As can be seen in Table 1, the gains in signal-to-background ratio, while 
noticeable, are no larger than about 200 % in the presented cases. In a sce-
nario where the count rate is decreased ten-fold, as in Figure 39 which de-
picts a synthetic spectrum for a plasma with 20 % tritium, the signal-to-
background ratio can be improved to 400 %. In this case, the S/B ratio after 
application of kinematic cuts is about 20.  

An important application of the TOFOR instrument in an upcoming deu-
terium-tritium campaign at JET could be in determining the fuel ion ratio. 
For such an analysis, spectroscopy of both the 14 and the 2.45 MeV peaks 
would be necessary. In this context, a signal-to-background ratio above 10 is 
probably required. In order to achieve this goal, a decrease of the neutron 
flux through collimation of the neutron beam impinging on TOFOR could be 
necessary. 

 
Figure 39. Synthetic tTOF vs. energy deposition spectra for S1 (top) and S2 (middle), 
with projection on tTOF axis (black) in the bottom panel. Kinematic cuts are dis-
played in red in the tTOF vs. energy deposition spectra, with the projection of the 
discriminated spectra on the tTOF axis (blue) and the averaged background compo-
nent (red, dashed) in the bottom panel. The S1 count rate is 0.5 MHz and the tritium 
fraction is 20 %. 
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A deuterated backscattering time-of-flight spectrometer 
for deuterium-tritium plasmas  
Due to the relatively short flight-time of the 14.0 MeV deuterium-tritium 
fusion neutrons in TOFOR (27 ns), the tTOF resolution of the TOFOR re-
sponse to deuterium-tritium neutrons is limited compared to that of the deu-
terium-deuterium peak for which TOFOR is optimised. Although the DAQ 
upgrade presented in this thesis provides some ability for TOFOR to func-
tion as a broadband-spectrometer in deuterium-tritium experiments as it fa-
cilitates spectrometry of the deuterium-deuterium signal in a strong back-
ground, the spectrometric deuterium-tritium abilities of the instrument re-
main sub-optimal. For this reason, an alternative high-resolution spectrome-
ter concept, suitable for deuterium-tritium fusion emission neutron time-of-
flight spectrometry, has been developed. In Paper III, an early iteration of the 
concept was presented. Since then, the instrument design has been further 
optimised in terms of resolution. Nevertheless, the operating principles of 
the design in Paper III still hold. Here, we wish to present results pertaining 
to a new geometry where, notably, the length of the flight-path has ben re-
duced from 1.2 m to 1.0 m.  

The design goals of the instrument were to preserve or improve many of 
the specific properties of the TOFOR system, such as the tTOF of the main 
neutron emission and the magnitude of energy deposition in the individual 
detectors. In order to accomplish this, a backscattering geometry with a deu-
terated primary scintillator (D1) was chosen. A sketch of the spectrometer 
can be seen in Figure 40. 

 
Figure 40. A sketch of the geometry of the proposed backscattering tTOF system. The 
primary deuterated scintillators are denoted D1, while the annulus-shaped cluster of 
non-deuterated secondary scintillators are named D2. Incident and scattered neu-
trons are denoted n and n’ respectively. 
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Unlike for protons, backwards elastic scattering of neutrons off deuterium is 
possible, with a favourable differential cross section. Back-scattering results 
in a higher energy transfer of the neutron to the target nucleus, resulting in 
low-energy (slow) scattered neutrons.  

An instrument such as the backscattering time-of-flight concept is well 
suited for use in concert with background-discrimination techniques similar 
to those presented in this thesis , but where the kinematic cuts are set accord-
ing to single-scattering neutron-deuteron kinematics, rather than for the neu-
tron-proton interaction discussed earlier in this thesis.  

An example of results of kinematic discrimination on a synthetic deuteri-
um-tritium fusion plasma neutron emission spectrum with low rate (no acci-
dental background) is shown in Figure 41, where the contributions from 
multi-scattering on deuterium (green, dotted) as well as scattering on carbon 
(red, dashed) in the primary, deuterated scintillators is shown separately.  

 
Figure 41. The effects of kinematic cuts on a synthetic backscattering time-of-flight 
spectrum with arbitrarily low count rate. Shown separately are scattering on carbon 
(red, dashed), multi-scattering on deuterium in the scintillator (green, dotted), the 
full spectrum without kinematic cuts (blue, whole-drawn) and the results of applying 
kinematic cuts to the full spectrum (black, dotted) 
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The shown spectral contributions due to multiple scattering on deuterium 
and scattering on carbon will be affected by kinematic cuts in an analogous 
manner to the case when kinematic cuts are applied to TOFu data with simil-
iar components. The full spectrum with (black, dotted) and without (blue, 
whole-drawn) kinematic cuts are shown.  

In Figure 42, the effects of the kinematic cuts on a synthetic backscatter-
ing time-of-flight spectrum with a count rate per detector of 2 MHz, where 
the background is dominated by accidentals is shown. The original back-
ground level (red, dashed) is displayed, as are the true coincidences (blue, 
whole drawn) and the remaining background after application of kinematic 
cuts (green, dotted). The contributions of accidentals due to scattering off 
hydrogen and deuterium respectively in the scintillators are indicated. 

 
Figure 42. The effects of kinematic cuts on a synthetic backscattering time-of-flight 
spectrum with arbitrarily a count rate Rn = 2 MHz. Shown separately are the original 
background level (red, dashed), are the true coincidences (blue, whole drawn) and 
the remaining background after application of kinematic cuts (green, dotted).  
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Conclusions and outlook 

You live and you don’t learn 

- Laakso 
 
The aim of the research presented in this thesis is to develop the well-tested 
time-of-flight fusion plasma neutron emission spectrometry technique by 
applying methods enabled by modern data acquisition electronics. In particu-
lar, the presented techniques are intended to enhance the spectrometric capa-
bilities of time-of-flight devices in view of deuterium-tritium fusion plasma 
experiments at JET and ITER. 

At JET, the TOFOR time-of-flight spectrometer has been providing valu-
able spectrometry data since 2005. Recently, TOFu, an auxiliary, fully digi-
tal data acquisition system for TOFOR has been installed and tested. The 
electronic setup of TOFu has been described in detail, along with the neces-
sary precision time-alignment and synchronisation of the constituent digitis-
er channels and signal lines. 

TOFu enables hitherto unprecedented possibilities in terms of analysis 
and timing of neutron-induced detector signals. As a consequence, it is now 
possible to mitigate one of the primary issues pertaining to time-of-flight 
spectrometry in high-rate scenarios, namely background due to false neutron 
coincidences, or accidentals. The newly developed techniques are based on 
kinematic criteria and enabled due to the ability of TOFu to digitise neutron-
induced detector signals, which in turn provides access to information on the 
energy transfer from the studied fusion neutrons to the recoil protons in the 
TOFOR scintillator detectors. The kinematic background discrimination 
methods have been tested on both synthetic and experimental data, and it is 
shown that the resulting improvement in signal-to-background ratio enhanc-
es the descriptive power of the spectral analysis methods used for TOFOR 
time-of-flight spectrometry. In particular, the new techniques have enabled 
more detailed study of the spectral component due to neutrons scattering off 
the JET reactor wall prior to impinging on the TOFOR sight line. 

High-intensity background due to false deuterium-tritium fusion emission 
neutron coincidences is considered an important challenge to overcome in 
order to be able to retain the deuterium-deuterium fusion emission neutron 
spectrometric capabilities of TOFOR in forthcoming deuterium-tritium fu-
sion experiments at JET. Therefore, synthetic spectra have been used to 
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study the effects of kinematic background discrimination for fusion plasmas 
of various tritium concentrations. It is found that an improvement in signal-
to-background ratio of around 400 % is to be expected in deuterium-tritium 
scenarios, when collimation of the neutron flux is employed.  

Finally, a time-of-flight concept suitable for spectrometry of the deuteri-
um-tritium fusion neutron emission is developed. As TOFOR is optimised 
for spectrometry of the deuterium-deuterium fusion neutron emission, the 
response of the instrument to deuterium-tritium neutrons has a limited dy-
namic time-of-flight range. A time-of-flight device based on deuterated pri-
mary scintillators, which are capable of backwards scattering of incident 
neutrons, resulting in a larger transference of energy to the recoil nuclei and 
hence longer flight times, is presented with evaluation of the time-of-flight 
response to neutron energies of interest. Such a system can be envisioned as 
operating in tandem with a conventional time-of-flight spectrometer in future 
fusion experiments such as ITER. 
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Sammanfattning på svenska  

Som magi 
Ett ljus man drunknar i 

- Kent 
 
Framställning av energi medelst kärnfusion är en tänkt metod att generera 
förhållandevis ren elektricitet, som just nu utforskas och utvecklas på flera 
experimentella anläggningar runt om i världen. Liksom för konventionell 
kärnkraft grundas tekniken på att utnyttja kärnreaktioner, men den funda-
mentala energigivande processen är sammanslagning av lätta atomkärnor, 
istället för fission av tunga grundämnen. Idéen om att detta skulle vara möj-
ligt uppstod nästan samtidigt som det upptäcktes att fusion av väte är den 
reaktion som gör att Solen och andra stjärnor lyser. Det visade sig emellertid 
snart att skapandet av en fungerande fusionsreaktor innebär en långt större 
teknisk utmaning än vad energiproduktion genom kärnfission medför. 

Framtida fusionsreaktorer är tänkta att drivas genom sammanslagning av 
två väteisotoper, nämligen deuterium och tritium, som till skillnad från van-
ligt väte har en respektive två neutroner i kärnan jämte den enda protonen. I 
reaktionen skapas en fyrvärd heliumkärna, en neutron samt en stor mängd 
energi (17 MeV), varav det mesta i form av kinetisk energi hos neutronen. 
Produkterna av denna reaktion är inte radioaktiva, vilket är en stor fördel 
jämfört med fission av t.ex. uran, som är ett vanligt bränsle i fissionsreakto-
rer.  

Oerhört höga temperaturer, upp mot miljarder Kelvin, är nödvändiga för 
att få till stånd fusion, eftersom sammanslagning av atomkärnor kräver att de 
har hög, kinetisk energi för att kunna övervinna varandras Coulomb-
barriärer. Vid sådana temperaturer kommer fusionsbränslet, d.v.s. deuterium 
och tritium uppgå i ett plasmatillstånd, där de ingående atomerna joniseras. 
Det faktum att fusionsbränsle är så varmt är ett tekniskt problem, då det har 
förmågan att skada nästan alla material som det kommer i kontakt med. Å 
andra sidan kan man innesluta de elektriskt laddade jonerna och elektronerna 
i ett magnetfält, vilket är grunden för den så kallade tokamak-tekniken. 

En tokamak (namnet är en förkortning av det ryska uttrycket för ”toroidal 
kammare med magnetspolar”) är en typ av fusionsreaktor som består av en 
torusformad vakuumkammare där bränslet innesluts av starka magnetfält, 
vilka genereras av de nämnda spolarna samt en inducerad ström i det ring-
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formade plasmat. Tokamak-konceptet är inte den enda fusionsreaktortyp 
som existerar idag, men det hör till de mest välutforskade. En av världens 
största och mest framgångsrika experimentella fusionsreaktorer är en 
tokamak kallad JET (Joint European Torus). JET är ett europeiskt sammar-
bete som färdigställdes i Culham, utanför Oxford i England år 1982. Reak-
torn har idag en plasmavolym på 100 m3 och har genomgått ett flertal upp-
graderingar och ombyggnationer genom åren. JET kan sägas vara föregånga-
ren till det stora, internationella tokamak-projektet ITER (”Vägen”) som är i 
färd med att uppföras i Cadarache, i Frankrike. ITER kommer vara betydligt 
större (840 m3) än JET när den färdigställs under andra halvan av 2020-talet 
och den kommer att vara den första fusionsreaktorn av tokamak-typ som 
förmår att generera mer energi än vad som krävs för att driva den. 

Även om den tidigare nämnda sammanslagningen av deuterium och tri-
tium anses vara den mest fördelaktiga för energiproduktion, används idag 
mest fusionsbränslen av uteslutande deuterium på forskningsanläggningar 
såsom JET. Detta beror på att tritium är förhållandevis dyrt, samt radioaktivt 
(med en halveringstid på 12 år), vilket i sin tur medför hanteringsproblem. 
När deuteriumbränsle används blir den dominerande reaktionen istället 
sammanslagning av två kärnor av tvåvärt väte, med produkter i form av tre-
värt helium, en neutron samt 3,27 MeV energi.  

Oavsett bränsletyp fyller fusionsneutronerna som uppstår i båda de 
nämnda reaktionerna en viktig roll. I framtida, energiproducerande reaktorer 
kommer de vara en viktig komponent i den process som transporterar energi 
ut ur fusionsplasmat till ett externt medium. Exempelvis kan man tänka sig 
en fusionsreaktor som omges av vatten, där neutronerna överför sin energi 
till vattenmolekylerna (precis som i en fissionsreaktor) med följd att vattnet 
kokar (eller övergår till ett tillstånd av högt tryck) i syfte att driva en elekt-
ricetproducerande turbin. En annan viktig funktion som neutronerna kommer 
att uppfylla är att reagera med litium i ett särskilt kretslopp i reaktorväggen, i 
syfte att generera den viktiga tritiumisotopen för att driva vidare reaktorn.  

För arbetet som presenteras i denna avhandling är dock neutronernas vik-
tigaste egenskap att deras exakta energifördelning har informationsbärande 
egenskaper. Uppmätta avvikelser från de förväntade energierna (2,45 MeV 
för fusion av deuterium, 14,0 MeV för sammanslagning av tritium och deu-
terium) beror på förhållanden i fusionsplasmat, såsom temperatur hos de 
olika jonpopulationerna och den relativa koncentrationen av deuterium och 
tritium. Genom att studera neutronernas energifördelning kan viktiga slutsat-
ser dras om de processer som försiggår i plasmat, vilka kan ha stor betydelse 
både för precisionstyrning av reaktorer samt för experimentell verksamhet 
och forskning.  

Av detta följer att metoder för att mäta denna energifördelning är viktiga 
verktyg i fusionsforskningen. Flera sådana tekniker existerar, men denna 
avhandling fokuserar på flygtidsspektrometri, vilken innebär att mäta den tid 
det tar för en fusionsneutron att färdas mellan två detektorer. Ur dessa flyg-
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tidsmätningar kan sedan ett spektrum konstrueras och energifördelningen 
härledas genom särskilda analystekniker. 

I avhandlingen presenteras nya tekniker för flygtidsspektrometri av fus-
ionsneutroner, med fokus på ett instrument vid namn TOFOR (”Time-Of-
Flight spectrometer Optimised for Rate”), som är en flygtidsspektrometer på 
JET, konstruerad av forskare vid Avdelningen för tillämpad kärnfysik på 
Uppsala universitet.  

TOFOR består i grunden av två uppsättningar detektorer, av scintillator-
typ. Den första detektoruppsättningen, S1, är placerad så att den nås av en 
direkt ström av fusionsneutroner, genom en öppning i reaktorväggen. Neu-
tronerna detekteras genom att kollidera elastiskt med protoner i scintillato-
rernas plastmaterial, varpå de sprids i en viss vinkel som motsvaras av den 
mängd energi som överförs till protonerna vilka i sin tur deponerar sin energi 
i plasten och därmed genererar en mätbar ljuspuls. Ljuspulserna, vilka om-
vandlas till elektriska pulser av fotonmultiplikatorrör, har amplituder som är 
relaterade till den deponerade protonenergin och därmed i förlängningen till 
neutronernas spridningsvinkel. När neutronerna har spritts (och detekterats) i 
S1 en första gång når sedan vissa den sekundära detektoruppsättningen, S2, 
där en undermängd av dem detekteras en andra gång. Detta ger upphov till 
koincidenser, d.v.s. par av uppmätta tider för neutroninteraktionerna. Från 
dessa, hopparade tidsmätningar kan sedan flygtider beräknas. En viktig iakt-
tagelse är dock att det är omöjligt att med säkerhet avgöra huruvida två såd-
ana tidsmätningar i en koincidens verkligen orsakades av samma neutron; 
icke-korrelerade neutroner kan ge upphov till falska, eller slumpvisa koinci-
denser som inte enkelt kan särskiljas från äkta koincidenser. Mängden falska 
koincidenser beror av neutronflödet per tidsenhet. Detta problem, samt me-
toder för att lösa detsamma, är centrala för denna avhandling.  

TOFOR har sedan den installerades år 2005 varit ett viktigt diagnostiskt 
verktyg för fusionsforskningen på JET, men vid dess uppförande gjorde 
begränsningar i den då existerande datainsamlingsteknologin att flygtidsme-
toden potential till fullo inte kunde utnyttjas. Även om den digitala datain-
samlingstekniken som då fanns tillgänglig tillät tidsinformation att digitalis-
eras med hög precision (0.4 ns, i TOFORs fall) fanns det inget sett att samti-
digt ta tillvara på information om korrelerade protonenergideponeringar som 
neutronerna ger upphov till. På senare tid har elektronik som med hög upp-
lösning och tidsprecision kan spela in detektorpulserna i sin helhet utvecklats 
och nått marknaden till överkomliga priser. Genom att använda korrelation-
en mellan tids- och energiinformation som sådan datainsamlingsteknologi 
tillåter kan metoder för att delvis avhjälpa det tidigare nämnda bakgrunds-
problemet utvecklas och tillämpas. 

Det huvudsakliga syftet med denna avhandling har varit att dokumentera 
utformning, konstruktion och tester av ett digitalt datainsamlingssystem ba-
serat på modern teknologi. Genom att utnyttja möjligheterna som erbjuds av 
detta system, som har döpts till TOFu (”Time-Of-Flight upgrade”), kan mul-
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tiparameteranalys tillämpas på korrelerade tids- och energidata. Genom att 
använda sig av grundläggande kinematik kan villkor på de uppmätta energi-
deponeringarna etableras, med vilkas hjälp en del av bakgrunden av slump-
mässiga koincidenser kan avyttras, eller diskrimineras. Resulterande flygt-
disspektra uppvisar en signifikant förbättring i förhållande mellan signal och 
bakgrund, vilket medför nya möjligheter att studera spektrala komponenter 
med låg intensitet. I avhandlingen ges exempel på detta i form av studier av 
den så kallade bakåtspridningskomponenten, d.v.s. det bidrag till neutronflö-
det som utgörs av neutroner som har spritts mot reaktorväggen innan de når 
TOFORs siktlinje. Studier med syntetiska data, framställda medelst Monte 
Carlo-simuleringar av TOFOR, har även genomförts i syfte att visa bak-
grundsdiskrimineringsteknikens effekter på framtida, tänkta JET-experiment 
med deuterium-tritiumplasman.  

Till sist presenteras en flygtidsspektrometerdesign optimerad för mät-
ningar av fusionsneutronemissionen från deuterium-tritiumplasman. Tekni-
ken bygger på bakåtspridning, genom att tillämpa en primär, deuteriumberi-
kad scintillator. En sådan, deutererad detektor tillåter bakåtspridning av neu-
troner vilket ger hög överföring av energi till deuterium-kärnorna. Detta i sin 
tur medför att de elastiskt spridda neutronerna behåller en låg andel av sin 
ursprungliga energi och därmed får en relativt lång flygtid. Resultatet är att 
instrumentets svar på neutronemissionen får en hög upplösning i termer av 
flygtid, vilket är nödvändigt för detaljerad analys av de annars relativt 
snabba  neutroner som har sitt ursprung i deuterium-tritiumsammanslagning. 
Den tänkta bakåtsspridningsspektrometern existerar ännu bara på koncept-
stadiet och presenteras i form av studier med syntetiska simmuleringsdata. 
  



 77

References 

[1] A. Einstein, ‘Ist die Trägheit eines Körpers von seinem Energieinhalt abhängig?’, 
Ann. Phys., vol. 323, no. 13, pp. 639–641, 1905. 

[2] P. E. R. F.R.S, ‘LXXIX. The scattering of  and  particles by matter and the 
structure of the atom’, Philos. Mag. Ser. 6, vol. 21, no. 125, pp. 669–688, May 
1911. 

[3] P. S. E. R. F.R.S, ‘LIV. Collision of  particles with light atoms. IV. An anoma-
lous effect in nitrogen’, Philos. Mag. Ser. 6, vol. 37, no. 222, pp. 581–587, Jun. 
1919. 

[4] J. Chadwick, ‘Possible Existence of a Neutron’, Nature, vol. 129, no. 3252, pp. 
312–312, Feb. 1932. 

[5] N. B. D. phil, ‘I. On the constitution of atoms and molecules’, Philos. Mag. Ser. 
6, vol. 26, no. 151, pp. 1–25, Jul. 1913. 

[6] H. A. Bethe, ‘Energy Production in Stars’, Phys. Rev., vol. 55, no. 5, pp. 434–
456, Mar. 1939. 

[7] F. F. Chen, Introduction to Plasma Physics and Controlled Fusion. Boston, MA: 
Springer US, 1984. 

[8] M. Keilhacker, A. Gibson, C. Gormezano, and P. . Rebut, ‘The scientific success 
of JET’, Nucl. Fusion, vol. 41, no. 12, pp. 1925–1966, Dec. 2001. 

[9] L. A. Artsimovich, ‘Tokamak devices’, Nucl. Fusion, vol. 12, no. 2, pp. 215–252, 
Mar. 1972. 

[10] J. Jacquinot, V. . Bhatnagar, J. . Cordey, L. . Horton, D. F. . Start, R. Barnsley, P. 
Breger, J. . Christiansen, S. Clement, S. . Davies, J. . Ehrenberg, L.-G. Eriksson, 
G. . Fishpool, M. Gadeberg, P. . Harbour, H. . Jäckel, K. Lawson, J. Lingertat, C. 
. Lowry, C. . Maggi, G. . Matthews, R. . Monk, D. . O’Brien, E. Righi, G. Sai-
bene, R. Sartori, B. Schunke, A. C. . Sips, M. . Stamp, D. Stork, J. . Strachan, A. 
Tanga, K. Thomsen, and J. Team, ‘Overview of ITER physics deuterium-tritium 
experiments in JET’, Nucl. Fusion, vol. 39, no. 2, pp. 235–253, Feb. 1999. 

[11] B. J. Green and I. I. T. and P. Teams, ‘ITER: burning plasma physics experi-
ment’, Plasma Phys. Control. Fusion, vol. 45, no. 5, pp. 687–706, May 2003. 

[12] G. Grosshög, TANSY : a neutron-spectrometer for fusion-plasma diagnostics. 
1985. 

[13] T. Elevant, P. v. Belle, G. Grosshög, M. Hoek, O. N. Jarvis, M. Olsson, and G. 
Sadler, ‘The new JET 2.5-MeV neutron time-of-flight spectrometer’, Rev. Sci. 
Instrum., vol. 63, no. 10, p. 4586, 1992. 

[14] V. Y. Glebov, T. C. Sangster, C. Stoeckl, J. P. Knauer, W. Theobald, K. L. Mar-
shall, M. J. Shoup, T. Buczek, M. Cruz, T. Duffy, M. Romanofsky, M. Fox, A. 
Pruyne, M. J. Moran, R. A. Lerche, J. McNaney, J. D. Kilkenny, M. J. Eckart, D. 
Schneider, D. Munro, W. Stoeffl, R. Zacharias, J. J. Haslam, T. Clancy, M. 
Yeoman, D. Warwas, C. J. Horsfield, J.-L. Bourgade, O. Landoas, L. Disdier, G. 
A. Chandler, and R. J. Leeper, ‘The National Ignition Facility neutron time-of-
flight system and its initial performance (invited)’, Rev. Sci. Instrum., vol. 81, no. 
10, p. 10D325, 2010. 



 78 

[15] W. R. Leo, Techniques for Nuclear and Particle Physics Experiments: A How-To 
Approach. Springer Science & Business Media, 1994. 

[16] J. Frenje, ‘Instrumentation for fusion neutron measurements and experimentation 
at JET’, Uppsala universitet, 1998. 

[17] G. F. Knoll, Radiation Detection and Measurement. John Wiley & Sons, 2010. 
[18] C. E. Shannon, ‘Communication in the Presence of Noise’, Proc Inst. Radio 

Eng., vol. 37, 1949. 
[19] M. Gatu Johnson, L. Giacomelli, A. Hjalmarsson, M. Weiszflog, E. A. Sundén, 

S. Conroy, G. Ericsson, C. Hellesen, J. Källne, E. Ronchi, H. Sjöstrand, G. 
Gorini, M. Tardocchi, A. Murari, S. Popovichev, J. Sousa, R. C. Pereira, A. 
Combo, N. Cruz, and JET EFDA Contributors, ‘The TOFOR neutron spectrome-
ter and its first use at JET’, Rev. Sci. Instrum., vol. 77, no. 10, p. 10E702, 2006. 

[20] M. Gatu Johnson, L. Giacomelli, A. Hjalmarsson, J. Källne, M. Weiszflog, E. 
Andersson Sundén, S. Conroy, G. Ericsson, C. Hellesen, E. Ronchi, H. Sjöstrand, 
G. Gorini, M. Tardocchi, A. Combo, N. Cruz, J. Sousa, and S. Popovichev, ‘The 
2.5-MeV neutron time-of-flight spectrometer TOFOR for experiments at JET’, 
Nucl. Instrum. Methods Phys. Res. Sect. Accel. Spectrometers Detect. Assoc. 
Equip., vol. 591, no. 2, pp. 417–430, Jun. 2008. 

[21] J. Sousa, A. J. . Batista, A. Combo, R. Pereira, N. Cruz, P. Carvalho, C. A. . 
Varandas, S. Conroy, G. Ericsson, and J. Källne, ‘A PCI time digitizer for the 
new JET time-of-flight neutron spectrometer’, Fusion Eng. Des., vol. 71, no. 1–4, 
pp. 101–106, Jun. 2004. 

[22] C. Hellesen, E. A. Sundén, S. Conroy, G. Ericsson, L. Giacomelli, A. Hjalmars-
son, M. G. Johnsson, J. Källne, E. Ronchi, M. Weiszflog, L. Ballabio, G. Gorini, 
M. Tardocchi, I. Voitsekhovitch, and JET-EFDA Contributors, ‘Validating 
TRANSP simulations using neutron emission spectroscopy with dual sight lines’, 
Rev. Sci. Instrum., vol. 79, no. 10, p. 10E510, 2008. 

[23] C. Hellesen, M. Albergante, E. A. Sundén, L. Ballabio, S. Conroy, G. Ericsson, 
M. G. Johnsson, L. Giacomelli, G. Gorini, A. Hjalmarsson, I. Jenkins, J. Källne, 
E. Ronchi, H. Sjöstrand, M. Tardocchi, I. Voitsekhovitch, M. Weiszflog, and 
JET-EFDA contributors, ‘Neutron spectroscopy measurements and modeling of 
neutral beam heating fast ion dynamics’, Plasma Phys. Control. Fusion, vol. 52, 
no. 8, p. 85013, Aug. 2010. 

[24] A. Hjalmarsson, S. Conroy, G. Ericsson, L. Giacomelli, and J. Källne, ‘Neutron 
transport simulations for the design and performance optimization of the TOFOR 
neutron time-of-flight spectrometer’, 2006. 

[25] M. Gatu Johnson, S. Conroy, M. Cecconello, E. A. Sundén, G. Ericsson, M. 
Gherendi, C. Hellesen, A. Hjalmarsson, A. Murari, S. Popovichev, E. Ronchi, M. 
Weiszflog, V. L. Zoita, and JET-EFDA Contributors, ‘Modelling and TOFOR 
measurements of scattered neutrons at JET’, Plasma Phys. Control. Fusion, vol. 
52, no. 8, p. 85002, Aug. 2010. 

[26] ‘SP Devices - Analog-to-Digital (ADC) Technology for high-performance’. 
[Online]. Available: http://www.spdevices.com/. [Accessed: 25-Jan-2016]. 

[27] S. D. Schlotzhauer, Elementary Statistics Using SAS. SAS Institute, 2015. 
[28] C. Hellesen, M. Gatu Johnson, E. Andersson Sundén, S. Conroy, G. Ericsson, J. 

Eriksson, H. Sjöstrand, M. Weiszflog, T. Johnson, G. Gorini, M. Nocente, M. 
Tardocchi, V. G. Kiptily, S. D. Pinches, S. E. Sharapov, and JET EFDA Contrib-
utors, ‘Fast-ion distributions from third harmonic ICRF heating studied with neu-
tron emission spectroscopy’, Nucl. Fusion, vol. 53, no. 11, p. 113009, Nov. 2013. 

  



 79

[29] S. Agostinelli, J. Allison, K. Amako, J. Apostolakis, H. Araujo, P. Arce, M. Asai, 
D. Axen, S. Banerjee, G. Barrand, F. Behner, L. Bellagamba, J. Boudreau, L. 
Broglia, A. Brunengo, H. Burkhardt, S. Chauvie, J. Chuma, R. Chytracek, G. 
Cooperman, G. Cosmo, P. Degtyarenko, A. Dell’Acqua, G. Depaola, D. Dietrich, 
R. Enami, A. Feliciello, C. Ferguson, H. Fesefeldt, G. Folger, F. Foppiano, A. 
Forti, S. Garelli, S. Giani, R. Giannitrapani, D. Gibin, J. J. Gómez Cadenas, I. 
González, G. Gracia Abril, G. Greeniaus, W. Greiner, V. Grichine, A. Gross-
heim, S. Guatelli, P. Gumplinger, R. Hamatsu, K. Hashimoto, H. Hasui, A. Heik-
kinen, A. Howard, V. Ivanchenko, A. Johnson, F. W. Jones, J. Kallenbach, N. 
Kanaya, M. Kawabata, Y. Kawabata, M. Kawaguti, S. Kelner, P. Kent, A. Ki-
mura, T. Kodama, R. Kokoulin, M. Kossov, H. Kurashige, E. Lamanna, T. 
Lampén, V. Lara, V. Lefebure, F. Lei, M. Liendl, W. Lockman, F. Longo, S. 
Magni, M. Maire, E. Medernach, K. Minamimoto, P. Mora de Freitas, Y. Morita, 
K. Murakami, M. Nagamatu, R. Nartallo, P. Nieminen, T. Nishimura, K. 
Ohtsubo, M. Okamura, S. O’Neale, Y. Oohata, K. Paech, J. Perl, A. Pfeiffer, M. 
G. Pia, F. Ranjard, A. Rybin, S. Sadilov, E. Di Salvo, G. Santin, T. Sasaki, N. 
Savvas, Y. Sawada, S. Scherer, S. Sei, V. Sirotenko, D. Smith, N. Starkov, H. 
Stoecker, J. Sulkimo, M. Takahata, S. Tanaka, E. Tcherniaev, E. Safai Tehrani, 
M. Tropeano, P. Truscott, H. Uno, L. Urban, P. Urban, M. Verderi, A. Walkden, 
W. Wander, H. Weber, J. P. Wellisch, T. Wenaus, D. C. Williams, D. Wright, T. 
Yamada, H. Yoshida, and D. Zschiesche, ‘Geant4—a simulation toolkit’, Nucl. 
Instrum. Methods Phys. Res. Sect. Accel. Spectrometers Detect. Assoc. Equip., 
vol. 506, no. 3, pp. 250–303, Jul. 2003. 

[30] L. Ballabio, ‘Calculation and measurement of the neutron emission spectrum due 
to thermonuclear and higher-order reactions in tokamak plasmas’, Uppsala uni-
versitet, 2003. 

 



Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 1435

Editor: The Dean of the Faculty of Science and Technology

A doctoral dissertation from the Faculty of Science and
Technology, Uppsala University, is usually a summary of a
number of papers. A few copies of the complete dissertation
are kept at major Swedish research libraries, while the
summary alone is distributed internationally through
the series Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology.
(Prior to January, 2005, the series was published under the
title “Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-304383

ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2016


	Abstract
	List of Papers
	Contents
	Abbreviations
	Introduction
	Thermonuclear fusion for energy
	JET and ITER
	Fusion plasma heating
	Fusion plasma neutron emission spectrometry

	Neutron detection for time-of-flight spectrometry
	Time-of-flight spectrometry
	Organic plastic scintillation neutron detectors
	Data acquisition and signal processing
	Digital resolution and sample rate requirements

	TOFOR: a fusion neutron emission time-of-flight spectrometer
	Forward modelling and the response function
	Spectral background

	TOFu: a fully digital data acquisition system upgrade for TOFOR
	The ADQ412 digitisers
	Electronics setup
	Time alignment and synchronisation
	Digitiser synchronisation and time alignment

	Time-alignment of S2 detector pairs.
	Relative and absolute time-alignment of S1-S2 detector combinations

	Time-of-flight vs. pulse height spectra
	Energy calibration
	A comparison of TOFOR and TOFu data

	Kinematic background discrimination
	Kinematic background discrimination on synthetic data
	The discriminated background component
	Experimental spectrum from a 3rd harmonic heated discharge
	Kinematic background discrimination on summed experimental data

	Spectral analysis with TOFu
	A comparison of TOFOR and TOFu response functions
	Analysis of the neutron emission backscatter component with TOFu

	Neutron time-of-flight spectrometry for deuterium-tritium plasmas
	Modelling of background discriminated TOFOR deuterium-tritium spectra
	A deuterated backscattering time-of-flight spectrometer for deuterium-tritium plasmas

	Conclusions and outlook
	Acknowledgments
	Sammanfattning på svenska
	References



