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ABSTRACT
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A series of analytic and numerical models have been developed for the prediction and inter-
pretation of the energy spectrum of the neutron emission from thermonuclear deuterium-
tritium (DT) plasmas. The main component of the neutron emission, due to reactions
between thermal fuel ions, has been modeled as well as minority components due to the
presence of fast (supra-thermal) ions. In particular, the so-called alpha-particle knock-on
neutron (AKN) emission has been analyzed and found to carry information on the con-
finement of fast alpha particles inside the plasma. The alpha particles carry one fifth of
the fusion power generated in the plasma and provide the plasma self-heating. This thesis
is devoted to this central endeavor of fusion research and the possibilities for its study in
today’s largest magnetic confinement devices, the tokamaks.

The developed models have been used for the interpretation of experimental data
taken during the first deuterium-tritium experiment (DTE1) at the Joint European Torus
(JET) in 1997. The data were taken with a neutron spectrometer of the magnetic proton
recoil (MPR) type developed at the Department of Neutron Research (INF) of Uppsala
University. The MPR was used to measure the neutron emission from DT plasmas repre-
senting record high fusion power levels of up to 16 MW and correspondingly high quality in
the neutron emission observations. These studies in DT plasmas were complemented with
theoretical and empirical studies of the 14-MeV triton burn-up neutron (TBN) emission
from deuterium plasmas.

The predicted neutron energy spectra were found to be able to describe observations
leading to positive identification of previously unobserved spectral features such as the
very weak AKN and TBN signature in the neutron emission.

In this summary, the developed models are presented as well as the experimental
findings. Finally, a discussion is included of the possible application of the presented
models and experimental techniques to next-step fusion experiments such as the proposed
ITER tokamak.
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PREFACE

Preface

This thesis describes my work as a member of the MPR team from February
1995 to November 1998. Based at the Dept. of Neutron Physics (INF) of
Uppsala University, the team was formed in these years by about ten scien-
tists. Its aim was the development and operation of a neutron spectrometer
based on the magnetic proton recoil technique. A prototype of the MPR
spectrometer was installed in late 1996 at the Joint European Torus toka-
mak and successfully performed measurements of fusion neutron emission
spectra from high-power thermonuclear plasmas during deuterium-tritium
plasma experiments in 1997.

The MPR spectrometer had been designed to greatly improve the scope
of neutron emission spectrometry of burning plasmas. This was to be made
possible by allowing the measurement of neutron spectra at a much finer level
of detail than previously available. However, this purpose could not be ful-
filled by means of technical advancements alone, as the interpretation of the
experimental results would require an equal level of detail in the theoretical
models of the neutron emission.

My main contribution to the project consisted in the development of neu-
tron emission interpretation models. Different techniques were used to this
aim. On the one hand, I performed analytical calculations when this was
possible, namely, for the study of the bulk neutron emission from thermal
plasmas. By means of these calculations, I improved the results found in
literature by including relativistic kinematics. On the other hand, I imple-
mented numerical codes for the calculation of spectral features which could
not be described analytically. These features include minority components
of the thermal emission as well as the bulk emission from externally-heated
plasmas.

During the operation of the MPR spectrometer, I used these models to
provide predictions of the neutron emission to be compared with the exper-
imental results. The calculations were found to be in good agreement with
the measured neutron emission spectra and contributed to the identification
of previously unobserved spectral features.

This summary outlines the developed models and the experimental results
in the context of the frontier research on thermonuclear fusion at JET. Also,
the conclusions of this work are presented as well as an outlook on next-step
fusion experiments, for which the MPR spectrometer has been proposed on
the basis of the obtained results.
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1 INTRODUCTION

1 Introduction
Nuclear powered vacuum cleaners will probably be a reality within
10 years.

— Alex Lewyt (President of the Lewyt Corporation,
manufacturers of vacuum cleaners), quoted in The
New York Times, June 10, 1955.

The ultimate goal of controlled thermonuclear fusion research is to pro-
vide a nearly inexhaustible power source by harnessing nuclear energy from
processes such as those taking place in the core of stars—even surpassing
the latter, as it was in a man-made plasma that the highest temperature
in the known universe was measured. Such a challenge raises a number of
theoretical and technical problems from its very outset. How does one con-
tain the fuel in a thermonuclear reactor which must be heated to hundreds
of millions of degrees? At these temperatures all matter is fully ionized so
that it appears in the form of an ion-electron “gas”, i.e., a plasma; a fusion
plasma consists of hydrogen isotopes such as deuterium (2H or d) and tri-
tium (3H or t). Given free electrical charges of both ions and electrons, it is
clear that magnetic fields can be used to achieve their confinement. However,
although fusion experiments date back to the 1940s [1], it was not until the
late 1960’s that a “magnetic bottle” was found which could achieve a satis-
factory plasma confinement. This configuration was called tokamak1 and
is now used for the most advanced fusion reactor experiments. Its principle
is briefly described in section 2.2.

Modern fusion research has greatly progressed since the advent of the
tokamak and is now within striking distance of the creation of a self-sus-
taining burning plasma. However, the confinement of fast fusion products
remains a key issue due to the vital role they play in the energy balance of
thermonuclear fusion plasmas. The fusion reactions with the highest reac-
tivity are the two branches of the d-d reaction, d+d→n+3He and d+d→p+t
with equal probability in deuterium (D) plasmas, and the main branch of the
d-t reaction, d+t→n+α, in deuterium-tritium (DT) plasmas. Due to reac-
tion kinematics (described in section 3.1) neutrons carry most of the released
energy which is thus lost from the plasma as they escape the enclosing mag-
netic field. On the other hand, charged reaction products are confined in the
plasma and repeatedly undergo small-angle Coulomb scattering with its bulk
of thermal ions and electrons; the cumulative effect is a slowing-down of the
fast ions and the transfer of their energy to the plasma. It is of the utmost
importance that the reaction products remain in the plasma long enough for

1)from the Russian TOroidal’naya KAMera s AKsial’nym magnitnym polem, toroidal
chamber with axial magnetic field.
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1 INTRODUCTION

their energy to be completely transferred. Furthermore, fast particles need
to be constantly monitored as a lack of confinement can rapidly lead to the
disruption of the plasma.

Fast particle monitoring is only one of the measurements within the ca-
pabilities of neutron emission spectroscopy (NES). NES aims to be a key
player among the impressive range of diagnostics developed for both the
present and the next generation of fusion experiments. NES measurements
are performed by recording the energy spectrum of the fusion-produced neu-
trons which escape the plasma; therefore, they are intrinsically non-intrusive.
The theoretical foundation for the use of NES data to deduce information
on thermonuclear plasmas was laid in 1967 in a paper by Lehner and Pohl
[2]. This paper showed that there is a simple relationship between the ion
temperature, Ti, of a plasma in thermal equilibrium and the Doppler width
Γ of its neutron emission spectrum, namely, Γ = k

√
Ti where k is an easily

calculable constant depending only on the reactant and product masses. Ex-
perimental use of this result for plasma diagnostics was first made in 1983 at
the Alcator C tokamak [3]. Moreover, the neutron energy spectrum can show
a number of subtle features which carry information on many other aspects
of plasma conditions of which Ti is only one parameter.

In order to exploit the plasma diagnostic potential of NES measurements,
there are dual requirements to meet both experimentally and theoretically.
On the one hand, data must be collected which are detailed enough for weak
features to be resolved. In turn, this poses strong requirements on the count
rate and energy resolution to be expected from the instrumentation. On
the other hand, one must be able to interpret the collected data. Therefore,
theoretical models must be developed for the neutron emission which allow
one to parameterize the spectral features and map the observed data to
plasma parameters.

The experimental requirement was met in 1997 in the MPR experiment
[4–6] during the first DT experiment (DTE1) at the Joint European Torus
(JET) at Culham, the largest experimental reactor to this day. The mag-
netic proton recoil (MPR) spectrometer was able to overcome the intrinsic
shortcoming of most other types of spectrometers, namely, the need to strike
a compromise between count rate and energy resolution. Namely, the MPR
spectrometer is designed so that neutrons are first converted into protons
by means of head-on n-p elastic scattering. Depending on their energy, the
recoil protons are then spatially separated and focused by a magnetic field;
only when separation has taken place they are detected by an array of scintil-
lators. Therefore, any single detector can be used purely as an event counter
since the energy of the detected protons is already known; this allows one
to employ the scintillators at the top of their count-rate capability. The use
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1 INTRODUCTION

of this technique allowed the MPR spectrometer to collect high-quality data
during the DT campaign at JET which first allowed to resolve predicted
and looked-for details in the neutron emission spectrum. The principle of
the MPR spectrometer, the DT campaign at JET including the MPR ex-
perimental set-up, and the results obtained are described in more detail in
sections 2.3 and 4.

The main focus of this thesis is the second part of the dual requirement
posed on NES, namely, the development of models and calculations of the
D and DT neutron emission in order to interpret the collected data. Both
analytical and numerical techniques were used which allowed to investigate
three main areas of the neutron energy spectrum.

The deuteron-triton neutron (DTN) emission for d-t reactions be-
tween thermal ions was parameterized at a greater level of precision than
was previously found in literature. Formulas for the moments of the neutron
spectrum were thus developed, relating the average neutron energy and the
spectral width to the plasma temperature. In particular, a correction term
was added to the latter relation besides the known

√
Ti dependence. These

calculations are detailed in section 3.1.
The alpha-particle knock-on neutron (AKN) emission in DT plas-

mas was investigated and modeled. This is a weak feature with intensity at
the 10−5 level compared to the thermal emission but it surpasses the latter
in the energy range above 15.5 MeV where it is observable. Albeit weak,
the AKN emission is of great importance to NES since it is the signature
of the presence of confined α-particles in the plasma. In fact, this neutron
component is emitted in d-t reactions between the thermal d or t ions and
a fast minority population t′ and d′, respectively, which in turn is generated
by means of knock-on collisions with α-particles slowing down in the plasma.
Of course the probability of this three-stage process is very small compared
to the cross-section for ordinary reactions between thermal ions, which ac-
counts for the weakness of the AKN emission. Therefore, its observation
requires the combination of a high instrumental capability and a high level
of neutron emission such as that found in plasmas near ignition conditions.
The scattering and slowing-down processes which lead to the AKN emission
are detailed in section 3.2 together with an analysis of the latter and of the
diagnostic information that can be extracted from its observation.

The triton burn-up neutron (TBN) emission is found in D plasmas
as they generate a minority triton population through the d+d→p+t branch
of the d-d reaction. Apart from mass and charge differences, such fast tritons
undergo the same slowing-down process described for α-particles and can
react with thermal deuterons emitting a d-t neutron component.

The intensity of the TBN emission is at the 10−2 level compared to the
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thermal d-d emission (DDN). This is higher than the corresponding figure
for the AKN emission in DT plasmas, whose intensity is 10−4 relative to
DTN. The difference is due to the fact that the TBN emission is the result
of a two-stage process, as opposed to the three-stage process resulting in the
AKN emission. Furthermore, the TBN emission is easily distinguishable from
the DDN emission since triton burn-up neutrons are emitted at an energy of
about 14 MeV which is well separated from the 2.5 MeV energy of the DDN
peak. The same does not hold for the AKN emission which in the 14-MeV
region is hidden by the DTN emission and can only be observed in the region
En ≥ 15.5 MeV.

The above considerations, and the fact that D plasmas are more easily
and frequently produced in current fusion experiments, show that it is much
easier to collect data for the TBN emission than for the AKN emission.
This suggests that TBN emission data can be used to gain insight into fast
particle confinement which can be scaled and applied to α-particles during
the less frequent DT experiments. An analysis of the TBN emission is given
in section 3.3.

Finally, studies on different components of the neutron emission were
made by other members of the MPR group using the models and software
developed during this thesis work. Their results are reported elsewhere [7].

The theoretical framework outlined above was used in the analysis of the
data collected by the MPR spectrometer during the DT campaign at JET.
Good agreement was observed between data and calculations; in particular,
evidence was found of the first observation of the AKN emission. This result,
together with others found during the analysis, assessed the role of NES as a
key diagnostic for next-generation fusion experiments. The rationale for this
claim, details of the results, and an outlook on future research directions are
given in sections 4 and 5.

4



2 THERMONUCLEAR FUSION 2.1 Energy balance

2 Thermonuclear fusion
I have yet to see any problem, however complicated, which,
when you looked at it in the right way, did not become still
more complicated.

— Poul Anderson

For light nuclei, the binding energy per nucleon increases with the mass
number. In a nuclear fusion reaction, this causes the total mass of the prod-
ucts to be less than the total mass of the reactants. The resulting mass defect
Q is released as kinetic energy of the products, which suggests that nuclear
fusion could be used as an energy source. However, for fusion reactions to
occur, nuclei need to tunnel the Coulomb potential barrier caused by their
mutually repulsive charges. In man-made nuclear fusion, this is achieved by
heating the nuclei until the barrier is overcome by their kinetic energy. This
process is called thermonuclear fusion.

2.1 Energy balance

The fact that energy must be spent in order to initiate the fusion process and
possibly to maintain it (as described later) suggests that its energy balance
must be carefully considered for thermonuclear fusion to be energetically
profitable.

The total power released by a reaction A + B → C + D in a volume V of
plasma is

Ptot =
∫

V
nAnB〈σv〉QdV (1)

where nA and nB are the densities of the reactants, Q is the energy released
in the reaction, and 〈σv〉 is its reactivity; the integral must be multiplied by
a factor 1/2 if A and B are the same species. The reactivity of a nuclear
fusion is the average of its cross section σ over the velocity distributions of
the reactants. As such, it is a measure of the probability that the reaction
occurs—or alternatively, of the number of reactions per unit time, unit vol-
ume, and unit reactant density. The reactivities of the main fusion reactions
in D and DT plasmas are shown in fig. 1 as a function of the ion temperature
Ti [8]. Ptot is released as kinetic energy of the reaction products. The powers
PC and PD carried by products C and D, respectively, are determined by the
kinematics of the reactions and are equal to

PC =
mD

mC + mD

Ptot PD =
mC

mC + mD

Ptot. (2)

where mC and mD are the product masses. Table 1 lists, again, the main
fusion reactions in D and DT plasmas reporting for each one the released

5



2.1 Energy balance 2 THERMONUCLEAR FUSION
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Figure 1: Reactivity 〈σv〉 of fusion reactions as function of the ion temper-
ature Ti; the reactivities for the two branches of the d-d reaction are almost
identical.

energy Q and the fraction of the latter carried as kinetic energy by the
reaction products. It can be seen from the presented data that the highest
released power, i.e., the most favorable combination of Q and 〈σv〉, can be
expected from the d+t→n+α reaction which is therefore used in ignition
experiments. In this case, eq. 2 gives approximately Pn ≈ 4/5 Ptot and
Pα ≈ 1/5 Ptot for the power carried by neutrons and α-particles, respectively.

The analysis so far only concerned the energetics of nuclear reactions in-
side the plasma. In order to analyze the energetics of a thermonuclear fusion
reactor, additional terms need to be considered such as the output power
Pout, the self-heating power Pself , and the dissipative loss Ploss which can
be described as follows. Pout represents the power produced by the fusion
reactor, i.e., the power available for consumption. It is a fraction η of the
power carried away from the plasma by the fusion-produced neutrons, Pn;
the actual value of η depends on structural parameters of the reactor, such
as its geometry and the efficiency of the processes converting the neutron
kinetic energy into heat, and it is not expected to change depending on the
plasma conditions for a particular discharge. Pself represents the self-heating
power provided by the plasma itself. It is originated by the thermalization of

6



2 THERMONUCLEAR FUSION 2.1 Energy balance

Table 1: Main fusion reactions occurring in D and DT plasmas. For each
reaction, the released energy Q is shown as well as the average kinetic energy
of both products.

Reaction Q (MeV) Product energy (MeV)

d+d→n+3He 3.27 2.45 (n) + 0.82 (3He)
d+d→p+t 4.03 3.02 (p) + 1.01 (t)
d+t→n+α 17.58 14.02 (n) + 3.56 (α)
d+3He→p+α 18.34 14.63 (p) + 3.71 (α)

the charged fusion products (for the d-t reaction, α-particles) which remain
confined in the plasma and transfer their energy to its bulk as mentioned in
section 1; a more thorough description of the process will be given in sec-
tion 3.2. Pself equals the power Pα carried by the produced α-particles if one
assumes that the latter are not lost prematurely, i.e., before being completely
thermalized. Finally, Ploss represents the power lost by the plasma. It is due,
e.g., to radiative energy loss caused by the motion of the charged electrons
and ions inside the magnetic field of the tokamak.

Based on this analysis, two kinds of scenarios can be envisaged in which
a fusion reactor could be used for power production. In the less demanding
one, energetic breakeven would be achieved by satisfying the condition

Pout ≥ Pin = Ploss − Pself (3)

which can be interpreted as follows. The self-heating power Pself is not high
enough to counterbalance Ploss; therefore, an external-heating power Pin must
be supplied for the plasma to maintain thermonuclear burning conditions.
Such an externally-sustained stationary state is profitable as long as the
produced power Pout is greater than Pin. In the second and preferable
scenario, the ignition condition

Pself ≥ Ploss (4)

would be satisfied, causing the plasma to enter a self-sustained stationary
state. Ignition is the long-term target of thermonuclear fusion research. Ei-
ther condition requires that Pself be as close as possible to Pα, i.e., that the
α-particles are confined for a time τα long enough to transfer all their energy
to the plasma. Therefore, τα is one of the main parameters which need to be
monitored and enhanced for thermonuclear fusion to be used as an energy
source.

7



2.2 The JET tokamak 2 THERMONUCLEAR FUSION

Figure 2: Schematics of a tokamak. The toroidal and poloidal magnetic fields
are shown, together with the coils which generate them. Also shown are the
other components of the transformer inducing the toroidal plasma current.

2.2 The JET tokamak

As mentioned in the introduction, plasma confinement is achieved in present
fusion experiments by means of a magnetic configuration called tokamak.
The largest among such experiments is the JET tokamak, located at Culham
(UK) and operating since 1983. Its main parameters are shown in table 2
and compared with 1998 projections for the International Thermonuclear
Experimental Reactor (ITER)[9], a proposed next-step tokamak currently
being redesigned.2

As shown in fig. 2, the helical magnetic field containing the plasma is
formed mainly by the superposition of a strong toroidal magnetic field with
a weaker poloidal one (Btor ≈ 10Bpol); the fields are generated by external
coils and a toroidal plasma current, respectively, with the latter being induced
by a transformer. Additional fields are created by means of external coils in

2)Another next-step device was proposed which is not considered in this summary,
namely, the Fusion Ignition Research Experiment (FIRE)[10].
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2 THERMONUCLEAR FUSION 2.2 The JET tokamak

Table 2: Main parameters of the JET and ITER tokamaks. Values from
the 1998 design are used for the latter. A smaller device is currently being
considered.

Parameter JET ITER

Plasma major radius (m) 2.96 8.14
Plasma minor radius, horizontal (m) 1.25 2.80
Plasma minor radius, vertical (m) 2.10 4.48
Plasma current (MA) 7.0 21
Toroidal magnetic field, plasma center (T) 4.0 5.7
Ohmic heating (MW) 3 20
Neutral beam heating (MW) 21 100
Radio frequency heating (MW) 18 50
Duration of plasma discharges (s) 10 1000
Fusion power (MW) 30 1500

order to shape and position the plasma for enhanced confinement.
Power is transferred to the plasma through a number of mechanisms,

Ohmic heating being the most basic. This mechanism exploits the finite
resistivity of the plasma which is heated by the toroidal current. However,
this mechanism is intrinsically limited since the plasma resistivity decreases
with the temperature. Therefore, purely Ohmic discharges cannot approach
pre-ignition conditions which must be achieved by other means.

Two external heating mechanisms are listed in table 2 which also shows
their heating power; Ohmic heating is also listed for comparison. Neu-
tral beam injection (NBI) consists in the addition of highly energetic neutral
atoms into the plasma which are ionized and transfer their energy to the
rest of the nuclear fuel. Ion cyclotron resonance heating (ICRH) is applied
by means of electromagnetic (em) waves. The wave frequency equals the so-
called Larmor frequency, i.e., the frequency of the gyromotion of the fuel ions
along the magnetic field lines. The resulting resonance results in an energy
transfer from the em waves to the plasma. Both heating mechanisms give rise
to a high-energy ion population besides the bulk thermal ions which increases
the total neutron yield. Such supra-thermal components must be taken into
account in the analysis of the neutron emission since fusion reactions between
thermal and fast ions give rise to a corresponding supra-thermal component of
the neutron spectrum. It is essential for NES diagnostics of fast fusion prod-
ucts that such components do not hide or otherwise hinder the observation
of the spectral features which carry the looked-for diagnostic information.

9



2.3 The MPR experiment 2 THERMONUCLEAR FUSION

An impressive range of diagnostics has been developed over the years for
monitoring and analysis of JET operations. However, most of them were
designed for the diagnosis of D plasmas. The DT plasma operations meant
new diagnostic requirements which had to be addressed by developing new
instrumentation.

2.3 The MPR at JET experiment

In 1997, the DTE1 phase took place at the JET tokamak during which the
machine was operated with DT plasmas. This campaign led to a number of
high-power plasma discharges, including the record one which produced 16
MW of fusion power [11]. In turn, this allowed other achievements which were
previously unattainable in D plasmas, among which were the one reported
in this thesis.

The particle and radiation emission of a DT plasma is very different
from that of a D plasma. In particular, the neutron yield is two orders of
magnitude higher, while the mean neutron energy changes from 2.5 MeV to
14 MeV. This introduced the need to revalidate and possibly redesign existing
diagnostics, which were designed for operation in a different environment.

Neutron diagnostics had to be modified or newly designed as well. How-
ever, they could take full advantage of the greatly increased neutron flux.
Their characteristics make them excellent candidates for operation on next-
step DT plasmas for several reasons. They benefit from a high neutron
flux, as opposed to other diagnostics to which the neutron emission poses a
perturbing radiation problem. Moreover, they can sustain high background
radiation. Finally, they are passive, non-intrusive diagnostics, as opposed to
others which need to trigger particle or radiation emission from the plasma
by actively interacting with it.

Neutron measurements are available which can provide information on the
neutron emission with different degrees of detail. The coarsest information
which can be extracted is the total, volume-integrated neutron yield from
the plasma. Spatial information can be added by neutron cameras, namely,
arrays of detectors measuring the collimated neutron flux from different parts
of the plasma so that the neutron emission profile can be determined. Finally,
the most advanced information is given by neutron emission spectroscopy
(NES) which provides the detailed shape of the neutron energy spectrum.
NES will be able to take full advantage of the neutron emission from next-
step fusion reactors, whose increase is estimated to be a factor 102, with
respect to neutron flux, and 105 with respect to the total neutron yield.
Moreover, abundant plasma information can be extracted from the neutron
energy spectrum as will be shown later, including information on the behavior

10



2 THERMONUCLEAR FUSION 2.3 The MPR experiment

Figure 3: Schematics of the MPR spectrometer. The path of the collimated
neutrons is shown as well as the different paths from the target to the detector
array taken by protons with different energies. Also shown are the positions
of the coils and magnets which shape the magnetic field guiding the protons.

of α-particle which would otherwise be very difficult to extract since the
latter are confined in the plasma. However, dedicated instruments need to
be developed which can operate in a tokamak environment and can satisfy
the requirements of high energy resolution and count rate upon which NES
depends.

During DT operation, the JET tokamak was the test bed for three such in-
struments, namely, one based on a time-of-flight and proton recoil (TOF/PR)
combination [12], one based on the telescope proton recoil (TPR) technique
[13], and the already mentioned MPR spectrometer [4–6] to whose develop-
ment this thesis work contributed.

The schematics of the MPR spectrometer are shown in fig. 3. The neu-
tron flux is collimated and directed onto a polyethylene target where head-on
n-p scattering occurs; the collimator solid angle and target thickness can be
selected among different values so that either energy resolution or count rate
can be pushed. The recoil proton flux is in turn collimated and enters a

11



2.3 The MPR experiment 2 THERMONUCLEAR FUSION

Table 3: MPR spectrometer settings. Two groups A and B of settings are
shown which can be chosen to enhance the energy resolution or the count rate,
respectively. The two energy resolutions shown correspond to the spectral
Doppler broadening for ion temperatures of 4 and 10 keV, respectively.

A settings B settings

Neutron collimator solid angle (msr) 1.3 1.3
Target thickness (mg/cm2) 8.0 17.7
Proton collimator solid angle (msr) 40 52.5
Neutron flux efficiency (cm2) 5 · 10−5 1.3 · 10−4

Energy resolution (FWHM, %) 2.5 4.0

purposely designed magnetic field which spatially separates the protons de-
pending on their energy and focuses them on a scintillator array. At this
point, the energy definition has already been performed; therefore, each scin-
tillator simply counts the detected events which allows the instrument to
reach a very high count rate. A top count rate of nearly 1 MHz was reached
at JET with an energy resolution ∆En/En = 2.5 % which is an unprece-
dented performance in NES. 3 Calibration of the instrument can be per-
formed ab initio which results in a high accuracy (δEn/En = 2 · 10−3). Also,
background radiation is effectively shielded by a 65-ton concrete enclosure
allowing the measurement of the neutron spectrum to extend greatly towards
its high-energy tail; its low-energy tail cannot be observed, being covered by
a background of energy-degraded neutrons entering the collimator after scat-
tering on the reactor walls (the so-called wall emission) or scattering inside
the collimator itself (the so-called in-scattered neutrons) [14].

The MPR spectrometer was placed as close as possible to the tokamak in
order to maximize the neutron flux. Its line of sight intersected the plasma
at a 47o angle relative to the toroidal field, passing twice through the center
of the plasma which is the region where most neutrons are emitted. Two
collimator and target settings were used corresponding to energy resolutions
of 2.5% and 4%, respectively; the corresponding parameters are given in
table 3 together with the resulting flux efficiency and the ion temperature Ti

whose Doppler width is matched by the resulting energy resolution [15].

3)Of course, an energy resolution of 2.5 % is not unprecedented in experimental nu-
clear physics at large. The fact that this result was so remarkable in plasma diagnostics
demonstrates the difficulty of observing the particle emission from a burning plasma, as
opposed to experiments where the energy and direction of the reactants can be set by the
observers.
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2 THERMONUCLEAR FUSION 2.3 The MPR experiment

The performance of the MPR spectrometer allowed top quality results
to be achieved. Namely, the observation and interpretation were made [16]
of the neutron emission from plasmas sustained by means of ICRH tech-
niques; the possibility was assessed to measure the plasma toroidal velocity
at an accuracy of a few km/s; finally, higher-order features were observed
in the neutron spectrum due to TBN and AKN emission: the latter result
was obtained in NES for the first time. The following section is devoted
to the neutron emission models and calculations which were used for the
interpretation of the results.

13



3 NEUTRON EMISSION

3 Neutron emission in fusion plasmas

The rule on staying alive as a forecaster is to give ’em
a number or give ’em a date, but never give ’em both
at once.

— Jane Bryant Quinn

The neutron energy spectrum from thermonuclear reactors carries a wealth
of information on the status of the burning plasma. However, to obtain this
information one needs to use calculation models in order to interpret spectral
measurements.

The basis of all such models is the kinematics of a single fusion reaction,
which we here assume to be d+t→n+α and whose schematics are shown in
fig. 4. The neutron energy in the center-of-mass (CM) system can easily be
derived from energy and momentum conservation; adding the CM motion,
the neutron energy in the lab system can be shown to be

En =
1

2
mnv

2
CM +

mα

mn + mα

(Q + K) + vCM cos θ
[

2mnmα

mn + mα

(Q + K)
]1/2

(5)

where non-relativistic kinematics were applied, Q and K are the released and
total kinetic energies in the CM system, respectively, vCM is the CM velocity,
and θ is the angle between vCM and the neutron emission direction. In turn,
K and vCM can be expressed as

K =
1

2
µv2

rel ; vCM =
mdvd + mtvt

md + mt

(6)

in terms of the reactant velocities vd and vt in the lab system, where µ is
the reduced mass and vrel = vd − vt the relative velocity of the reactants.

Information on the spectrum of the neutron emission from a small volume
of uniform plasma can be deduced by integrating eq. 5 over the velocity
distributions fd(vd) and ft(vt) of the reactants; subsequently, a line integral
over the values of the plasma parameters as functions of the position yields
the observed neutron spectrum for a given instrumental line of sight. Here,
we will analyze the integration over the reactant velocity distributions, which
can be performed in at least three ways.

Firstly, full analytic integration can be carried out which is the approach
followed in [2]. This led to the following integral expression for the energy
spectrum:

d2R

dΩdEn

=
ndntvn

2πmn

∫ ∫
fd

(
vn − w +

µ

md

vrel

)
ft

(
vn − w − µ

mt

vrel

)
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line of sight
vd

vtvα

vn

CM system

vd

vt

vα
vn

vCM

Lab system

Figure 4: Kinematics of the d+t→n+α reaction. The velocity vectors of
the reactants and the products are shown in both the center-of-mass system
(left) and the laboratory system (center.)

× vrelσ(vrel)

w
δ(w2 − u2

n)d
3vreld

3w (7)

where nd and nt are the reactant densities, σ(vrel) is the reaction cross sec-
tion, and vn and un are the emitted neutron velocities in the lab and CM
systems, respectively. In the same paper, approximated solutions of the
above integral were found for a few cases in which the reactant distribution
had a simple expression. The most important result concerned the veloc-
ity distribution of reactants at thermal equilibrium which can be expressed
as isotropic Maxwellians. In this case, a nearly Gaussian neutron energy
spectrum was found with a FWHM proportional to the square root of the
reactant temperature.

Secondly, eq. 5 can be averaged directly. This masks detailed information
on the spectral shape and only calculates its moments, i.e., 〈En〉 and 〈(En −
〈En〉)i〉 for i > 1. This approach was chosen, e.g., in [17].

Thirdly, eq .5 can be integrated by means of numerical techniques such
as Monte Carlo integration. This latter method closely mirrors the physical
events taking place inside the plasma. Namely, a number of single reactions
are simulated in the following way. The velocities vd and vt of the reactants
are drawn from their respective velocity distributions by means of pseudo-
random numbers; a collective plasma velocity vrot can possibly be added in
order to model the plasma toroidal rotation inside the torus. The kinematics
of the reaction are then calculated, yielding both the energy En of a neutron
emitted in the direction of the line of sight and the probability for such
a reaction to happen; the latter corresponds to the cross-section σ(vrel, θ)
for the resulting reactant relative velocity and neutron emission angle. The
neutron spectrum is obtained as a weighted statistic accumulation of a great
number of such events into energy bins.

It can be noted that Monte Carlo integration has advantages and dis-
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3 NEUTRON EMISSION

advantages almost exactly opposite to the first two methods. Its main ad-
vantage is versatility, which comes mostly for its intrinsic simplicity. In
opposition to the two former methods, which can only be applied to rela-
tively simple cases, this allows Monte Carlo techniques to be used for any
possible reactant distribution, including anisotropy in the angle between the
magnetic field B and the reactant velocities,4 and for anisotropic reaction
cross-sections. In particular, the input for a Monte Carlo calculation can
itself be given as numerical data; this was of great help in calculating mi-
nority components of the neutron spectrum. These high-order components
(as opposed to the zeroth-order bulk emission from thermal ions) are caused
by minority ion populations whose distributions were the result of a differen-
tial equation describing a slowing-down process. The equation could not be
solved by analytical means, except by resorting to rather rough approxima-
tions; therefore, a numerical integration had to be performed which yielded
the fast ion distributions as tabulated data.

On the other hand, its disadvantage lies in being a numerical technique:
as such, it is not possible to derive explicit formulas for the neutron spectrum
as a function of the plasma parameters. Instead, the parameter space must
be mapped by running a number of calculations with different inputs, so that
the results can be parameterized. In practice, however, this is a satisfactory
albeit time-consuming arrangement. Furthermore, Monte Carlo calculations
can be used a posteriori by feeding them inputs taken from other plasma
diagnostics; deviations (or lack thereof) of the numerical results from actual
spectral measurements can then be analyzed and give insight on the processes
taking place inside the plasma. E.g., this was the case for the observation of
high-order spectral components whose agreement with the predicted results
supported the hypothesis of classical fast ion confinement upon which the
calculations were based.

As part of this thesis work, the approach described in [17] was extended
to include relativistic kinematics as reported in paper I. The spectral peak
position and width were determined to a higher degree of precision, which can
in principle allow to extract plasma information from the neutron emission.
In particular, this information would include the velocity of the collective
plasma rotation as described in [18]. Also, a Monte Carlo code was devel-
oped, based on the principle here outlined [19]. The code was written in C++
and was extended to include relativistic kinematics and a number of reaction
cross-sections, including large-angle α-d and α-t elastic scattering. This al-
lowed to validate our analytic calculations of the bulk neutron emission from

4)on the other hand, the velocity distribution is always isotropic in the plane perpen-
dicular to B due to the gyromotion of the plasma ions.
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3 NEUTRON EMISSION 3.1 The DTN emission

thermal plasmas, to explore weak spectral features such as AKN and TBN
emission as reported in papers II-V, and to model the neutron emission from
anisotropic plasmas such as ICRH-heated ones as reported elsewhere [7].

3.1 The DTN emission

The modeling of the neutron emission from plasmas in thermal equilibrium by
Lehner and Pohl in 1967 [2] laid the first theoretical basis for the assessment
of NES as a feasible plasma diagnostics. The velocity distribution of thermal
plasma ions is Maxwellian and only depends on the ion temperature Ti; its
expression for reactant X is

fX(vX) =

(
βmX

π

) 3
2

exp
(
−βmX

v2
X

)
(8)

where

βm =
m

2Ti

=
1

v2
th

(9)

and vth is the thermal velocity of an ion with mass m, i.e., the velocity of
the ion when its energy equals the value of the temperature Ti expressed in
energy units.

The integration of eq. 7 when eq. 8 is substituted for the reactant velocity
distributions cannot be carried out exactly; however, an approximation of the
solution can be obtained under the assumption Ti � Q which holds for all
actual plasmas.5 The resulting expression for the neutron spectrum is

dR

dEn

≈ ndnt√
2mnE0

〈σvrel〉
√

βM

π
exp

[
−βM

(En − E0)
2

2mnE0

]
(10)

where
E0 =

mα

mn + mα

Q (11)

is the energy of a neutron emitted in a reaction between two ions at rest and
M = md + mt is the total mass of the reactants.

It can be seen that the neutron energy spectrum is Gaussian; in particular,
the expression of its width (FWHM) is given by

∆En = 2
√

ln 2 ×
√

2mnE0

βM

= 4

[
mnmα ln 2

(md + mt)(mn + mα)
QTi

] 1
2

(12)

5)For current fusion plasmas, the temperatures are of the order of 10 to 20 keV giving
Ti/Q ≈ 10−3 for DT plasmas.
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3.1 The DTN emission 3 NEUTRON EMISSION

Table 4: Width ∆E (FWHM) of fusion product spectra as a function of the
reactant temperature Ti in keV.

Reaction ∆E (keV) Reaction ∆E (keV)

d+d→n+3He 82.5
√

Ti d+t→n+α 177
√

Ti

d+d→p+t 92
√

Ti d+3He→p+α 181
√

Ti

which shows a simple dependence on the square root of Ti, routinely used
in NES for the measurement of the latter. Numeric values for the constant
coefficient in eq. 12 are given in table 4 for the main reactions in D and DT
plasmas; the given formulas apply to the spectrum of both reaction products
due to the symmetry of eq. 12 with respect to the product masses.

It can be noted that in the previous result the mean neutron energy is
equal to E0 and therefore independent of Ti. This shortfall was addressed by
Brysk in 1973 [17] by using the second approach described in the introduction
of this section. Namely, he averaged eq. 5 over the reactant Maxwellian
distributions: due to the isotropy of the latter, the cos θ term averages to 0
yielding the expression

〈En〉 =
1

2
mn〈v2

CM〉 +
mα

mn + mα

(Q + 〈K〉) =

= E0 +
1

2
mn〈v2

CM〉 +
mα

mn + mα

〈K〉 = E0 + ∆Eth (13)

where the 〈K〉 average must be weighted by the reaction cross-section. It
can be seen that an additional thermal shift is present in the mean neutron
energy which was neglected in [2]. Furthermore, calculations were reported in
the same paper of the moments (En − 〈En〉)i of the neutron spectrum. They
were found to correspond to the moments of a Gaussian energy distribution
of the form

f(En) ∝ exp

[
−βM

(En − 〈En〉)2

2mn〈En〉
]

(14)

which is the same result as that found in [2] but replaces E0 with 〈En〉; this
introduces an additional Ti-dependence in the spectral width as well. Finally,
expressions for the 〈v2

CM〉 and 〈K〉 terms in eq. 13 were found showing them
to be of order Ti; the resulting deviation from E0 is of the order of tens of
keV for Ti = 10 to 20 keV.

The above results were further refined during this thesis work by taking
into account relativistic kinematics. The reason for this was that the use of
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3 NEUTRON EMISSION 3.2 The AKN emission

classical kinematics for neutron energy calculations introduces a systematic
error of the order En/mn ≈ 10−2 which is of the same order of magnitude of
∆Eth/E0. This would affect the absolute value of the calculated spectral peak
position and hence the interpretation of the experimental results. Therefore,
relativistic calculations were performed which lowered the error level to 10−5

which is well below the present instrumental capabilities. The determination
of the thermal energy shift at this level of confidence bears a particular
relevance on instruments for which an absolute calibration is possible; this is
the case for the MPR spectrometer whose calibration is performed ab initio.
For neutron fluxes such as those envisaged for next-step fusion experiments,
this instrumental accuracy would make it possible to resolve any additional
Doppler energy shift of the neutron spectrum due to a collective plasma
rotation [18]. Such a rotation shift is also of the order of ∆Eth/E0; as is often
the case in NES, this requires that the theoretical calculation be pushed to
the same level of accuracy as expected from the instrumental side. Detailed
calculations and complete results including error analysis are reported in
paper I of this thesis; only the result on the mean neutron energy is reported
here which again can be expressed as the sum of a zero-energy E0 and a
thermal shift ∆Eth with

E0 =
(md + mt)

2 + m2
n − m2

α

2(md + mt)
− mn; (15)

∆Eth ≈ (md + mt)
2 − m2

n + m2
α

2(md + mt)2
〈K〉 +

(md + mt)
2 + m2

n − m2
α

4(md + mt)
〈v2

CM〉.

Also, the analytic results were verified by means of independent Monte Carlo
calculations based on relativistic kinematics.

3.2 The AKN emission

The spectrum of the thermal neutron emission from thermonuclear plasmas
at equilibrium at an ion temperature Ti is often the main component of
the total neutron emission and can be considered as its zeroth-order term.
The same applies to the bulk neutron emission from non-thermal plasmas
such as those produced by means of NBI or ICRH-heating: even though
the ion distributions are different from the Maxwellian distributions which
characterize thermal plasmas,6 the resulting neutron emission is due to

6)ICRH-heated distributions can be modeled as the superposition of a number of asym-
metric Maxwellian distributions [7], while NBI-produced ions have a slowing-down distri-
bution extending backwards from their injection energy towards an energy corresponding
to the plasma ion temperature expressed in keV.
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Figure 5: Schematics of the processes leading to AKN emission. (1) 3.5-
MeV α-particle emission in thermal d-t reactions; (2) creation of fast fuel
ions through knock-on scattering of the α-particles; (3) AKN emission in d-t
reactions between fast and thermal ions.

reactions which do not involve ions from minority populations and do not
depend on other reactions taking place.

However, higher-order components are also present in the neutron energy
spectrum which are the final product of a succession of different reactions.
The AKN emission is one such component and it is most relevant for the use
of NES in next-step fusion experiments being the measurable signature of
the confined α-particles.

The process leading to AKN emission is outlined in fig. 5. DT reac-
tions between ions from the bulk deuteron and triton distributions produce
14-MeV neutrons which escape the plasma and 3.5-MeV α-particles which
remain confined in the magnetic tokamak field. The latter have an energy
much higher than the bulk ions and are slowly thermalized over times of the
order of 1 s. Their thermalization takes place by means of repeated low-
angle scattering with the plasma ions and electrons to which they gradually
transfer their energy; however, it is also possible although less likely that
knock-on collisions between α-particles and plasma ions take place in which
a substantial part of the fast α-particle energy is transferred to the fuel ion.
This leads to the formation of a fast (“supra-thermal”) ion population which
undergoes the same thermalization process as the one described for the α-
particles. Furthermore, it is possible for these fast plasma deuterons and
tritons to undergo d-t reactions with thermal tritons and deuterons, respec-
tively, which finally leads to a small AKN emission.7 We can consider the

7)It is also possible for reactions between fast deuterons and fast tritons to take place;
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3 NEUTRON EMISSION 3.2 The AKN emission

latter to be a second-order component of the total neutron emission since it
depends on two reactions to take place besides the final d-t reaction in which
the neutron is produced: namely, the initial d-t reaction between bulk ions
and the subsequent α-d or α-t scattering reaction.

The probability of neutron emission through α knock-on is equal to the
combined probability of the three reactions which makes it obvious that its
intensity will be much lower compared to the emission from the bulk plasma.
However, the total energy of the reactants in the final d-t reaction can be
as high as a few MeV which is two orders of magnitude higher than the
energy of the thermal ions. This causes the AKN emission to have a much
larger Doppler broadening and to dominate in the high-energy range above
15.5 MeV where the bulk emission becomes negligible. The same would
apply to the corresponding low-energy range; however, wall emission and in-
scattered neutrons are dominant in this region and prevent any observation
of the actual neutron signal. This summary will give a somewhat concise
description of the processes leading to the AKN emission and the calculation
models used in their analysis; a full report of the theoretical and experimental
results obtained from our study of the AKN emission is given in paper II and
III of this thesis.

The emission of α-particles in d-t reactions between bulk ions can
be treated in the same way as the neutron emission from the same reactions
which was analyzed in the previous section. In particular, the α-particle
energy spectrum in thermal plasmas is approximately Gaussian with a mean
energy 〈Eα〉 ≈ 3.56 MeV and a Doppler broadening ∆Eα ≈ 177

√
Ti keV

(FWHM). Were the ion distributions non-thermal as is the case in NBI-
or ICRH-heated plasmas, no analytic formula is available for the α-particle
distribution which must be calculated numerically.

The slowing-down distribution fα(v, ξ) of fast α-particles in a ther-
mal plasma follows the Fokker-Planck equation which can be written as [20]

∂fα

∂t
=

1

τsv3

[
v

∂

∂v

(
v3 + v3

c

)
fα + Zeff

v3
c

2

∂

∂ξ

(
1 − ξ2

) ∂fα

∂ξ

]
+ Sα (16)

where Zeff is the effective charge of the plasma, vc is the crossover velocity at
which the electron drag on the slowing-down ions equals in intensity the ion
drag, τs is the slowing-down time of the ions (we refer the reader, e.g., to [21]
for the full expression of these quantities) and finally, Sα is the α-particle
source distribution. Eq. 16 must be integrated numerically; however, the
task is somewhat simplified by the fact that in case of an isotropic α-particle

however, the probability of such a reaction is so low that the resulting neutron emission
is entirely negligible.
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Figure 6: α-particle steady-state distribution fα as a function of the kinetic
energy Eα. Also shown is the source term Qα.

distribution, the ξ-derivative vanishes which reduces the dimensionality of the
differential equation. The above condition holds for thermal plasmas where
the ion distributions are isotropic and can be taken as an approximation
for externally heated plasmas due to the isotropy of the d-t cross section. A
finite-difference code was developed during this work [19] in order to integrate
the slowing-down equation; the resulting α-particle distribution fα is shown
in fig. 6 together with the corresponding source term Qα. The results shown
in this figure and the following are relative to a reference plasma whose
parameters represent those envisaged for ITER, namely, electron and ion
temperature Te = Ti = 20 keV, electron density ne = 1014 cm−3, and effective
charge Zeff = 1 with equal triton and deuteron densities nd = nt = 1

2
ne.

The generation of fast tritons and deuterons happens by means
of head-on collisions with the slowing-down α-particles. In the MeV energy
range and for large-angle collisions, two different components of the cross-
section must be taken into account in order to model this process. The first is
the well-known Coulomb cross section, while the second is the nuclear elastic
scattering cross section. The latter must be determined by fitting experi-
mental data; for this work, the parameterization and results of Mohr et al
[22] were chosen. The total cross-sections obtained were fed as input to the
same Monte Carlo code used for the calculation of neutron spectra which
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Figure 7: (a) Fast deuteron and triton source terms Qd′ and Qt′ as functions
of the kinetic energy Ei. (b) Fast deuteron and triton steady-state distri-
butions fd′ and ft′ as functions of the kinetic energy Ei. Also shown is the
thermal distribution fth.
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Figure 8: Energy spectrum of the AKN emission in steady-state plasma
conditions. Also shown is the energy spectrum of the corresponding thermal
emission.

yielded the energy distribution of the source terms Qt′ and Qd′ for tritons
and deuterons, respectively; from now on, primes will be used to characterize
supra-thermal populations. The slowing–down distribution functions of the
fast ions could then be calculated by integrating eq. 16 in which the appro-
priate parameters for the slowing-down ion species were substituted. The
source terms Qd′ and Qt′ and the corresponding energy distributions fd′ and
ft′ are shown in fig. 7.

The emission of supra-thermal neutrons in reactions between fast
and thermal deuterons and tritons, respectively, was once again modeled by
means of Monte Carlo techniques. The result of the calculation is shown in
fig. 8. As expected, the AKN emission is a very weak feature of the neutron
energy spectrum: however, it dominates the range above the crossover en-
ergy Ec ≈ 15.5 MeV defined as the energy where the AKN emission equals
the intensity of the main spectral component. This showed it possible to
observe and identify this minority component as the signature of α-particle
confinement inside the plasma.

Furthermore, the same models were used with inputs corresponding to
different plasma conditions in order to identify dependencies of the ANK
emission on the plasma parameters. The results of this investigation are
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Figure 9: Schematics of the processes leading to TBN emission. (1) 1-MeV
triton emission in thermal d-d reactions; (2) TBN emission in d-t reactions
between fast and thermal ions.

reported in paper II of this thesis.
Finally, we note here that the AKN emission was positively identified

in neutron emission measurements of pre-ignition plasmas produced during
DTE1 at JET and observed by means of the MPR spectrometer. This result
and its implications for NES are reported in paper III and discussed in sect. 4
of this summary together with a comparison to what can be expected from
other α-particle diagnostics.

3.3 The TBN emission

The introduction of tritium in a plasma implies a number of severe compli-
cations and operating restrictions. Therefore, it is desirable to try and study
the confinement of fast ions in D plasmas as well. This can be done by study-
ing fast tritons produced in D plasmas by d+d→t+p reactions as these have
similar gyro-radius as α-particles; their presence can be diagnosed by NES
by observing the TBN component of the neutron emission from D plasmas.
The results of these measurements can be extrapolated to gain insight on the
α-particle behavior in DT plasmas.

The process leading to TBN emission is outlined in fig. 9. Fast tritons
produced from d-d reactions are born at an energy of 1 MeV, remain confined
in the plasma, and undergo thermalization as previously described for α-
particles. Unlike in the AKN emission process, no knock-on scattering is
involved here, since the tritons can directly undergo t+d→ α+n reactions
during slowing-down. This gives rise to a supra-thermal 14-MeV component
in the total neutron emission which therefore is of the first order with respect
to the zeroth-order thermal d-d emission.

Compared to the AKN emission, the observation of the TBN emission
from D plasmas is more convenient in a number of ways. Among these are the
fact that D plasma experiments are more easily and frequently performed;
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Figure 10: (a) Fast triton steady-state distribution ft as a function of the
kinetic energy Et. Also shown is the source term Qt. (b) Energy spectrum
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the fact that the TBN emission is a first-order component of the neutron
spectrum as opposed to the second-order component from α knock-on; and
above all the fact that the triton burn-up neutrons are the main component
of the neutron emission from D plasmas in the 14-MeV range as the bulk
thermal component is emitted in the 2.5-MeV range and cannot interfere
with the observation of the TBN emission.8

Three separate processes had to be studied in order to model the TBN
emission, namely, the emission of fast tritons in d-d reactions between
thermal ions, their slowing-down in the thermal D plasma, and the emis-
sion of supra-thermal neutrons in d-t reactions between thermal deuter-
ons and fast tritons. But for changes in ion parameters, all such processes
were described in the previous section and will not be reported here: typical
results from TBN emission calculations are shown in fig.10.

Furthermore, anomalous fast-ion loss mechanisms were also simulated
and added to the implemented models: this allowed us to investigate the
possibility of their identification by means of NES. The results of this study
are reported in paper IV of this thesis.

Finally, we mention here that the first time-dependent observation of the
TBN emission was performed at JET during D plasma experiments in 1997
by means of the MPR spectrometer. The results are reported in paper V
and discussed in sect. 4 of this summary.

8)On the other hand, the background of wall-scattered and in-scattered triton burn-up
neutrons would most likely make it impossible to observe secondary spectral components
in the 2.5-MeV energy range such as those which could be caused by proton knock-on on
thermal deuterons and whose observation would already be severely disadvantaged by the
limited neutron yield from D plasmas.

27



4.1 TBN measurements 4 RESULTS

4 Results and discussion
All science is either physics or stamp collecting.

— a rather harsh Ernest Rutherford

The year 1997 has been quite an exciting one for fusion research and NES.
During the summer and autumn of that year, the first main DT experiment
at JET (DTE1) was performed producing a number of fusion plasmas with
fusion power Pf > 1 MW and up to 16 MW for the record discharge [11];
the intensity of the corresponding neutron yield rate was Yn > 5 × 1017 n/s
and were sustained for a time t ≤ 4 s. Moreover, DTE1 was prepared by
means of an operating period which took place in February of that year and
aimed at producing high-performance D plasmas; the yield rates of the latter
were of the order of 1016 and 1014 n/s for 2.5-MeV and 14-MeV neutrons,
respectively.

These high yield rates were used to full advantage by a new neutron spec-
trometer of the MPR type [4–6] which had been newly installed at JET and
is described in section 2.3. The count-rate capabilities of the MPR spectrom-
eter allowed for a number of observations, most of which were performed for
the first time. Such measurements are the subject of this section.

4.1 TBN measurements in D plasmas

The D plasma discharges produced before DTE1 were sustained by means
of NBI heating with power up to 20 MW; radio-frequency (RF) heating was
also used in a number of discharges. Due to the pulsed nature of NBI, the
steady-state model used in our preliminary calculation had to be extended in
order to describe transient plasma conditions. A time-dependent model was
thus implemented which could take as input the main plasma parameters as
a function of time. The time profiles of the needed parameters, as well as the
fast triton yield rate, were taken from other plasma diagnostics available at
JET [23–27]; examples from two among the analyzed discharges are shown
in fig. 11. It can be seen how two different scenarios were possible, namely,
one in which the NBI was strongly pulsed and one in which quasi-steady
conditions were maintained between transient phases at the start and end of
the discharge; the time evolution of the NBI heating is closely mirrored by
the illustrated thermal neutron yield rate Ydd.

The analyzed discharges were divided in two batches A and B depending
on the scenario; the second batch was further divided in two groups B1 and
B2 depending on the presence of RF heating. The discharges in each of the
three series presented similar plasma conditions and time evolution scenarios;
therefore, it was possible to synchronize and add the observed spectra within
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Figure 11: Thermal neutron yield Ydd, electron temperature Te, ion temper-
ature Ti, electron density ne and effective charge Zeff as measured by JET
diagnostics; (a) data from discharge 40336; (b) data from discharge 40457.
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each batch. This boosted the effective TBN count rate up to a few kHz (as
opposed to a maximum count rate per discharge of 200 Hz) and allowed us to
perform not only a time-resolved measurement of the TBN yield rate (which
is in agreement with other diagnostics installed at JET) but also the first
time-resolved measurement of the TBN energy spectrum.

A full analysis of the instrumentation and the observed spectra is available
in paper V. In this summary, we will highlight the spectral features and
trends predicted by numerical calculations and their correspondence with
the measurements.

Calculations showed two main features to be expected in TBN measure-
ments with respect to its time evolution, namely, a delay between the thermal
and the TBN neutron emission, and a decreasing trend in the width of the
TBN spectrum; both were clearly seen in the observed data as shown in
Figs. 12 and 13, which also show the measured peak position.

The former is due to the slowing-down process which the fast tritons
undergo in the thermal plasma. It is no new result, as the measurement of the
total TBN yield rate is sufficient for its observation. However, it could be used
for assessing the correctness of the numerical calculations whose predictions
were in overall agreement with the time evolution of the observed data; some
differences remain which are most conspicuous in RF-heated discharges.

The decrease of the spectral width is caused by the shape of the fast triton
distribution, in which newly-born 1-MeV tritons are a less and less predomi-
nant component as the time increases. This causes a corresponding decrease
of the width, as more neutrons are produced in reactions between deuterons
and nearly-thermalized neutrons; the low energy of the latter causes the reac-
tion products to have a smaller Doppler shift. This indicates that the width
of the TBN spectrum can give information on the ratio between the densi-
ties of newly-born and thermalized tritons, allowing one to detect anomalous
losses of fast ions. This could be a new contribution of NES to fusion di-
agnostics, were one to improve the current resolution and statistics of TBN
spectral measurements.

The expected trend can be seen in the measured data, although with a
clear indication that the calculation overestimated the actual value of the
spectral width; this discrepancy is not yet understood and might need a
refinement of the model to include, perhaps, inhomogeneous plasma condi-
tions or collective plasma velocity (toroidal rotation). To the latter, which
is known to appear in NBI-heated plasmas [28], can also be attributed the
observed shift of the peak position from its expected value. The measured
energy difference has a maximum value of about 500 keV, corresponding to
a maximum rotation velocity of about 900 km/s.
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4.2 AKN measurements in DT plasmas

A second achievement of the MPR spectrometer took place during DTE1,
when the production of a number of high-power DT discharges made it pos-
sible to collect enough statistics to detect the AKN signature in the neutron
energy spectrum.

Pre-ignition conditions were induced by means of NBI and RF heating,
repeatedly reaching a fusion power Pf ≥ 1 MW (up to 16 MW in the record
discharge) sustained for periods up to 4 s. Unfortunately, discharges with
RF heating had to be discarded from our analysis as this heating mechanism
creates a supra-thermal fuel population which interferes with the one created
by the α knock-on scattering; this restricted our investigation to a series of
twelve discharges in which only NBI heating was used. The total neutron
yield of this series was 3×1019, with a maximum yield rate of about 4×1018

n/s; in turn, the MPR spectrometer achieved a maximum count rate of about
4×105 events/s, i.e., an efficiency of the order of 10−13 leading to a data base
of 3× 106 events. The instrumentation and pulse height analysis techniques,
including background subtraction, which made it possible to achieve and
validate these results are detailed in paper III of this thesis.

The spectral region of interest for AKN emission studies extends above the
predicted cross-over energy between bulk and AKN emission, i.e., Ec ≈ 15.5
MeV. As shown in fig. 14a, the bulk neutron emission includes a component
DTNi produced in reactions between isotropic thermal ions and a component
DTNa involving anisotropic NBI-heated ions. Albeit small, AKN emission
dominates9 in this region both the thermal component (as seen in section
3.2) and the NBI component, whose amplitude falls off very rapidly around
Ec since the energy of the reactants has an upper limit at the beam energy
(about 150 keV.) The neutron yield in this region is a fraction of about
5 × 10−5 of the total neutron emission, which resulted in the observation
of 150 high-energy events. This number was (though barely) sufficient for
positive identification of the AKN emission.

An example of measured spectrum is shown in fig. 14b. It can be seen how
its high-energy region shows a definite change of the spectral shape, which
for lower energies presents the expected Gaussian behavior. As reported in
paper III, a careful analysis of pulse height spectra from the spectrometer
channels was carried out and excluded the possibility for this feature to be
due to instrumental noise such as fortuitous pile-up of events.

Of course, the relatively small number of events prevented any detailed

9)A possible exception could, in principle, be an interference from the TBN emission
which is also present in DT plasmas. However, this is found to be an order of magnitude
smaller than the AKN emission (see again fig. 14a.)

33



4.2 AKN measurements 4 RESULTS

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

101

 11  12  13  14  15  16  17  18

dN
/d

E
n 

[a
.u

.]

En [MeV]

En > Ec

(a) DTNi

DTNa

AKN

TBN

10-1

100

101

102

103

104

105

106

 0  100  200  300  400  500

ev
en

ts
/c

ha
nn

el

position, X [mm]

X > Xc

(b)meas.

calc.

DTN

AKN
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analysis of this high-energy signal, such as studies of its shape or time-
dependence. Therefore, the measured ratio R = YE>Ec/Ytot was chosen for
study where Ytot and YE>Ec are the energy-integrated neutron emission over
the whole spectrum and the high-energy region, respectively. Thus, it was
possible to analyze the variations of R over different discharges and plasma
conditions (among which the electron temperature Te was most relevant). As
shown in fig. 15, such variations were found in agreement with the predicted
behavior of the AKN emission, to which the measured signal could be as-
cribed. Also, the agreement with the model supports the assumption upon
which the latter is built, namely, that the fast α-particle confinement does
not deviate from the classical limit.

These results assess the applicability of AKN measurements as an α-
particle confinement monitor; in particular, the observation of R would pro-
vide information on the α-particle pressure [19]. However, higher statistics
are needed for quantitative studies, or to provide real-time monitoring of
the confinement efficiency in next-step burning plasma experiments. The
requirement to be met for α-particle confinement diagnosis were outlined,
e.g., in [29] which also reviewed a number of proposed diagnostic techniques
including the AKN emission measurement. The other examined diagnos-
tics were collective Thompson scattering [30], high-energy neutral particle
analysis [31, 32], and α-particle charge-exchange recombination spectroscopy
(α-CHERS) [33]; we refer the reader to the cited papers for details on the
principles and the results obtained by these techniques, which are outside the
scope of this summary. Each reviewed diagnostic was found to have its own
weaknesses. In particular, some neutral particle analyzers and the α-CHERS
technique rely on the insertion of a high-speed low-Z pellet into the plasma
and on neutral beam injection, respectively. These methods are intrusive
and therefore not very desirable; also, the high density envisaged for near-
ignition plasmas limits the penetration of pellets and neutral beams, thus
affecting the performance of the related diagnostics. Other neutral particle
analysis techniques exist which make use of the naturally occurring low-Z
impurities in the plasma; however, their spatial resolution is sensibly lower
than that of more intrusive techniques. Spatial resolution will be an issue
also for collective scattering techniques.

The weakness of AKN measurements was the poor number of counts in
the measured spectrum tail, which currently make it impossible to perform
measurements with adequate temporal and spatial resolution. However, the
situation will largely improve in the next-step fusion plasmas experiments
such as ITER, in which the relevant plasma parameters would be significantly
enhanced with respect to JET: estimated values [34] include an electron tem-
perature Te ≈ 20 keV, a fusion power Pf ≈ 1 GW, and a plasma confinement
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Figure 15: (a) Measured AKN emission ratio R for a set of 12 plasma dis-
charges with different electron temperature Te. The straight line is a power
law R ∝ T κ

e with κ = 3.2 as predicted by calculations. (b) Measured AKN
emission ratio R vs predicted value Rcalc for a set of 12 plasma discharges.
The straight line indicates R = Rcalc.
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time up to 103 s which together would allow AKN measurements with 104

better statistics. Moreover, the instrumentation could be enhanced as well
by designing a dedicated MPR spectrometer whose efficiency, background
handling capability, and resolution would be tuned for this particular task;
such optimizations were not implemented on the MPR prototype used during
DTE1. Steps should be taken in order to improve spatial resolution as well;
a proposed solution [35] was the installation of a neutron camera made of
multiple spectrometer, which could measure the spatial profile of the neutron
emission by observing the plasma along a number of different lines of sight.
This large potential for improvement shows how NES deserves consideration
as a fast α-particle diagnostics for next-generation burning plasmas.
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5 Conclusions and outlook
The Road goes ever on and on.

— Bilbo Baggins

Neutron measurements and interpretations are a central part of the re-
search devoted to the creation, sustentation and study of fusion plasmas such
as those magnetically confined in tokamaks. Especially, the spectrum of the
neutron emission carries in-depth plasma information which can be obtained
from high-quality data combined with suitable analysis and interpretation
tools.

This thesis mainly concerned the theoretical basis for advancing the neu-
tron emission spectroscopy (NES) diagnosis of fusion plasmas. The models
developed during this work have been successfully applied for the first time
to data taken by the MPR spectrometer in DT discharges at JET in which
record-high fusion power levels were reached. In particular, it was shown
that NES can be used to study the α-particle handling characteristics of
DT plasmas based on the α-particle knock-on effect in the neutron emission
spectrum and that measurements can be performed as soon as pre-ignition
conditions have been achieved such as done at JET during DTE1. This was
experimentally verified as the α-particle signature was identified in the MPR
data. Moreover, the same techniques were successfully applied to study the
fast triton behavior in D plasmas based on the triton burn-up neutron emis-
sion. The larger statistics available from TBN measurements allowed us to
perform a time-dependence analysis, suggesting that the same can be done
for AKN measurements given a sufficiently large neutron yield.

The monitoring of fast α-particles is an essential diagnostic since it is
their confinement and slowing-down which leads to intrinsic heating of fu-
sion plasmas of DT. This is especially true for next-step reactors such as
ITER whose purpose will be to approach ignition, i.e., to enter a state in
which α-particle heating will be the primary source of plasma heating. Such
plasmas will be characterized by a 105 increase of the total neutron yield
with respect to current experiments. NES diagnostics will take full advan-
tage from the high neutron yield. In particular, increased statistics will make
it possible to perform time-resolved AKN emission measurements. Moreover,
improved instrumentation such as a neutron camera built from multiple MPR
spectrometers would provide spatial resolution, thus making NES into a full-
featured, non-intrusive diagnostic of α-particle confinement.

NES can play a main role in next-step plasma diagnostics. This work
contributed to the realization and interpretation of proof-of-concept mea-
surements which pushed forward the capabilities of NES and represented a
further step towards its use in burning-plasma observations.
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6 Synopsis

Neutron spectrum calculations

I Relativistic calculation of fusion product spectra for thermonuclear plas-
mas , L. Ballabio, J. Källne and G. Gorini, Nucl. Fusion 38 (1998) 1723.

Calculations of the first three moments of the neutron emission from
thermal plasmas are reported. Relativistic kinematics was used to ex-
tend the accuracy of the calculations below the keV range which could
be required for high-quality NES measurements in next-step fusion ex-
periments. Also, independent numerical calculations were performed
in order to assess the theoretical results.

Alpha particle knock-on emission

II The alpha particle knock-on signature in the neutron emission of DT
plasmas , L. Ballabio, G. Gorini, J. Källne, Phys. Rev. E 55 (1997)
3358.

The AKN emission from burning d-t plasmas is studied. Numerical
models were developed for the calculation of the fast ion distributions
responsible for this higher-order component of the neutron emission.
The resulting framework was used to model steady-state fusion plasmas
such as those envisaged for the planned ITER experiment and to map
the parameter space in order to highlight dependences on the plasma
conditions. The findings are reported and give evidence that the AKN
emission could be observed in high-yield fusion experiments.

III Observation of the alpha particle “knock-on” neutron emission from
magnetically confined DT fusion plasmas , J. Källne, L. Ballabio, J.
Frenje, S. Conroy, G. Ericsson, M. Tardocchi, E. Traneus and G. Gorini,
Phys. Rev. Lett. 85 (2000) 1246.

The first observation of the AKN emission is reported. The α-particle
signature was looked for in the neutron emission from high fusion power
discharges produced at JET during the DTE1 phase in 1997 and was de-
tected by means of a MPR-type neutron spectrometer. Measurements
agree with the theoretical predictions of the AKN emission intensity
and dependence on plasma parameters. Implications for neutron diag-
nostics of next-step fusion plasmas are discussed.
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Triton burn-up emission

IV Neutron spectrometry diagnostic of triton burn-up in deuterium fu-
sion plasmas , G. Gorini, L. Ballabio and J. Källne, Plasma Phys. and
Contr. Fusion 39 (1997) 61.

The TBN emission is investigated in the presence of loss mechanisms
affecting classical confinement of the fast tritons. Calculations were
performed in order to study the sensitivity of the TBN spectral com-
ponent to the plasma confinement properties and assess the feasibility
of this kind of neutron diagnostics and the required instrumental pa-
rameters.

V Measurements and interpretation of the spectrum of the triton burn-up
neutron emission from the deuterium tokamak plasmas , L. Ballabio,
J. Frenje, S. Conroy, G. Ericsson, M. Tardocchi, E. Traneus, J. Källne
and G. Gorini, Nucl. Fusion 40 (2000) 21.

The first time-dependent measurements are reported of the TBN emis-
sion from NBI-heated plasmas produced in the JET tokamak. Quasi-
steady and transient plasma conditions were modeled in a time-de-
pendent framework under the assumption of classical confinement and
slowing-down of fast tritons. The numerical results agree with the
measurements and support the hypothesis upon which the model was
based.

All papers are reprinted with permission.
Papers I and V are c© International Atomic Energy Agency, Vienna, Austria; papers II
and III are c© The American Physical Society; paper IV is c© Institute of Physics and IOP
Publishing Limited. Permission for republication must be obtained from the respective
copyright holders.
The home pages of the journals where the papers appeared are at the following URL:

Nuclear Fusion: http://epub.iaea.or.at/fusion/
Physical Review E : http://pre.aps.org/
Physical Review Letters: http://prl.aps.org/
Plasma Physics and Controlled Fusion: http://www.iop.org/journals/ppcf/
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Glossary

This gubblick contains many nonsklarkish English
flutzpahs, but the overall pluggandisp can be glorked
from context.

— David Moser

AKN: Alpha-particle Knock-on Neutron emission. A minority component
of the neutron emission in deuterium-tritium plasmas. First detected
by means of the MPR spectrometer, it is the signature of the presence
of α-particles inside the plasma.

D plasma: a plasma consisting of deuterons (2H ions) only.

DT plasma: a plasma consisting of deuterons and tritons (2H and 3H ions,
respectively.)

DTE1: the first Deuterium-Tritium Experiment, performed during 1997 at
the JET tokamak.

DTN: Deuteron-Triton Neutron emission. In particular, the bulk of the
emission due to reactions between thermal ions.

FIRE: Fusion Ignition Research Experiment. A proposed next-step fusion
experiment.

ICRH: Ion Cyclotron Resonance Heating. An external plasma heating
mechanism applied by means of electromagnetic waves resonating with
the frequency of the gyromotion of the fuel ions along the magnetic
field lines.

ITER: International Thermonuclear Experimental Reactor. A proposed
next-step fusion experiment.

JET: Joint European Torus. The largest among thermonuclear fusion ex-
periments, located at Culham (UK) and operating since 1983.

MPR: Magnetic Proton Recoil. A technique for neutron spectroscopy, and
by extension a spectrometer using such a technique.

NBI: Neutral Beam Injection. An external plasma heating mechanism con-
sisting in the addition of highly energetic neutral atoms into the plasma
which are ionized and transfer their energy to the rest of the nuclear
fuel.
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NES: Neutron Emission Spectroscopy. The measurement of the energy
spectrum of the neutrons escaping the plasma.

TBN: Triton Burn-up Neutron emission. A minority component of the neu-
tron emission in deuterium plasmas, it is due to the presence of tritons
generated in d-d reactions.
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Index

AKN emission, 3, 19–25
agreement with model, 35
α-particle generation, 21
α-particle thermalization, 21

numerical calculation, 22
applicability to next-step exper-

iments, 35–37, 39
dominant in the high-energy spec-

tral tail, 21
experimental identification, 25,

33, 39
fast ion generation, 22
high-order spectral component,

20
potential for improvement, 35–

37
process leading to, 20
requirements for observation and

interpretation, 3
signature of α-particles, 3, 20
spectral region of interest, 33
supra-thermal neutron emission,

24
variation over plasma parame-

ters, 35
weaknesses, 35

α-CHERS, 35

Collective Thompson scattering, 35

Deuterium-tritium experiments, see
DTE1

DTE1, 10, 28, 33
DTN emission, 3, 17–19

analytic calculation, 17–18
FWHM as a function of Ti, 17
Gaussian shape, 17
mean energy as a function of

Ti, 18, 19

moment calculation, 18–19
with relativistic kinematics, 18–

19

Fast ion confinement
importance for self-heating of

plasmas, 1, 7, 39
FIRE tokamak, 8
Fusion reactions

kinematics, 14
reactivity, 5
released energy, 5
with highest reactivity, 1

ICRH, 9
Ignition, see Thermonuclear fusion,ignition

condition
ITER tokamak, 8

main parameters, 8

JET tokamak, 8
main parameters, 8

Larmor frequency, 9

MPR spectrometer
achievements, 12, 28–33
background shielding, 12
calibrated ab initio, 12
count rate, 12
line of sight, 12
operated at JET, 11, 28
placement, 12
principle, 2, 11
schematics, 11
settings, 12

NBI, 9, 28
Neutral particle analyzers, 35
Neutron camera, 10, 37
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Neutron emission spectroscopy, 10
advantaged in DT plasmas, 10
first use, 2
its aim, 2
non-intrusiveness, 2, 10
requirements, 2
theoretical foundation, 2, 39

Neutron emission spectrum
AKN component, see AKN emis-

sion
α-particle signature, see AKN

emission
analytic integration, 14–15, 17–

18
bulk component, see DTN emis-

sion
from a uniform plasma, 14–15
moment calculation, 15, 18–19
Monte Carlo integration, 15–16

developed code, 16
TBN component, see TBN emis-

sion
thermal component, see DTN

emission

Ohmic heating, 9

Plasma
as ion-electron gas, 1
heating mechanisms, see Ohmic

heating, NBI, ICRH
thermal ion distribution, 17

Plasma diagnostics
requirements for DT plasmas,

9–11

TBN emission, 3, 25–27
agreement with model, 32
more easily observable than AKN

emission, 25
observed features, 32
process leading to, 25

test-bed for fast ion diagnos-
tics, 25

time-dependent observation, 27–
32, 39

Thermonuclear fusion, 5
breakeven condition, 7
energy balance, 5–7
ignition condition, 7
its goal, 1
need for heating, 5
output power, 6
power losses, 7
released power, 5
self-heating power, 6

Tokamak, 1, see also JET, ITER,
FIRE

schematics, 8
Triton burn-up, see TBN emission
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