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Neutron are emitted from a deuterium plasma with energies around 2.5 MeV. The neutron
spectrum is intimately related to the ion velocity distribution of the plasma. As a consequence,
the analysis of neutron energy spectra can give information of the plasma rotation, the ion
temperature, heating efficiency and fusion power.

The upgraded magnetic proton recoil spectrometer (MPRu), based on the thin-foil technique,
is installed at the tokamak JET. The upgrade of the spectrometer was done to allow for
measurements of deuterium plasmas. This thesis describes the hardware, the data reduction
scheme and the kind of fusion plasma parameters that can be estimated from the data of the
MPRu. The MPRu data from 3rd harmonic ion cyclotron resonance and beam heating are
studied.

Other neutron spectrometer techniques are reviewed as well, in particular in the aspect
of suitability for neutron emission spectrometry at ITER. Each spectrometer technique is
evaluated using synthetic data which is obtained from standard scenarios of ITER. From this
evaluation, we conclude that the thin-foil technique is the best technique to measure, e.g., the
ion temperature in terms of time resolution.
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1. Nuclear fusion

1.1 Introduction

Fusion experiments seek to release energy by fusing light nuclei. Tritium (t)
and deuterium (d) are good candidates as fuels in future fusion reactors. Table
1.1 shows the fusion reactions available from such fuel, together with their
Q-values and neutron energies, E,, where applicable. The dt reaction (no. 4 in
Table 1.1) has the highest reactivity, (ov), for most temperatures of relevance
for fusion energy research. The reactivity is given by

(ov)ij =/ R0 vi = vilo (v —vj|) dvidy; (L.1)

where i and j indicates the reactant species, v; is the velocity of reactant i,
fi(vj) is the normalised ion velocity distribution of reactant i and o (|v; — vj|)
is the reaction cross-section as a function of the relative velocity of the ions.
The high reactivity for the d+t reaction, compared to the other reactions is
shown in Figure 1.1.

An ion species in thermal equilibrium has a Maxwellian velocity distribu-

tion ,
m \?2 mv?
10)= (5 ) exp |- (12

where m is the ion mass and 7; is the ion temperature. Temperatures in plasma
research are traditionally multiplied by Boltzmann’s constant resulting in a
quantity of unit energy. In this thesis, temperatures are discussed in terms of
keV using this relation but omitting the constant. Thus, an ion temperature of
108 K corresponds to 7; of about 10 keV. The deuterium and tritium atoms (D

Table 1.1: Reactions of deuterium and tritium together with the corresponding Q val-
ues, neutron energies, E,, and branching ratios, 3, where applicable.

Reaction Q0 [MeV] E,[MeV] B
1. | d(d,n)’He 33 2.45 0.5
2. | dd,pt 4.0 - 0.5
3. | He(d,p)*He 184 - 1.0
4. | d(t,n)*He 17.6 14.0 1.0
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Figure 1.1: The reactivity for a plasma in thermal equilibrium as a function of the ion
temperature for reaction 1+2 (combined), 3 and 4 in Table 1.1. ©)EFDA-JET
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and T) are ionised in the temperature region of interest for a fusion reactor.
The ions together with the electrons constitute a fusion plasma. A plasma can
be considered as two intermixed fluids, one describing the motion of the ions
and the other one that of the electrons.

Energy ("heat") is transferred to the plasma from external sources, as de-
scribed in some detail below, or internally from energy released in the fusion
reactions. The d+t reaction results in an q-particle and a neutron. The 14.0
MeV neutron leaves the plasma. The 3.5 MeV «-particle, on the other hand, is
here assumed to deposit its energy to the plasma by collisions with the plasma
electrons and ions. Let us consider the power balance of a plasma of 50% D
and 50% T, i.e. ng = ny = n/2, where n is the number density. Assuming a
steady state we have

Pit+Po=P (1.3)

where Py is the external heating, Py is the internal heating by the a-particles
and A is the power loss of the plasma due to transport mechanisms. The
average energy of a particle of temperature T is 3n7T /2 and, since we have both
electrons and ions, the total energy density of a plasma in thermal equilibrium
is 3nT [1]. The power loss from transport is then defined as

T
p =Ty (1.4)
T8

where V is the plasma volume and 7g is the energy confinement time, which
characterises the confinement of the plasma energy. The internal heating by
the o-particles is proportional to the number of particles produced and their
energy, Eq,

1
Py = an (GV)EqV. (1.5)
In the temperature range 10 keV< 7; <20 keV the reactivity can be approxi-
mated as

(ov) = 1.1-1072*. 12m3 /s, (1.6)

where 7; is in keV. This relation gives the ignition criterion expressed as the
triple product,
nTte > 5-102'm3keV's. (1.7)

Obviously, it is of great importance to know the quantities of the triple product.

This thesis describes neutron emission spectroscopy as a tool to give such
information.
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Figure 1.2: Tlustration of a trajectory of an electrically charged particle (line with
arrows) spiralling around a magnetic field line (straight line). © EFDA-JET

JG98.356/18c

1.2 Magnetic confinement

In the presence of a magnetic field, the velocity, v, of an electrically charged
particle can be divided into two components: one parallel, v, and one per-
pendicular, v, to the magnetic field. The perpendicular velocity causes the
particle to rotate around the field Figure (Figure 1.2) line due to the Lorentz
force,

FLorentz ZQ(VXB)a (1.3)

where B is the magnetic field and ¢ is the charge of the particle. Thus, a mag-

netic field confines the particles along the field line. The particle will gyrate

around the magnetic field with a so called Larmor radius of
my |

pL= % (1.9)
|9|B
and the angular (cyclotron) frequency of the gyration will be
B
= L 47 (1.10)
pL m

To fully enclose the plasma, an intuitive solution to the confinement prob-
lem is to ‘bend’ the magnetic field to a circle. This solution is used in the re-
actor concept tokamak, where the circular magnetic field is called the toroidal
field, By, which is proportional to the inverse of the major radius, Rygjor. It
can be shown that the toroidal magnetic field is not sufficient to confine the
plasma. In addition, a poloidal field, By, is needed, which is obtained by in-
ducing a toroidal current through the plasma itself. The superimposed poloidal
and toroidal fields result in a helical magnetic field, which can confine the

12
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Figure 1.3: Overview of the magnetic field components of a tokamak reactor.
(©EFDA-JET

plasma. The magnetic field configuration of the tokamak concept is illustrated
in Figure 1.3.

At present, the largest tokamak in the world is JET located outside Oxford,
United Kingdom. The minor radius, Rminor, 18 1 m and Rp,jor i 3 m resulting
in a total plasma volume of about 100 m>. JET has the highest achieved power
output of all tokamaks so far, peaking at a value of 16 MW [2]. The plasma
of this record JET pulse was in DT operation with a triple product of 8.7-10%°
[3], i.e., still a factor of about six below that of the ignition criterion expressed
in Equation 1.7.

The next step towards commercial tokamak reactors, ITER, is presently
being built in Cadarache, France. The first plasma of ITER is planned for
2019. The major radius will be 6 m and the inner radius 2 m resulting in a
plasma volume of 840 m>®. The aim of ITER is to produce 500 MW of fusion
power and to release 10 times more energy than is externally being transfered
into the plasma [4].

1.2.1 Plasma heating

A tokamak plasma can be externally heated in addition to the internal heating
of the a-particles. There are at present three main heating systems available
for external heating: the Ohmic, the neutral beam injection (NBI) and the radio
frequency (RF) heating. There are several types of RF heating and here we will
only discuss ion cyclotron resonance frequency heating (ICRH).
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The toroidal current, which is the source of the poloidal field, provides heat-
ing due to the resistivity of the plasma. This heating is called Ohmic heating.
Ohmic heating can only raise the temperature of the plasma up to a few keV.
This limitation is due to a decrease in resistivity with increased electron tem-
perature, 7.

A beam of high energy neutral atoms, such as D or T, can be injected into
the plasma. This injection serves two purposes; firstly, it feeds the reactor
plasma with new ions to fuse and, secondly, the energy of the beam ions is
deposited in the plasma by beam ion collisions with the electrons and ions of
the bulk plasma. This heating is called NBI heating. The beam energies at JET
are 80 to 130 keV and are planned to be 1 MeV at ITER.

A third external heating system is that of ICRH. ICRH relies on electromag-
netic waves transferring power to the plasma at specific frequencies. These
ICRH frequencies, @, are chosen to match the cyclotron frequency of a spe-
cific fuel ion at a specific location in the plasma. This location can be chosen
using the fact that By o< 1/ Rmajor and consequently @ o< 1 / Rnajor (see Equation
1.10).

14



2. Neutron measurements

Neutrons are hard to detect directly, since they are uncharged. This is why
neutron measurement techniques often “convert” the uncharged neutrons to
charged particles, which in turn are measured. In this chapter two measure-
ments of neutrons are considered: the neutron flux and the neutron energy.

2.1 Neutron Flux Measurements

The neutron emission is important to monitor since the energetic neutrons tend
to activate the surrounding material of the plasma. The neutron emission per
volume element, y,, with d and/or t present in the plasma is
2
g
Yn25Mev(R, Z, @) = > (0V) 44 2.1

and
Yn1aMev (R, Z, @) = nani (ov)g » (2.2)

where n; is the number density of species i and (ov), i is the reactivity for
species i and j, described in Equation 1.1. The neutron rate, Y}, is obtained by
integrating these quantities over the plasma volume

Y, = /V yadV. (2.3)

where V is the total volume of the plasma. The fusion power, Prysion, is directly
proportional to the neutron emission rate as

)
Prusion = QacYn,14Mev + Yn 2. 5Mev (Qdd,l + Qdd,2gl> (2.4)

where Q and B refers to the Q values and branching ratios given in Table
1.1, respectively. Since Prysion 1S @ measure of the performance of the energy
production, it is of great importance to measure the neutron fluxes from a
tokamak.

In Section 4.1.2, a novel method of measuring the neutron yield, and by
extension the fusion power, is presented. In this section we describe three
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neutron flux measurement techniques: activation foils, fission chambers and ,
finally, we briefly describe the neutron camera.

2.1.1 Activation foils

Activation foils are irradiated with neutrons and some nuclei are excited due
to neutron absorption. After irradiation, the radioactive decay of the excited
nuclei is measured. The neutron flux can be deduced by knowing the elapsed
time since irradiation, the decay branches and the corresponding halflives of
the excited nuclei. Activation foils provides time-integrated measurements.

Activation foils have been used at JET[5], TFTR[6] and JT-60U[7] for ab-
solute measurements of the neutron flux.

2.1.2 Fission chambers

Fission chambers are used for time-resolved neutron flux measurements. Fis-
sion chambers consist of a thin fissionable film, typically of a material con-
taining an Uranium isotope, and an ionisation chamber. The neutrons induce
fission of the nuclei in the film and the fission products are detected in the
ionisation chamber. This technique is sensitive to the relative change in the
neutron flux and can cover 10 orders of magnitude in intensity.

Fission chambers have been in situ calibrated at JET [8], TFTR [9] and JT-
60U[10] using 252Cf and DT sources. In situ calibrations must be redone after
each change of hardware in the reactor, in particular close to the fission cham-
ber. This is why the more common way of calibrating the fission chambers is
to cross calibrate them against activation foils.

2.1.3 Neutron emission profile measurements

The neutron emission profile of a tokamak plasma can be measured by a set
of collimated flux detectors, a so called neutron camera. Such systems have
been developed at JET [11] (9 vertical and 10 horizontal LOS), TFTR [12]
(10 vertical LOS) and JT-60U [13] (6 diagonal LOS). The measured flux of
the detectors can be used to determine the neutron emission profile by the for-
ward convolution method, as described in Section 4.1.2, or by other unfolding
techniques [14, 15].

2.2 Neutron spectrometry

The uncharged neutrons released in fusion reactions are unconstrained by the
magnetic fields of a tokamak and leave the plasma confinement without fur-
ther interaction. The energy of a neutron released in a fusion reaction is given

16



MR

2
E,=—F+ (Q+K)+vemeos(0) (

2mymg
my + mR

1/2
+K 2.5
where m,, is the neutron mass, mp is the mass of the residual nucleus, Q is the
total energy released in the reaction, K is the relative energy and v¢p, is the
velocity of the centre of mass system. K and vy, are defined as

2
Kk =Elel 2.6)
2
and n
miv mpv:
Vo = A T2 2.7)
my +my

where vy is the relative velocity of the reactants resulting in the neutron, m
and m; are the masses of the reactants and u is the reduced mass,
mimy

= — 2.8
my +myp 28)

In Equation 2.5, the angle 0 in the third term is that between the centre of
mass velocity and the velocity of the emitted neutron in the centre of mass
system.

The term of Equation 2.5 involving cos(0) is intimately connected to the
angle of the line of sight of an observer, @, relative to the magnetic field. In
this thesis, the fusion reactions are observed by a neutron emission spectrom-
eter. In addition to the pure two-body kinematics of Equation 2.5, the fusion
plasma can exhibit a collective rotational motion inside the tokamak vessel.
The energy shift, AE, of a toroidal rotation seen by a neutron spectrometer
measuring the d+d or d+t reactions is

AE = Cyppyicos(9), 2.9)

where v is the toroidal rotation velocity and C is 0.23 and 0.54 ke V/(km/s)
for the d+d and d+t reactions, respectively [17, 18].

From Equation 2.5 it can be seen that the neutron energy is highly affected
by the velocity of the reactants. Neutron emission spectroscopy is therefore a
valuable tool for measuring and understanding the underlying ion population
energy distribution.

Let us consider three different types of fusion reactions; firstly, the so called
“cold” plasma interaction, secondly, the reaction of a high energy beam deu-
terium ion fusing with a thermal tritium ion and, thirdly, the case of plasma
ions in thermal equilibrium.
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The “cold” plasma case corresponds to a plasma with low temperature, i.e.,
K=0 and v,,=0 in Equation 2.5. The equation is then reduced to

MR (2.10)

" my +mp
E, is then the neutron energy given in Table 1.1, i.e., 2.45 MeV when the re-
actants are two deuterium ions and 14.0 MeV when the reactants are a tritium
and a deuterium ion.

Now let us consider a deuterium beam ion that is injected with the kinetic
energy 100 keV into a “cold” tritium plasma. Equation 2.5 shows that when
a deuterium beam ion fuses with a tritium ion with no kinetic energy, the en-
ergy of the emitted neutron is in the range 13.4 MeV<E,<14.8 MeV, where
the minimum and maximum energies corresponds to cos(8)=-1 and 1, respec-
tively.

An ion population in thermal equilibrium is described by a Maxwell-
Boltzmann distribution (Equation 1.2). The neutron energy spectrum, which
originates from the thermal ion population interacting with itself, can be
well approximated with a Gaussian [16]. The full width at half maximum
(FWHM) of the Gaussian is proportional to the square root of the temperature
of the plasma. The relation is

FWHM = CtVT, (2.11)

where Cr is 82.5 keV!/2 and 177 keV!/2 in the case of a D and DT plasma,
respectively. In the case of non-Maxwellian distributions the neutron spectrum
changes shape and must be calculated numerically.

The rest of this chapter is devoted to describe measurement techniques com-
monly used for neutron energy spectrometry. In Paper VI, several of these
techniques are evaluated in terms of ITER requirements [19].

2.2.1 Organic Scintillators

Organic scintillators consist mainly of carbon and hydrogen. When used as
neutron spectrometers, the collimated neutrons scatter elastically on the hy-
drogen producing recoil protons, which in turn are slowed down and de-
tected. The neutron can deposit any amount of energy in the elastic scatter-
ing and consequently the mono-energetic response of a organic scintillator
is rectangular-shaped. For some organic scintillators, the induced scintillator
light pulse has a shape that is particle type dependent. This effect can be used
for pulse-shape discrimination and allows for neutron energy measurements
in, e.g., mixed neutron/y fields [20]. The efficiency of these detectors is high.
However, the count-rate capability is limited by the gain stability and the long
light pulses of the scintillators. Recent studies have reported count rates of

18



about 0.5 MHz with a gain stability of 1% [21]. This technique has been used
at JET for neutron spectrum measurements, see e.g. [22, 23, 24].

2.2.2 Semiconductors

Semi-conductors can be used to detect neutrons by using intrinsic reaction
channels of the material to indirectly measure the neutron energies. The
charged particles created in the reaction will slow down in the detector and
create a number of electron-hole pairs proportional to the neutron energy.
Previously, Si semi-conductors have successfully been used as neutron
spectrometers [25, 26]. However, in this thesis we focus on diamonds as
a representative of the semi-conductors. Diamonds are well suited for
neutron emission spectrometry, due to their radiation hardness, relatively
high efficiency and good energy resolution (FWHM /E,=2-7% [27, 28]). In
Table 2.1, the available reaction channels for 14-MeV neutrons impinging
on diamonds are presented. Reaction 5 is well suited for neutron emission
spectroscopy since it results in only charged particles and the energy
threshold, Ey,, is low enough compared to the other reactions to separate
these events in a pulse-height spectrum. In Paper VI, the IRF of diamonds
is estimated from data of [27] and [29]. The resulting mono-energetic
14-MeV response is shown in Figure 2.1, where the Gaussian like peak
corresponds to the 12C(n,00)’Be reaction channel and the shoulder at lower
pulse heights corresponds to reactions 3.1-3.5. The non-zero level between
the two components can be explained by incomplete charge collection of the
2C(n,00)°Be reaction. This technique is generally limited by the count-rate
capability of the detctor. In [30] the count rate for one diamond detector is
estimated to 1 MHz. A segmentation of the detector would increase this to
higher values. Also a shift from analoge to digital pulse-handling electronics
could work in the same direction.

Diamonds have been used as neutron spectrometers at JET [31], TFTR [28]
and JT-60U [32].

2.2.3 Time-of-flight spectrometers

Time-of-flight (TOF) spectrometers consist of two sets of detectors: the pri-
mary detectors and the secondary detectors, as illustrated in Figure 2.2. A col-
limated neutron beam intersects the primary detector, where neutrons scatter
elastically in an angle 8. The scattered neutrons are detected in the secondary
detector. The time of flight, 1o, between the detection of neutron events are
recorded. The two detector sets are aligned to the, so called, constant TOF
sphere with radius R. The energy of the scattered neutron, E,;, is related to the
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Figure 2.1: Simulated instrument response of a 14-MeV neutron for a diamond detec-
tor. (From Paper VI.)

Table 2.1: Reaction channels for neutrons impinging a diamond detector [27]. The
cross sections are given for E, = 14MeV

Reaction Eqn [MeV] o [mb]  Eexcitation [IMeV]
1. | 2Ccmn)'*C 0.0 800
2. | 2Cn,n)'2C* 4.8 200 4.44
3. | 2C(n,n)2C* (o)
3.1 8.3 10 7.65
3.2 10.4 76 9.64
3.3 11.7 47 108
3.4 12.8 39 11.8
3.5 13.8 39 12.8
4. | 2C(n,a)°Be* 8.8 32 243
5. | '>C(n,)°Be 6.2 72
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incoming neutron energy, E,, as

2 2
, L
Ey = Eycos?(0) = % _ ’% (tmp) : (2.12)

where L is the length of the flight path. Realising that

L =2Rcos(0) (2.13)
gives us
2myR?
= (2.14)
Tor

In Figure 2.2, note that the tip of the secondary detector is tilted towards the
centre of the TOF sphere (and the base consequently away from the centre) to
compensate for the time of the signals to arrive to the PMTs.

The TOF technique is mainly limited by its count-rate capability since the
signal of a TOF spectrometer is proportional to the neutron flux and the ran-
dom coincidences scale proportional to the square of the flux. As a conse-
quence, the background-to-signal ratio (B/S) of the TOF technique increases
linearly with the neutron flux to a level where the background totally over-
whelms the signal.

This technique has been used at JET [33, 34, 35] and JT-60U [36] for neu-
tron detection.

Recent developments in the data acquisition (DAQ) electronics allow for
simultaneous storage of time and pulse height of each event in the TOF detec-
tors. The pulse-height information can be used to reduce the random coinci-
dences, as briefly discussed in Paper V. In Figure 2.3, the simulated response
of a 14-MeV neutron with (red) and without (blue) such pulse-height discim-
ination is shown. This response is from a TOF spectrometer with a flight path
of 2 m.

2.2.4 Thin-foil spectrometers

Thin foil spectrometers uses a hydrogen-rich (plastic) foil to convert colli-
mated neutrons to recoil protons. The resulting proton energy, Ep, is

E, = Eqc0s” 6y, (2.15)

where E|, is the incoming neutron energy and 6, is the angle of the velocity
of the recoil proton relative to the velocity of the collimated neutron. In this
thesis we describe two such systems: the thin foil proton recoil spectrometer
(TPR) and the upgraded magnetic proton recoil spectrometer (MPRu). The
latter is discussed in Chapter 3.
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Figure 2.2: Principle sketch of the TOFOR spectrometer.
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Figure 2.3: The mono-energetic response of a 14-MeV neutron for a time-of-flight
spectrometer (red solid) with and (blue dashed) without pulse-height discrimination.
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In the TPR technique [37, 38], protons scattered in a certain solid angle to
the normal of the recoil foil impinges, e.g., a silicon detector. Energy deter-
mination of the protons is achieved by actively measuring their pulse-height
spectrum in the detector. This technique has a low efficiency compared to
the previously described techniques. However, the IRF of the TPR technique
is close to a Gaussian [39] and has a good energy resolution. The technique
was used at JET in the TANDEM system [37, 40] during the DTE1 campaign
1997. Tandem used an annular collimator with three foil-detector pairs placed
after one another, achieving a total efficiency of 10~* cm? and an energy res-
olution of 2.5% (FWHM/E,).
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3. The upgraded magnetic proton
recoil spectrometer

In Paper I, the hardware of the upgraded magnetic proton recoil spectrometer
(MPRu) is presented together with some results collected during D operations
at JET. In this chapter we discuss the hardware of the MPRu and expand a bit
on the data reduction scheme used for the spectromter data, since it is only
briefly covered in Paper III.

The MPRu is installed at JET with a semi-tangential line of sight (LOS)
passing through the plasma centre twice. The LOS has an inclination of 4.8°
with respect to the equatorial plane of the torus and an angle, 6y os, of 47° with
respect to the toroidal B-field in the centre of the tokamak [18]. The distance
from the point on the LOS closest to the plasma centre to the foil of the MPRu
is 8.9 m and the distance from the foil to the port in the vacuum vessel of JET
is 4.3 m. Figure 3.1 is a schematic drawing of the MPRu and its subsystems
installed at JET, including the radiation shielding.

Neutrons originating from the JET plasma enter the neutron collimator of
the MPRu, which forms the divergent neutron flux into a “beam” entering the
spectrometer. The neutron beam passes through a thin polythene foil (CH»)
where a fraction of the neutrons scatters elastically on the foil’s hydrogen
nuclei (protons). This elastic scattering results in recoil protons with ener-
gies described by Equation 2.15. The forward scattered protons, with energies
close to that of the scattered neutron, are selected by a circular proton col-
limator and enter the magnetic system of MPRu (Figure 3.2). The magnetic
system has two tasks: firstly, it bends the proton trajectories about 150° away
from the neutron beam and, secondly, it separates the protons spatially and
focuses them onto a curved focal plane, indicated by a red curved line in Fig-
ure 3.2. A hodoscope, consisting of 32 phoswich scintillators, is placed at this
focal plane. The resulting IRF of the MPRu is Gaussian like (see Figure 3.3).
Two photo multiplier tubes (PMTs) are connected to each scintillator via light
guides.

The phoswich scintillators of the hodoscope consist of two scintillating lay-
ers and, in some cases, a backing layer for improved light collection. The first
scintillation layer facing the magnetic system is 0.3 mm thick and has a light
decay time of 1.8 ns while the second scintillating layer is 2.3-3.2 mm thick
with a decay time of 180 ns. The thickness of the second layer depends on
the position of the scintillator in the hodoscope; a thinner layer for the scin-
tillators at the low-energy proton side of the hodoscope and a thicker layer
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Figure 3.1: The components of the MPRu. ©EFDA-JET

for the scintillators at the high energy side. The total thickness has been cho-
sen to correspond to the range of recoil protons when the magnet is tuned for
14-MeV measurements. A 2.45-MeV proton has a range of about 0.1 mm in
plastic and thus deposits all of its energy in the thin scintillator layer; up to
4.7-MeV protons are stopped in the thin layer. A 14.0-MeV proton, with a
range of about 2.2 mm in plastic, deposits part of its energy in the thin layer
and the rests in the thick layer. This will result in two distinctly different pulse-
shape signatures for the two proton energies of interest here, namely, 2.45 and
14.0 MeV. Particles and photons of other origins than the recoil protons, i.e.,
background, have other pulse-shape signatures. The energy and particle type
dependent pulse shapes are used to distinguish the signal protons from the
background.

For each phoswich scintillator the waveforms from the two connected
PMTs are summed and amplified in a pulse summing amplifier (PSA) and
then transmitted to a digital transient recorder card (TRC). Both the PSAs
and the TRCs are custom-built for this application. The TRCs digitise and
store the waveforms and their time stamps to allow for offline analysis. The
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Figure 3.3: The IRF of a MPRu setting for 2.5-MeV measurements. The mono-
energetic 2.45-MeV neutron response is enclosed by a red rectangle.

waveform together with its time stamp is referred to as a scintillator event.
Each TRC has four input channels, each with an input voltage range of 0 to
-1 V over a 50 Q impedance. The waveform digitisation is done with 8 bit
resolution at 200 MHz sampling frequency. Each TRC channel is triggered
individually based on a pre-set voltage level.

The hodoscope channel corresponding to the lowest proton energy serves
also as reference detector for Control and Monitoring (C&M) purposes. The
signal processing chain of the C&M channel has some additional features,
compared to the other channels, as shown in Figure 3.4. Scintillators of Yt-
trium Aluminium Perovskite doped with Cerium (YAP) with embedded o-
emitting radioactive sources (**! Am) are illuminating the photocathode of the
PMTs of the C&M channel. These signals are used as an absolute reference
in the gain correction system. Furthermore, each phoswich scintillator is con-
nected to a set of controlled light sources (CLSs) via an optical fibre. The
amount of light collected in the C&M channel from the CLS and the YAP
source is compared to determine possible variations in the electronic gain,
here referred to as gain drifts. In addition to the YAP and CLS signals, the
C&M channel also has a logic pulse from a 1 Hz JET clock unit added to
the signal chain via a fan in/fan out (FIFO) module. This is used to relate the
time of JET to that of the MPRu system. These C&M signals have distinct
pulse shapes and frequencies and can easily be distinguished from the signals

28



Laser i LED

PMT Phoswich PMT
Detector

YAP YAP
PSA

v

A

Torus Hall

FIFO ~— JET 1Hz Clock

DAQ
computer

JG08.308-6¢

Figure 3.4: Overview of signal chain for the Control and Monitoring channel,
where lines between blocks indicate the optical and electrical connections. All other
phoswich scintillators have the same signal chain, but do not include the YAP sources,
the FIFO and the JET 1 Hz clock.
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Figure 3.5: The full waveform of a scintillator event as registered by the TRC (black
line). The coloured lines indicate different time regions used in the baseline restoration
analysis.

originating from particles interacting in the phoswich scintillators (see Paper
1D.

3.1 Data reduction

The different C&M and hodoscope signals of the MPRu system are stored in
the data acquisition computers. Several steps of data reduction are performed
on the waveform data from the TRCs. These steps are baseline restoration,
event identification and selection, background reduction and gain correction.
Each step is discussed in some detail below and in paper III.

3.1.1 Baseline restoration

The waveform of a scintillator event can possibly have several components
added to it, besides the one originating from a particle interaction in the scin-
tillator. For example, the waveforms from the PMTs are intentionally shifted
by a small value in the PSAs before they are summed and amplified. External
pick-up in the signal chain is common, as well. This pick-up results in repet-
itive sinusoidal-like components as well as transients. In addition, an internal
electronic noise is present.
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Figure 3.6: Typical waveform generated by a proton (Ep<4.5 MeV) interacting in
a phoswich scintillator. The lower black curve shows the noise fitting region (t=0-
45 a.u.) and the extrapolation region (t=45-100 a.u.) of an original waveform, the
upper black curve shows the situation after baseline restoration. In this example, a
sinusoidal function is fitted to the noise fitting region (green line) and extrapolated
into the extrapolation region (red line). The baseline restored waveform is obtained
by subtracting the fitted noise function from the original waveform.

The waveform of each scintillator event consists of a pre- and a post-trigger
region (Figure 3.5). Two parts of the pre-trigger region are used; the noise test
region, at an early part of the waveform well separated from the noise fitting
region; and the noise fitting region, in immediate contact with the post-trigger
region. The waveform dataset of each hodoscope channel is analysed twice.
Firstly, each of three baseline restoration techniques, as described below, is
applied to the noise test region to determine the best baseline restoration tech-
nique to use. In a second step, the chosen baseline restoration technique is
applied to the noise fitting region and the result is extrapolated into the extrap-
olation region.

Three different baseline restoration techniques are used to estimate the
baseline shape for each waveform:

I The mean value technique: The mean voltage value in the noise fitting

region is calculated. This technique is used for channels without (or
with small) pick-up.
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Il The straight line technique: A straight line is fitted to the noise fitting
region and extrapolated into the post-trigger region. This technique is
used when the pick-up is a low frequency oscillation.

Il  The sinus technique: A fast Fourier transform (FFT) method finds the
most dominant frequency of the noise fitting region. The dominant fre-
quency is set as initial value in an iterative fitting procedure to find the
best sinusoidal function to describe the waveform in the noise fitting re-
gion. The fitted sinusoidal function is extrapolated into the post-trigger
region. This technique is illustrated in Figure 3.6 and will be used for
high frequency pick-up.

To determine what technique to use for a specific hodoscope channel the
noise test region is divided into two regions: the first of the same length as
the noise fitting region and the second of the same length as the extrapola-
tion region. For each waveform of a dataset of each hodoscope channel, the
following procedure is done:

1. Apply all three techniques to the first interval of the noise test region and
extrapolate the results into the second interval.

2. Subtract the extrapolated result from the waveform data in the second in-
terval for each technique.

3. Calculate the standard deviation of the restored baseline, assuming a mean
value of zero, in the second interval for each technique.

4. Compare the standard deviation for the different techniques. The technique
with the lowest value scores a point for this waveform. Keep a record of
accumulated scores for each individual hodoscope channel and technique.
The technique with the highest score is used on the same dataset. In this

way, we select the baseline restoration technique that performs best, given the

prevailing pick-up situation for the studied dataset.

For a typical JET pulse (68000) the frequency of chosen baseline technique
for the 32 different hodoscope channels are 18 (56%) for the mean value, 3
(9%) for the straight line and 11 (34%) for the sinus technique.

3.1.2 Event identification and selection

The next step in the data reduction process is event identification and selection.
This selection is based on a detailed analysis of the shape of each waveform
(also referred to as pulse shape discrimination, PSD). The baseline-restored
waveforms are analysed by applying two integrating gates, resulting in two
charge values, Qjong and Qghort, as depicted in Figure 3.7 for a proton-induced
event.

The CLS and YAP events need occasionally to be separated from the other
waveforms, e.g., in the gain shift calculations (further discussed below). The
first step in this separation procedure is to calculate the average waveforms of
the CLS and the YAP. The sample correlation coefficient, r, is calculated for
each individual waveform with respect to the average waveforms of the CLS
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Figure 3.7: Baseline-restored proton-induced waveform with short (red) and long
(blue) integration regions (gates) indicated.

and YAP.

- Z?zl ()’i,data - )_’data) (yi,standard — ystandard> , 3.1

(” -1 ) Odata Ostandard

where n is the number of bins in the waveform, y; gara and y; standard are bin
values, Jqaa and Vsandard are the mean values and Ogay and Oggandarg are the
standard deviations of the waveforms. The sample correlation coefficient is
1 if the two waveforms are identical and O if they are uncorrelated. If, for a
specific waveform, r of one waveform is above 0.95 with respect to one of the
average waveforms (CLS or YAP) it is assumed to be of that type.

3.1.3 Background reduction

For events due to physical particles interacting in the scintillators, the main
benefit of the PSD analysis is a drastic reduction in the amount of background
events in the data set. In this case, the short gate covers the main peak of
the waveform and consequently mostly contains the signal generated in the
thin layer of the phoswich scintillator. The long gate integrates the part of
the waveform after the short gate and contains signal originating from both
phoswich layers.

A Qiong; Oshort distribution from several hundred summed JET pulses for a
single phoswich scintillator is shown in Figures 3.9 and 3.10, with the spec-
trometer’s magnet set to measure 2.45-MeV protons, as well as for a case with
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Figure 3.9: The Qiong, Oshore distribution from one hodoscope channel of sev-
eral hundred JET pulses with the magnet turned on. The proton distribution at
Qlong> Oshor=(70,200) is clearly visible. The diagonal line is indicates the event se-
lecting cut used here. ©EFDA-JET
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Figure 3.10: The same kind of distribution as in Figure 3.9 but with the magnet turned
off.

the magnet turned off, respectively. The operating conditions at JET were
the same for both cases. This dataset with the magnet off can be analyzed
to provide an estimate of the background situation in the measurements. In
the dataset with the magnet on, the proton distribution can clearly be seen
in Qlong, Oshort=(60,200), but no such structure is present when the magnet is
turned off.

By applying a diagonal cut through the Qjong, Oshore distribution (black line
in Figure 3.9) and selecting all events above that cut, we discard a large frac-
tion of the background events. Qo = Qlong + Oshort 18 calculated for the se-
lected events and a traditional pulse-height distribution of Q. values is con-
structed (Figure 3.11). A Qo distribution for the background measurement
is obtained in the same way. This Qo pack 18 scaled to the measurement with
the magnet turned on in a proton-free region of the Oy distribution (between
blue lines in Figure 3.11) and the difference between the two is calculated.
The number of remaining events in a proton region (between green lines in
Figure 3.11) is then calculated for each individual phoswich scintillator and
interpreted as the number of protons.

3.1.4 Gain correction

The gain factor of a hodoscope channel is the amplification of amplitude of a
waveform in the signal chain, such as the amplification in the PSAs and the
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PMTs. A gain factor that varies over time results in a shift of the position of the
proton peak in the Qy distribution. This shift is corrected for by calculating
the gain shift of the channels, illustrated in Figure 3.12.

The gain for a hodoscope channel is defined as the ratio between the incom-
ing light on the PMT photo cathode and the collected charge in the TRC. The
gain variation (gain shift) of each hodoscope channel for the present dataset,
relative to a dataset of a reference JET pulse, is calculated in a four-step algo-
rithm (Paper II):

1. Determine and correct for the gain shift of the C&M channel: The average
charge of the absolute reference YAP pulses is determined for the present
and the reference datasets. The ratio of the two average values is calculated.
This ratio is called the gain shift of the C&M channel. The voltage values
of all the waveforms of the C&M channel are divided with this ratio to
correct for the gain shift.

2. Determine the variation of the CLS output using the C&M channel: Using
gain shift corrected data from the C&M channel, the average charge of the
CLS waveforms are determined for both datasets. The CLS variation ratio,
A, between the two average values is calculated.

3. Correct for the variation of the CLS output on all other hodoscope chan-
nels: Each CLS waveform of the present dataset of all hodoscope channels
are divided by A to correct for variation of the light intensity of the CLS.
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Figure 3.12: Example of the gain correction procedure. All frames show background
subtracted Qo distributions (blue crosses) for a central hodoscope scintillator. The
upper frame shows data from JET pulses 68000-68200 and the middle frame non-
corrected data from pulses 69000-70100. The lower frame shows the same data as
in the middle panel, now corrected for the measured gain shift. See text for details.
The red lines are Gaussian fits to the data. The vertical black line is to guide the
eye, showing the agreement between the proton distributions in the upper and lower
frames. The proton region is indicated by the green dashed vertical lines. (€ EFDA-

JET
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4. Determine and correct for the gain shift of all other hodoscope chan-
nels: For each hodoscope channel (except the C&M channel), the average
charge of the CLS waveform is determined for the present and the reference
dataset, using the A-corrected CLS waveforms for the present dataset. The
ratio of the two average values is the gain shift of the hodoscope channel.
All waveforms of the present dataset are divided by the determined gain
shift, resulting in gain shift corrected waveforms.

In Figure 3.12, an example of the gain shift correction procedure is illus-
trated. The upper panel shows the Oy, distribution of the gain shift corrected
data used as reference from JET pulse 68000-68200. The middle panel shows
the uncorrected data from JET pulse 69000-70100. The bottom panel shows
the same data as the middle panel, but now gain shift corrected.

After all steps of the data reduction have been performed, the number of
remaining events in the pre-defined proton region (see Figures 3.11 and 3.12)
is calculated for each individual phoswich scintillator and assembled into a
proton position histogram. This histogram constitutes the basis for the further
physics analysis of the data.
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4. Data interpretation

Neutron spectrometers do not measure neutron energies. The neutron ener-
gies must be deconvoluted from the instrument response function (IRF) of the
spectrometer. In the continous case, the Fredholm integral must be solved

E(x) +ex) = / IRF (x, En)I(En) dE, @.1)

where & (x) + €(x) is the measured signal (&(x) is the true signal and &(x)
is the noise), IRF (x, E,) is the instrument response function and I(E,) is the
neutron spectrum. /(E),) is usually the sought variable. In applied physics, the
Fredholm integral is usually used in its discrete form

& +&=1IRFE, 4.2)

where é_ is the instrument response vector, € is the noise, IRF is the instru-
ment response function matrix and E, is the neutron spectrum vector. A naive
approach to solve this problem would be to calculate the (pseudo) inverse of

p— :71
IRF,IRF . We then can write

IRF ' [E+8] =E,. 4.3)

In Figure 4.1, an illustration of such a solution is shown. A synthetic Gaus-
sian neutron spectrum (black line in Figure 4.1a) is folded with an IRF of the
MPRu resulting in the instrument response. When € is zero, Equation 4.3 re-
sults in the blue dashed line of Figure 4.1. However, if one element of € is 1%
of the corresponding element in & Equation 4.3 results in the red dotted curve
of Figure 4.1. Note that by introducing a very small uncertainty in the data
the naive approach is returning unphysical results. Clearly, there is a need of
alternative analysis methods.

4.1 Forward convolution method

The forward convolution model solves the Fredholm equation, with the help
of parameterised models. The neutron spectrum of a tokamak plasma can be
described by superimposed components, the shapes of which are determined
by the ion velocity distributions. In the forward convolution method, the mod-
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Figure 4.1: Synthetic Gaussian neutron spectrum (black solid) together with the re-
sults of Equation 4.3 with € = 0 (blue dashed) and € # 0 (red dots).

els are folded with the IRF, which results in modelled instrument spectra. A
minimising routine is then used to minimise 2 or C using the parameters of
the models as free variables.
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where x; and m; are the data and the modelled instrument spectra, respectively,
and o; is the uncertainty of the data in the i:th bin. y? should be used in the
case of Gaussian statistics. For Poisson statistics C should be used [41], which

is defined as
C =—2Y xiln(m;) —m; —In(x!). 4.5)
i

The following subsections illustrate some different analysis where the forward
convolution method has been applied.

4.1.1 Magnetic proton recoil spectrometer data

4.1.1.1 Statistical uncertainty estimation

In Figure 4.2, the MPRu data of JET pulse 68569 is shown. The plasma was
in this case heated with NBI only and, consequently, the ions belong either
to a thermal or a NBI slowing down population. Here we use this data to
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Figure 4.2: Experimental proton position histogram of the MPRu (points with error
bars) from JET pulse 68569 together with the fitted and folded components due to
NBI-thermal (black dash dotted) and thermal-thermal (red dashed) interactions as well
as their sum (blue solid).

illustrate the uncertainty estimation technique available through the forward
convolution method.

Two components are used in the forward convolution fit to the MPRu data of
JET pulse 68569; a thermal-thermal and a thermal-NBI neutron component,
shown in Figure 4.3. The free parameters used in the minimisation routine
of the forward convolution method are the intensities of the two components
(Ithermal> INBI) and the energy shift (dE) of the thermal-thermal component.

The energy shifts, dE, of the thermal-NBI and the thermal-thermal compo-
nents corresponds to a motion of either one or both of the two reacting ion
populations relative to the observer, this is due to the third term of Equation
2.5. This term is the only one sensitive to the sign of the toroidal rotation.
The NBI ions of the slowing down distribution are not affected by the plasma
rotation until they are thermalised. A detailed calculation of this situation [42]
gives as a result that the shift of the thermal-NBI component is set to half of
the shift of the thermal-thermal component.

The statistics of the data in Figure 4.2 does not allow for a free fit of the
temperature of the thermal-thermal component. Instead, this temperature is

set to 5 keV as measured by charge exchange recombination spectroscopy
(CXRS).
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Figure 4.3: The best fit neutron energy components of the thermal-NBI (black dash
dotted), the thermal-thermal (red dashed) and their sum (blue solid), giving the folded
result in Figure 4.2.

The intensity ratio between thermal and non-thermal (here, NBI) compo-
nents (the thermal fraction, Ry, = linermal/(Zthermal + INBI) 1S an important per-
formance indicator for a fusion reactor. Ideally, a fusion reactor should be
self-sustained driven only by internal thermal reactions; this is the burning
plasma condition discussed in Section 1.1. Thus, in an ideal thermonuclear
reactor R should approach one.

The reduced 2, i.e. x° per degree of freedom, of the fit is 1.24. The (in-
tegrated) intensities of the thermal-thermal and the thermal-NBI components
are Iipermal = (135417) - 10% (neutrons) and Iyg; = (250+19) - 10° (neutrons),
respectively. The intensities given here are the estimated number of neutrons
impinging on the target foil. The best fit intensities give a thermal fraction of
Ry = 0.35+0.05. The energy shifts for the thermal-NBI and thermal-thermal
components are dEnNg; = 18 4 keV and dEyerma = 36 =8 keV, respectively,
corresponding to a plasma rotation of 229 51 km/s for the thermal ion pop-
ulation, according to Equation 2.9. This value can be compared to the plasma
rotation in the plasma core as measured by CXRS diagnostics of about 170
km/s with a systematic uncertainty of 5%-10%.

A full map of xz as function of the two component intensities (INBI, /thermal)
is shown in Figure 4.4, where the temperature of the thermal component and
the energy shifts of both components are kept constant. As can be seen, the
intensities of the two components are anti-correlated. The correlation contour
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Figure 4.4: Contour map of x2 as a function of the intensities of the thermal-thermal
and NBI-thermal components. Each contour level indicates an increase in x> of
one unit (+1) from its minimum value Xr%}in found at Ixgr = 250 - 10° (neutrons),
Iinermat = 135 - 10%, as indicated by the full vertical and horizontal lines. The parame-
ter values corresponding to a one-sigma interval ( xgﬂn + 1) are indicated with vertical
and horizontal dashed lines.

map in Figure 4.4 is used to estimate the (one-sigma) uncertainties of the
intensities (indicated by the dashed lines).

4.1.1.2 Tritium burn up

In a D plasma, tritium is produced through reaction 2 in Table 1.1. This tri-
tium reacts with the bulk plasma and produces 14-MeV neutrons. The MPRu
can clearly see a 14-MeV neutron contribution when set to 14-MeV measure-
ments of D plasmas. In Figure 4.5, the proton position histogram measured
by the MPRu when set to 14-MeV measurements for about 230 summed JET
discharges is shown. Besides the tritium burn-up neutrons (TBNs), a clear
contribution from the residual tritium with Legigual /Itot = 9% can be seen as
well, which is agreement with previous results [43]. The free parameters of
the forward convolution fit are the intensities of the components.

4.1.1.3 Third harmonic heating

JET discharge 74951 was one of the record shots of JET, in terms of DD
neutron production per applied heating power. The discharge had 3 MW of
NBI heating and 3 MW of 3™ harmonic deuterium ICRH applied with a res-
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Figure 4.5: (a) TBN measurement of 230 summed JET discharges of the MPRu, to-
gether with a TBN (black) and residual (red dashed) component folded with the IRF
and fitted to the data. (b) The fitted TBN (black) and residual (red dashed) components
as a function of E,

onance layer at Rp,jor €quals 3 m. This discharge has been extensively stud-
ied in terms of neutron energy spectrometry. In [44] an unfolding procedure
is presented, which calculates the ion energy distribution from TOFOR data
(Figure 4.6a) by fitting ICRH components to the TOFOR data using an iter-
ative method. TOFOR [35] is a TOF spectrometer, which has a radial LOS
to the JET plasma, i.e. 90° to the magnetic field. The response of TOFOR to
2.5-MeV neutrons is peaked around ttor = 65 ns. Here the TOFOR data from
60 ns and below are used in the unfolding. It should be noted that the unfolded
ion energy distribution translated to the ICRH+NBI component (blue) in Fig-
ure 4.6a fits the high-energy part of the TOFOR data, i.e. below 60 ns, quite
well. However, for the low energy part above 60 ns the component differs con-
siderably from the data. This can be explained as follows: the position of the
resonance layer of the ICRH is positioned just outside the LOS of TOFOR
(blue rectangle in Figure 4.7). The turning point of the ICRH accelerated ions
will have a guiding centre at the resonance layer which is on the border to the
LOS edge of TOFOR. As can be seen in Figure 4.7, where a 2 MeV deuterium
orbit is shown (black line), the fraction of ions moving towards TOFOR dur-
ing the cyclotron motion compared to those moving away will be higher than
the unfolding technique suggests due to the Larmor radius of the ions.

The unfolded ion energy distribution (Figure 4.6b), obtained from the TO-
FOR data, has been used to calculate the neutron energy spectrum related to
the LOS of the MPRu (Figure 4.6¢). Using CONTROLROOM, we calculate the
neutron emission spectra in the viewing angle 47° to the magnetic field, i.e.
the MPRu LOS (red rectangle in Figure 4.7). The ratio v, /v was assumed
to be close to 1, which is an appropriate approximation since the ICRH ac-
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Figure 4.6: a) TOFOR data from JET discharge 74951 (dots with error bars) together
with folded result of the unfolding procedure in [44] (blue line). b) Energy distribu-
tion obtained from with the unfolding procedure described in [44] from TOFOR data.
¢) Neutron energy spectrum of 3’4 harmonic heating component calculated from TO-
FOR data in a LOS perpendicular (blue line) and with 47° (red line) to the magnetic
field. d) MPRu data from JET discharge 74951 (dots with error bars) together with
folded and fitted neutron spectrum in c.

celerates ions in the perpendicular direction to the magnetic field. We expect
the neutron energy spectrum to fit the MPRu data, even at low energies, since
the MPRu has a tangential LOS and consequently no Larmor radius effects,
such as those discussed in the TOFOR data case, are expected. The calculated
neutron energy spectrum is folded and fitted to the MPRu data using only the
intensity as free parameter for the forward convolution method. In Figure 4.6c¢,
the folded and fitted component is shown (red line) together with the MPRu
data (dots). The reduced xz of the fitis 1.8.

This rather good fit is interesting since it experimentally confirms the un-
folding method of [44], even if somewhat anecdotally. Furthermore, the hy-
pothesis of the influence of the Larmor radius on the neutron spectrum seen
by TOFOR is supported, since the low energy part (X,os < 100 mm) of the
calculated MPRu component fits to the data.
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Figure 4.7: A 2 MeV deuterium orbit (black line) is shown together with the lines of
sight of TOFOR (blue) and MPRu (red).
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4.1.2 Fusion power measurements of deuterium plasmas using
a neutron camera-spectrometer system

The MPRu is ab initio calibrated, i.e. the flux on the foil of the spectrometer
can be estimated from basic physical parameters. In [45] this ab initio cali-
bration has been used, together with the neutron camera discussed in Section
2.1.3, to measure the absolute neutron yield of DT plasmas. In this section,
the initial work with this method on DD plasmas is presented.

The neutron emission profile is estimated from the data of the neutron cam-
era. The standard magnetic equilibrium code EFIT [46, 47] is used to get the
normalised minor radius, p. The neutron emission profile, I', is modelled as
being constant on a flux surface, using either a Gaussian or a peaked profile
function:

_2
To(plAs, On) = Age (4.6)
or
Tp(p|Ag, o) = Age(1 — p) %t 4.7

where Ag; is the intensity of the emission, ¢ is the spread of the Gaussian
component and og; is the peaking factor.

The optical detector response to the emission profile is calculated by
LINE1l. The LINE1 code uses an optical model where JET structures are
either opaque or transparent. LINE1 splits the volume inside the vacuum
vessel into voxels and calculates the solid angle seen by a detector from each
voxel. In Figure 4.9, the LOS matrices of the 19 neutron camera channels and
the MPRu at JET are shown obtained by LINE1. The colour intensities in
the figure corresponds to the fractional solid angles (projected on a poloidal
plane) that the corresponding detector sees from that voxel. IT" is folded
with the LOS matrices to calculate the modelled neutron flux at the camera
detectors, Feamera,calc> and at the MPRu foil, Fypry cale-

Fo=Y Y LOS(R:,Z))U(R;,Z;) (4.8)
i

where LOS(R;,Z;) is the LOS matrixes of one of the two detector systems.
The forward convolution method is used to fit the parameters of I" to the data
of the neutron camera, minimising 2.

Due to the ab initio calibration of the MPRu, the flux at the foil, F; meas,
of the spectrometer can be calculated from the measured proton histogram.
However, to relate the measured neutron flux on the MPRu foil to that of
the optical model described above we must correct the measurement for non-
optical effects. Such correction factors are shown in Table 4.1. The attenu-
ation, transmission and the two scattering corrections have been estimated
using two MCNPX [48] models; one modelling the machine effects (attenua-
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Table 4.1: Correction factors for yield method

Factor Abbreviation | Value
Attenuation Catt 0.78
Transmission Cy 1.15
Scatter machine Csm 1.02
Scatter collimator Csc 1.01
Anisotropy Can 0.98
Thermal insulation Cn 0.99

MPRu foil

Machine scatier

Inscatter (collimator) \ /‘

Vacuum vessel Collimator
Port Plate

Figure 4.8: Schematic drawing of the vessel of JET and the collimation of the MPRu
together with the effects

tion, transmission and machine scattering) and one the collimator scattering.
The processes involved in the scattering related fluxes are illustrated in Figure
4.8. Note that the effect of the thermal insulation is not part of the MCNPX
attenuation calculation but treated separately.

In the DT yield determination [45], no correction for anisotropy was
deemed necessary (i.e. C}4 = 1.0) due to the isotropic cross section of the DT
reaction. In the DD case, however, the cross section is higly peaked in the
forward and backward directions. The anisotropy correction, Cy,, has been
estimated from TRANSP [49] simulations, using thermal as well as beam
heated and suprathermal plasmas as input.

With the correction factors, the intensity of the neutron emission profile is
renormalized and corrected as

H MPRu,meas
Fvprucaic [T; (Gi)

AMPRu = Afit 4.9
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where C; corresponds to the correction factors in Table 4.1. Finally the neutron
yield, ¥; can be calculated as the sum over the neutron yield in each voxel

Yo _ZZF (Ri, Z;j) |AmPRu; Ofit) R AR AZ;, (4.10)

where (R;,Z;) is the centre of the voxel and AR; and AZ; are the widths and
heights of the voxels. In Figure 4.10, the neutron yield from this method
(Gaussian (blue) and peaked emissivity model (red)) is plotted versus the
cross-calibrated fission chamber measurements. In Figure 4.11, the y? dis-
tribution of the Gaussian (blue) and peak (red) fit to camera data is shown.
We can clearly see that for a majority of the pulses the Gaussian distribution
is not an appropriate model of the neutron emission profile. The extra peak
of the Gaussian xrzed distribution around 6 can be interpreted in (at least) two
ways: either we dismiss the Gaussian model as non-suitable or we interpret
this peak as a missing fitting component to the camera data. Recently, a pa-
rameterisation of I'(R,Z) has been developed [50]. This parameterisation is
planned to be used in future work to be able to analyse, e.g. beam-dominated
plasmas. The inclusion of such components might improve the xrzed distribu-
tion of the Gaussian fit.

All JET discharges which give a d<3 in the model fit to the camera data
are selected and shown in Figure 4.10. A linear fit to the two datasets gives

YatpRupear = 1.052(£0.002) ;¢ 4.11)

and
YrPRu,Gauss = 1.077(£0.004)Yrc 4.12)

4.2 Unfolding methods

Several unfolding techniques have been developed and used to unfold data.
In neutron emission spectrometry, the most commonly used methods are
the Thikonov regularisation [51], maximum entropy [52] and minimum
Fisher regularisation (MFR) [53]. Unfolding methods are usually using each
bin of E, as a free parameter and try to maximize or minimize a quantity,
adding some constraints to the calculations of E,. Such constraints can be
non-negative values or a smoothness level in E,. Paper IV is devoted to
evaluating some of these unfolding techniques commonly used in Neutron
Emission Spectroscopy.

MAXED [52], short for MAXimum Entropy Deconvolution, is one
of the most commonly used unfolding codes for neutron spectrometry at
JET. MAXED is based on information theory to find the most probable
neutron spectrum, given the measured data, the IRF, a target ¥ and an a

49



-Z'O_III||||||||||||||||IIII|_||||||||||||||||||||||||
20 25 30 35 40 20 25 30 35 40 20 25 3.0 35 40

R [m]

Figure 4.9: Projected LOSs on the poloidal plane of (a) the MPRu, (b) the horizontal
and (c) the vertical camera.
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Figure 4.10: Neutron yield measured with the MPRu-camera system vs. fission cham-
ber in the JET discharge region 68000 - 73700 using a Gaussian(blue) and peaked
(red) function together with the fitted curves described by Equation 4.12 and 4.11.

The error bars are the statistical uncertainties of the MPRu.

igure 4.11: 1stribution of Gaussian (blue dashed) and peak (re unction fit to
Figure 4.11: 2, distribution of Gaussian (blue dashed) and peak (red) function fi

camera data in the JET discharge region 68000 - 73700.
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priori spectrum. All prior knowledge about the problem can be included in
the a priori spectrum. A common approach is to give a uniform a priori
spectrum, which implies no assumed knowledge about the problem. Bayesian
analysis methods based on models describing the data, similar to the forward
convolution method described in this thesis, has been suggested to give
reliable a priori information[54].

One problem of MAXED is the choice of target x2, x,zarget. The average
of a x? distribution equals the number of free variables in the problem, i.e.
the number of bins in the measurement. However, this is only the average of
%7, and, consequently, it is hard to know what %tzarget to use. In fact, this is a
common problem for many unfolding techniques. In Tikhonov regularisation
and in MFR, a regularisation parameter must be chosen and this influences the
solution in a similar way as )(tzarggt. One suggested solution to this problem is
the so called L-curve solution [55].

MAXED has been applied to the real experimental data of pulse 68569
using a Gaussian starting spectrum. This pulse is the same as was used in Sec-
tion 4.1.1.1 to illustrate the uncertainty estimation of the forward convolution
method. Before unfolding the data, the a priori spectrum is selected by a Gaus-
sian fit to the data, using the forward convolution method described above. In
Figure 4.12, the calculated neutron energy spectrum using MAXED is shown
(red curve) together with the summed components of the forward convolu-
tion method analysis (black curve), from Section 4.1.1.1. In Figure 4.13, the
proton position histogram is shown (points with error bars) together with the
folded (and summed) components of the forward convolution method (blue)
and the folded MAXED neutron spectrum (red). The shape of the MAXED
spectrum closely resembles the shape of the estimated neutron spectrum of
the forward convolution method (red). This gives some confidence that the
performed analysis is correct, in particular regarding the NBI model used in
the forward convolution analysis.

In Section 4.3.2 (and Paper 1V), an evaluation of MAXED is presented
using synthetic data.

4.3 Evaluation procedure using synthetic data

In Paper IV and VI, an evaluation method has been used to assess the perfor-
mance of unfolding codes and the time resolution of neutron spectrometers
at ITER. In both evaluations, a synthetic neutron energy spectrum, I,, is cre-
ated and folded with an IRF (Equation 4.2). This folding results in an ideal
synthetic measurement, Eideal- A Poisson fluctuation is added to each bin of
&ideal, resulting in a synthetic measurement, Emeas- The properties of I, is re-
constructed from &pe,s using either an unfolding code (as in Paper IV) or
the forward convolution method (as in Paper VI). In Figure 4.14, I, (blue)
for a thermal neutron spectrum is shown together with &jgey (red) and &Epeas
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Figure 4.12: Calculated neutron energy spectrum from forward component fitting

(black) and MAXED unfolding (red dashed). The black dashed line indicates the cen-
tre of the thermal-thermal component of the forward convolution analysis.
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Figure 4.13: Proton position histogram of NBI heated JET discharge 68569 as mea-
sured by the MPRu (points with error bars) and the two neutron energy spectra from
Figure 4.12 folded with the IRF; from the forward component fitting (black) and from
MAXED unfolding (red dashed).
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(crosses) for a organic scintillator. The evaluation procedure is repeated with
the same neutron spectrum to estimate the influence of statistics. An overview
of the evaluation method is shown in Figure 4.15.

4.3.1 Evaluation of instrument response functions

Presently, a high resolution neutron spectrometer (HRNS) at ITER, such as
those discussed in this thesis, is “enabled”. In the case of HRNS, this means
that there is a dedicated LOS and position. However, there is a pending de-
cission on what type of spectrometer that should be installed, if any, and who
should be financially responsible for it.

In Paper VI, five different neutron spectrometer techniques are evaluated in
terms of time resolution, using synthetic data obtained from ITER like plasma
conditions [56, 57]. The requested time resolution, Af¢, for temperature mea-
surements at ITER is 100 ms with a precision of 10% [19]. The neutron flux,
1-10°n/cm?/s for a first wall aperture of 50 mm radius and 7;=20 keV, and neu-
tron energy distributions are calculated with the LOS and position dedicated
to the HRNS for a 500 MW plasma. The five evaluated neutron spectrometer
techniques are: MPR, TPR, TOF, diamond and gamma discriminating organic
scintillators (GDOSs).

In the thermal case, the ion temperature is varied from 7i=1 to 40 keV in
steps of 2 keV and the neutron flux is scaled according to the change in re-
activity (Figure 1.1). For each temperature the integration time, At, is varied.
For each combination of Af and 7}, the precision and accuracy is calculated. In
Figure 4.16, the precision as a function of At and Tj is illustrated for the MPR
technique. The precision improves from the lower left to the upper right of the
figure. The red line in the figure corresponds to the 10% precision line. This
10% precision line has been calculated for all five spectrometer techniques in
the same way and are shown in Figure 4.17. It is clear from this evaluation
that the thin-foil techniques (MPR and TPR) have better time-resolution than
the other techniques for measurements of 7;.

4.3.2 Evaluation of unfolding techniques

In Paper 1V, the performance of several unfolding techniques is evaluated.
Here we focus on MAXED and give some examples of results of the evalu-
ation procedure. The unfolding techniques generate neutron spectra from the
measured data, using the IRFs of the measurement. The output of the evalu-
ation procedure is consequently a set of neutron spectra, I,y. To quantify the
performance of the unfolding techniques, the metric g was introduced

Z?:l ‘Iunf,i - In,i

n
i=11ni

q= ; (4.13)
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Figure 4.14: (a) Synthetic neutron spectrum from a plasma in thermal equilibrium. (b)
Ideal measurement, &z, (red), together with synthetic measurement, &4 (crosses),
of a technique with an IRF of an organic scintillator.
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Figure 4.15: Overview of the evaluation procedure.
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Figure 4.16: The precision of 7; as a function of 7; and At for the MPRu technique.
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Figure 4.17: The 10% precision lines of the TPR (black), MPR (red), TOF (turqoise),
GDOS (green) and diamond (blue) techniques.
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Figure 4.18: Initial synthetic (thermal) neutron spectrum (black solid line) and un-
folded neutron spectrum (red dashed line) from a folding-unfolding process using
MAXED, as described in the text. The shaded area between the two spectra corre-
sponds to the ¢ metric.

where 7 is the number of bins in the neutron spectra. Note that ¢ is zero when
the unfolded spectrum is identical to the synthetic spectrum. The metric g
is represented by the shaded area in Figure 4.18, where a synthetic thermal
neutron spectrum (black) is shown together with an unfolded spectrum (from
MAXED), obtained with a target y>=1 and a flat a priori information.

The evaluation procedure has been repeated 100 times with different num-
ber of counts, N, in &;geal, Where &gear is a thermal neutron spectrum (7;=20
keV) and for two IRFs: the MPRu and one for organic scintillators (NE213).
The result of this study is shown in Figure 4.19, where the average value of
q, (), of the MPRu (black) and the NE213 (red) is shown. The MPRu would
reach a (g) of 10% when N=4-10* and NE213 when N=10°. Comparing to
the ITER like conditions in Section 4.3.1, we can assume a maximum count
rate of 1 MHz for the organic scintillator, which would imply a possible neu-
tron energy spectrum reconstruction with a g of 10% with a time resolution of
1 s. Continuing the comparison to Section 4.3.1, assuming a neutron flux of
1-10°n/cm?, the MPRu would have a time resolution of 0.8 s.
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using MAXED. The error bars indicate the standard deviation of the g distribution.
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5. Conclusions

In this thesis, neutron spectrometry has been reviewed as a tool for obtaining
relevant fusion plasma parameters such as ion temperature, fusion power and
Othermal / Qrot- It has been illustrated that neutron spectrometers is capable of
determine plasma parameters from both 2.5 and 14 MeV neutrons.

The work of this thesis has resulted in the upgrade of the MPR, which has
reduced the background sensitivity and, consequently, allowed for D plasma
measurements. Furthermore, the data reduction and control and monitoring
system have been developed and refined.

MPRu data have been investigated for plasma heating scenarios at JET,
such as 3" harmonic ICRH and NBI heating. Furthermore, the tritium burn up
neutrons have been measured together with the neutrons emitted from resid-
ual tritium reactions with the bulk plasma. In addition, a novel neutron yield
measurement technique for D plasmas is presented. This technique is based
on the use of a high resolution neutron spectrometer together with the neutron
emission profile, which is measured with a neutron camera. A necessity for
this technique to work is a well characterised LOS as well as an ab initio or in
situ calibration of the neutron spectrometer.

Several unfolding techniques have been investigated with the help of syn-
thetic data to estimate the performance of the codes. Furthermore, one of the
codes, MAXED, has been applied to data from NBI heated plasmas.

Finally, the time resolutions of five different neutron spectrometry tech-
niques for 14 MeV measurements at ITER have been investigated using syn-
thetic data. The study concludes that the thin-foil spectrometers have the best
time resolution of the investigated techniques.
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6. Summary in swedish

Vetenskapsmin har i mer dn 50 ar forsokt att timja solens kélla till energi:
kédrnfusion. Kérnfusion &r nér tva litta atomkérnor slas samman, fusionerar,
och energi frigors. Denna energi frigors pa grund av att det nya masstillstandet
efter reaktionen #r ldttare dn vad de tva ldttare atomkarnorna var tillsammans.
Skillnaden i massa fore och efter reaktionen ger den frigjorda energin, enligt
Einsteins bersmda formel E = mc?.

En av de mest lovande kirnreaktionerna for fusion, i energiproduktionssam-
manhang, dr den mellan viteisotoperna deuterium (d) och tritium (t). Dessa
fusionerar enligt reaktionen d + t — “He + n, dér n 4r en neutron. I denna
reaktion frigors nistan 18 MeV (3-10~!2 J), dir neutronenergin ir 14 MeV.

For att dessa reaktioner ska kunna ske maste deuterium- och tritiumkérnor-
nas energi vara storre dn Coulumbbarridren som finns mellan dem pa grund
av deras laddning. Detta kan ske genom att upphetta en gas av deuterium och
tritium till 103 °C. En gas med s& hog temperatur &r i plasmaform, det vill
sidga elektroner och kdrnor (joner) dr helt sirkopplade fran varandra. For att
bibehélla plasmats temperatur dr det viktigt att det inte vixelverkar med andra
material. Detta kan 16sas just pa grund av att den varma gasen &r i plasmaform.
Vi kan anvinda oss av att partiklar som befinner sig i magnetfilt roterar runt
magnetfiltets linjer. I en tokamak innesluter man ett plasma genom att skapa
ett badringsformat magnetfilt.

Men neutroner dr neutrala och foljaktligen kommer de inte stoppas av toka-
makens magnetfilt. Detta dr ett problem eftersom sa hogenergetiska neutroner
kommer aktivera det material som omger vart plasma. A andra sidan, kan man
utnyttja neutronstralningen dels for att skapa mer tritium genom reaktionen
n + Li — t+aoch dels for att diagnostisera plasmat. Diagnostiseringen kan
ske eftersom neutronenergierna kommer vara beroende av jonenergifoérdel-
ningarna inne i plasmat

Den hidr avhandlingen behandlar olika maittekniker for att mita
energifordelningen som neutronerna har nér de ldmnat plasmat. Framforallt
beskrivs den magnetiska protonrekylspektrometern (MPR). MPRen har
ett kollimerat neutronflode riktat mot sig. Dessa neutroner passerar ett
tunt (véterikt) plastfolie. En liten andel av neutronerna sprids elastiskt mot
vitekdrnorna i foliet, vilket far som foljd att rekylprotoner kommer spridas
fran foliet. Protonenergierna, E,, kommer vara

E, = Eqycos*(), (6.1)
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dir E, motsvarar neutronenergin och 6 dr spridningsvinkel mellan neutro-
nens och protonens hastighet. De protoner som sprids framéat (och har ungefir
samma energi som neutronen) sldpps in i ett specialdesignat magnetfilt som
bojer av protonerna fran neutronstralen. I magnetfiltet blir protonerna rum-
sligt rorelsemédngdseparerade med hjilp av Lorentzkraften. I fokuset av mag-
netfiltet finns en segmenterad protondetektor som méter den rumsliga férdel-
ningen av protonerna. Denna fordelning kan sen anvédndas for att rdkna ut
neutronernas ursprungliga energi.

Denna avhandling har undersokt effekterna av en uppgradering av MPR
(MPRu) och kvantifierat egenskaper hos spektrometern, sasom till exempel
instrumentets energiupplosning och effektivitet och dessa tva parametrars sys-
tematiska osikerheter.

Utover instrumenteringen av MPRu har denna avhandling anvint
syntetiska data, dels for att undersdka avfaltningskoder, och dels for att
undersoka olika neutronspektrometertekniker pa ITER. Avfaltningskoderna
har undersokts kvantitativt genom att falta de synteska data, motsvarande
olika neutronspektrum, med responsfunktioner for olika spektrometrar.
Detta resulterar i syntetiska métningar. Ett statistiskt brus ldggs nu till den
syntetiska 16sningen for att simulera en realistisk mitning. Koderna far
sedan avfalta dessa syntetiska data for att forsoka aterskapa det ursprungliga
syntetiska neutronspektrumet.

En del av arbetet med spektrometertekniker pa ITER har varit att simulera
och/eller samla in mitningar som bygger upp responsfunktionerna som
beskriver mitprocesserna for de olika teknikerna. Nir detta var gjort anvéindes
syntetiska data aterigen for att uppskatta med vilken tidsupplosning man kan
mita olika plasmaparametrar, sasom till exempel jontemperaturen. Resultatet
av denna utvirdering dr att tekniker som baseras pa tunnfolietekniken, sdsom
till exempel MPRu, ger bést tidsupplosning.
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