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Diagnosis of fusion products for reactor relevant plasmas

Abstract

Measurcments of fusion products in the JET tokamak were performed and
analysed with specially developed modelling codes. The reactions covered are

listed below:

1. D-3He reactions were investigated with an escaping 14.7 MeV proton
detector, the results indicating that fast particles are displaced from the
plasma centre at a sawtooth crash and resolving issues left outstanding from

experiments with a previous 14.7 MeV proton detector.

2. D-D reactions emitting 2.45 MeV neutrons have been investigated using two
collimated arrays of neutron detectors and a fission chamber system. An
analysis code was written to derive the neutron emission profile and was
then used to calculate ion temperature profiles, deuterium dilution factors
and correction factors for other neutron diagnostics. Results obtained using

the analysis code are presented.

3. D-D reactions emitting tritons have been investigated using the secondary
T-D reaction. The observations of ncutron emission from the secondary
reaction have been used to show that the energy loss rate of dilute
populations of particles with energies in the MeV range is classical, within
the errors of the measurement. This has been done by comparing the
14 MeV neutron emission rate with a time resolved model of the neutron
emission. Results are also presented on the confinement of thermalising
tritons. In addition, having demonstrated that the triton behaviour is
essentially classical, the reaction has been employed in the determination of

the deuterium dilution factor.
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1.0 Introduction

This thesis describes work performed over a three year period at the JET
Joint Undertaking utilising fusion product diagnostics in order to identify and
interpret some of the processes occurring in the JET plasma. This chapter
contains background material which should make the remainder of the thesis
more accessible to physicists from outside the fusion field. The first section of
this chapter is concerned with nuclear fusion in general; the basic requirements
for fusion to provide a commercially viable power source, the possible reactions
which may be utilised and the proposed methods for confining the reacting
particles. The next section covers the tokamak approach in more detail, as JET
is such a device. The third section discusses the creation and detection of fusion
products and how thesec may be used to diagnose the physical processes
occurring in the plasma. The fourth, and final, section sets out the plan of the

succeeding chapters.

1.1 Nuclear Fusion

Nuclear fusion is the process by which two nuclei are joined to form a larger
nucleus. By choosing appropriate nuclei, a large quantity of energy may be
released by these reactions. In principle, it should be possible to use these
reactions for commercial power production. However, the task of harnessing the
energy from nuclear fusion reactions has proved extremely difficult. Only now,
after approximately 40 years of research, are experiments approaching the point

where fusion may be shown to be a practical energy source.

In order for fusion to occur between two nuclei, they must be brought close

together, implying that the Coulomb repulsion must first be overcome. This

Introduction 15
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effectively restricts the useful fusion reactions to those involving low Z nuclei.
The three reactions most likely to be used in fusion reactors are shown below,

with the average kinetic energy of each fusion product in MeV shown in

parentheses:
3He (0.8) + n (2.45)
7
D+ D — T (1.01) + p (3.03)
N
4He (0.07) + y  (23.5)
“He (3.56) + n (14.0)
s
D+T v
N
He (0.06) + y (17.0)
“He (3.6) + p (14.7)
D + 3He
N

SLi (0.06) +  y (17.0)

In order to obtain fusion reaction rates high enough to be economically
useful, the nuclei involved must have energies in the region of 10 to 1000 keV.
These enecrgies can be achieved in high temperature plasmas and the recactivity
as a function of plasma temperature is shown in fig 1.1. The plasma
temperature is usually given in units of keV, where 1 keV equals 11,600,000 K.
It is obvious that the D-T rcaction offers the easiest route to fusion power
because of its large reactivity at relatively low temperatures. However, it does
have some drawbacks. Firstly, the tritium nucleus is unstable, decaying by f-
with a half-life of 12.3 years, so it must be produced artificially. The following
reactions with lithium are likely to be used in a reactor as, together, they
produce more than one triton per D-T neutron. This is a necessary requirement
if a reactor is to be self-sufficient in tritium, bearing in mind escaping neutrons

and parasitic absorption in structural materials.
n + 7Li - T + 4He + n’
n + SLi —> T + 4He

Introduction 16
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Figure 1.1. Fusion reactivities as a function of plasma temperature
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Most proposed fusion reactors have lithium blankets surrounding the reaction
vessel, partly to produce tritium and partly to extract the energy from the
emitted neutrons. This entails solving engineering problems related to the
structure and location of the lithium, as well as difficulties in removing the
tritium from the lithium. Secondly, the 14 MeV neutrons produced by the D-T
reaction are capable of activating the structure of the reactor vessel,
necessitating the use of remote handling equipment for maintenance and posing
a long term radioactive waste problem. Also, as the materials of the reactor
vessel become activated, they lose their structural strength and need to be
regularly replaced. These problems are not insuperable, but make aneutronic
fusion reactions more desirable. The D-D reaction does not have a problem
with fuel rarity, as 0.0015% of the hydrogen in water is deuterium. However,
the higher reactor temperatures required make this a more difficult target than
the D-T reaction. Also, although the activation problem with 2.45 MeV
neutrons is smaller than that associated with 14 MeV neutrons produced by the
D-T reaction, it is still enough to make operation of a D-D reactor difficult. The
D-3He reaction would give a relatively clean reactor if the deuterium is dilute
as most of the fusion products are then charged particles and should be
contained by the plasma. However, even higher temperatures are required for
this than for a D-D reactor due to the increased bremsstrahlung radiation losses.
There is also a problem with fuel scarcity, as only 0.00013% of all helium on
Earth is of the 3He isotope and this is too small a fraction to be useful. Proposals
have been made to mine the lunar surface for 3He deposited by the solar wind

over the previous 4 billion years [1.01].

One of the main problems with using high temperature plasmas is to confine
the plasma for a long enough period so that a large number of fusion reactions
occur. There are a number of methods proposed to do this, but only one will be
discussed in this thesis. The magnetic confinement approach relies upon
magnetic ficlds to contain the hot plasma. Numerous magnetic field
configurations have been proposed, but all rely upon the fact that plasma

elements in a magnetic field follow the field lines and should not drift far from

Introduction 18
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them. This allows energy to be added to the plasma from outside, increasing its
temperature. In practice, diffusion across magnetic fields does occur in a
plasma, but slowly enough to allow the temperature of the plasma to be raised
enough for high fusion reaction rates to be obtained. The configuration which
has been investigated more thoroughly than any other is the tokamak

configuration; it is described in more detail in the next section.

1.2 Tokamaks

The tokamak design was developed in the late 1950’s in the Soviet Union and
by the late 1960’s had been shown to give higher plasma temperatures than
other approaches. Since then, tokamaks have become larger and more complex.
Results have improved and the present generation of tokamak experiments arc
expected to be capable of reaching scientific break-even. This is when the power

applied to the plasma for heating is equal to the fusion power generated.
1.2.1 Principles of operation.

This section aims to describe briefly the main features of a tokamak. For

further details, reference [1.02] is recommended.

The distinguishing characteristic of a tokamak is its magnetic field
configuration and this is shown in fig 1.2. It consists of two parts, known as the
toroidal and poloidal magnetic fields. The toroidal field is generated by a set of
coils which surround the plasma, while the poloidal field is supplied by the
current flowing through the plasma and is typically an order of magnitude
smaller than the toroidal field. The poloidal field is needed because a simple
toroidal field induces a vertical drift in the charged particles of the plasma,
causing a loss of confinement which the poloidal field counteracts. Also, the
plasma current which provides the poloidal field is used to heat the plasma. The
resultant field is helical, with the pitch of the helix varying throughout the
plasma. If magnetic field lines in the plasma are traced around the torus, they

are found to lie on nested surfaces referred to as flux surfaces. These surfaces
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Diagnosis of fusion products for reactor relevant plasmas

Magnetic Smallest major

axis .
radius reached
N by magnetic

field lines

S~

A Largest major
Thge% ?ags%%tég flleé%ﬁénes X radius reached
oloidal plane by magnetic

field lines
inor radius

X //>%\4 °
Cross-section through
line x-x’ showing the
intersection of the three

The three intersections field lines.
of one field line with the ,
cross-section

Figure 1.2. Magnetic field configuration of a tokamak:
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are important in that transport, of energy or particles, is much faster along a
surface than perpendicular to one. One of the standard approximations made
throughout this thesis is that quantities such as particle density: and temperature

are uniform on these surfaces because of this fast transport.

The JET plasma can be heated in three ways, namely ohmic heating (OH),
neutral beam heating (NBH) and ion cyclotron resonance heating (ICRH).
Ohmic heating is due to the current passing through the plasma. The current is
typically a few MA on JET and provides a few MW of heating. As the
resistivity of the plasma drops with temperature, ohmic heating cannot be used
to heat a plasma to the temperatures required for fusion. In order to obtain
higher temperatures the other additional heating schemes must be used. Neutral
beam heating relies upon accelerating ions to high energies ( 80 and 140 keV
at JET ) and then neutralising the beam. The uncharged atoms are not affected »
by the magnetic field of the tokamak and pass into the plasma, where they are
ionised. The resulting high energy ions are confined by the magnetic ficld and
deposit their energy. Deuterium beams are used at JET. As the fusion reactivity
of these ions is much higher than that of thermal ions, the fusion reaction rate
increases tremendously when neutral beams are applied to the plasma, often by
more than two orders of magnitude. ICRH is more complex and relies upon the
fact that ions in the plasma absorb energy from an electromagnctic wave if the
frequency of the wave matches the local cyclotron frequency of the ion. This
form of heating can increase the energy of a minority of the ions up to several
MeV. At JET, 20 MW of NBH and ICRH are available to heat the plasma
together with a few MW of ohmic heating. This allows the production of
plasmas with high ion temperatures ( e.g., over 20 keV ) and high fusion

reaction rates ( up to 3x10'6 neutrons s-! in present D-D plasmas ).

1.2.2 Plasma diagnosis.

In order to understand the processes occurring in the plasma, measurements
of various physical parameters must be made. The parameters that are normally

monitored are:
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® The plasma energy,

* power input and output,

e temperature and density profiles of electrons and ions,

¢ magnetic field configuration and the current profile,

° ifnpurity profiles,

® interactions between the plasma and the walls and limiters.

The devices used to diagnose these quantities have been described in great detail
elsewhere [1.03,1.04], so only an outline of the physics of the diagnostics most

commonly referred to in this thesis will be given.

The magnetic field configuration is determinéd primarily through
measurements of the magnetic field near the edge of the plasma using a large
number of coils. Given the magnetic field at the edge, the magnetic field further
in may be calculated, although the error increases as the distance from the edge
increases because of uncertainties in the plasma current density profile. The
calculation at JET is performed by the IDENTC code and the estimated error
on the location of the centre of the plasma is +7cm. The flux surfaces derived

from this code are used in calculations later in thesis.

The electron temperature profile (T,) can be measured by two diagnostics at
JET. The Llght Direction And Ranging (LIDAR) diagnostic uses Thomson
scattering of a short laser pulse to diagnose the temperature and electron density
(n.). The light scattered through 180° is measured, the time taken for the light
to reach the detector being an indicator of the spatial location of the scattering
position. Time resolved measurements of the scattered light intensity and
spectral broadening of the laser pulse allow the calculation of the n, and T,

profiles. The second technique uses the electron cyclotron emission (ECE) from
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electrons in the plasma. The emission frequency varies across the midplane
because of the varying toroidal field; by observing the intensity of the ECE at
a range of frequencies a profile of T, may be found, as the intensity of emission
is proportional to T,. Normally, the ECE value of T, will be used in this thesis.
This is because the LIDAR value is available at best once every 1.2 seconds, due
to the low repetition rate of the laser used, whilst the ECE values are available
at much higher rates. The systematic error on the LIDAR T, is estimated at
+5%, whilst that of ECE is +10%.

The n, profile is normally measured with the LIDAR diagnostic, as described
above, or through the use of the Far Infra-Red (FIR) interferometer. The latter
works on the principle that a laser beam passing through the plasma will
undergo a phase shift which is dependent upon the electron density integrated
across the laser beam’s path. By measuring this phase shift along 6 lines-of-sight
and assuming that the density is constant upon flux surfaces, the n, profile may
be found. The error on the derived n, profile is +5% of the peak value for both

diagnostics.

The impurity monitor normally used in this thesis is the visible
bremsstrahlung diagnostic. This measures the continuum radiation in the visible
part of the spectrum and, if the electron temperature and the electron density
profiles are known, the Z profile may be found. As the most common
impuritics are carbon and oxygen, Z, can be taken as a measurc of their
abundance in the plasma. The estimated error on the value of Z from the

visible bremsstrahlung diagnostic is +20-25%.

Ion temperature information is found from two sources (apart from the
neutron diagnostics, which will be dealt with in sec. 1.3). The X-ray Crystal
Spectrometer (XCS) is used to find the peak ion temperature by measuring the
Doppler broadening of X-rays emitted by impurity atoms such as Nickel. The
diagnostic suffers from a number of problems such as the burnout of the
Helium-like Nickel line used at high T, the effect of profiles of T, on the
measured value on the observed T, and the effect of profiles of toroidal rotation

on the width of the line used. The Charge Exchange Recombination
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Spectroscopy (CXRS) diagnostic also provides information on T, This works
on the principle that when the neutral beams are ionised in the plasma, some
of the beam particles transfer an electron to an impurity ion. The ion thus
formed will normally be found in an excited state which will rapidly decay,
emitting a photon which is detected by the CXRS diagnostic. By observing the
Doppler broadening of the these recombination lines, the temperature of the
ions interacting with the beams may be found. This technique has an estimated
accuracy of +10%, but does require the use of a beam of neutral particles to
be available. At JET, the CXRS technique provides a profile of T, as an array

of detectors is used.

1.3 Fusion products

These can be used for diagnostic purposes, now that fusion reaction rates in
tokamaks have become high enough. There are three general classes of fusion

product:
e confined charged particles,
¢ unconfined charged particles and

¢ unconfined uncharged particles.

1.3.1 Confined charged fusion products

At JET, most charged fusion products are confined. They are born and move
on an orbit around the tokamak, continually losing energy to the plasma. The
duration of the slowing down ranges from 0.01 s to 10 s, depending upon the
particle and the background plasma. Whilst slowing down, the fusion products
may undergo a reaction with another ion in the plasma, causing the emission
of secondary fusion products. These secondary reactions form the primary
method of diagnosing the populations of confined charged fusion products on
present day tokamaks, as some of the secondary reaction products may

themselves be unconfined and therefore detectable outside.
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The primary reason for studying the confined particles is that they have
similar distribution functions and energies to the 3.56 MeV «’s produced by
D-T reactions. Understanding of the behaviour of 3.56 MeV o' is very
important as it is the energy from the thermalisation of these particles which
will be used to maintain the temperature of the plasma in a future reactor.
Information on the behaviour of «’s can be obtained on present day machines
by indirectly observing particles such as 1.01 MeV tritons. Chapter 5 of this

thesis is devoted to such measurements.

1.3.2 Unconfined charged particles

Particles born on orbits which intersect the wall escape from the plasma
without interacting, so the information which may be obtained from them
relates to the fusion reaction rate profile and the energy distributions of the
reacting particles. As the charged fusion products have energies of the order of
MeV, these escaping particles can be detected by a number of methods. Also,
as collimation is fairly easy, the solid angle from which the particles are detected
can be made small and be known accurately. Unfortunately, the orbits of
charged particles in a tokamak are fairly complex and a large amount of
computation must be undertaken to find the point of origin of the particles. A
diagnostic of this type, which uses 14.7 MeV protons from the D-3He reaction,

is described in chapter 3.

1.3.3 Unconfined uncharged fusion products

This category basically refers to neutrons and y rays, which have the
advantage that they do not interact with the plasma after emission. The
information obtainable is again the fusion reaction rate profile and the energy
distribution of the reacting particles. However, detection, calibration and

collimation are much more difficult than in the previous case.
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1.3.4 Fusion product diagnostics at JET

An extensive set of fusion product diagnostics exist at JET and will be
referred to throughout this thesis, so a short description of each diagnostic is
presented here. Each diagnostic has a code name and this will be the usual

method of reference.

e KHI, the hard X-ray monitors. There are 11 detectors positioned around
the torus hall, each consisting of a scintillator and a photomultiplier tube.
They are used for detecting hard X-rays produced by runaway electrons and

disruptions.

e KNI, the time resolved neutron yield monitors. These consist of three pairs
of fission chambers mounted on the transformer limbs of JET. Each pair
consists of a 235U chamber and a 238U chamber. Fission events induced by
neutrons emitted by JET are detected in each pair. Two fissionable
materials are used in order to increase the dynamic range of the system, as
the fission cross-sections for 238U are much lower than those of 235U. The
current produced by the fission products is monitored with a normal time
resolution of 6 ms, although a sampling rate of up to 100 kHz is possible.
This is the major neutron diagnostic at JET and is estimated to have an

absolute accuracy of +10%.

e KN2, the neutron activation system. Foils of known composition and mass
are positioned near the tokamak and irradiated during a JET discharge. The
y rays emitted by the foils after the irradiation can be used to measure the
total neutron yield of the discharge. For further information see chapter
5.2.2.

e KNB3, the neutron profile monitor. This consists of 2 arrays of collimated
neutron detectors which are used to measure the neutron emission profile

as a function of time. For a more detailed description, see chapter 4.1.

¢ KN4, the delayed neutron counters. This is similar to the activation system

KN2, except that it uses samples of fissile materials. The fission products
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decay rapidly, with some of the daughter products emitting neutrons which
are detected by KN4. This is used to monitor the total neutron yield and as
the cross-sections of the fissile materials used are better known than those
of the activation materials used in KN2, it is considered to have a higher

accuracy than KN2 for 2.45 MeV neutrons.

e KMI, the 2.45 MeV neutron spectrometer. This consists of a number of
neutron spectrometers inside a large radiation shield and is located in the
torus hall. The spectrometers used are a 3He ionisation chamber, an NE213
scintillator and an in-line proton recoil detector. The spectra are used to
measure the peak ion temperature of the plasma and to look for the effects
of high energy deuterons on the D-D neutron spectrum. More information

on the KM1 spectrometer may be found in [1.05].

e KMa3, the time of flight neutron spectrometer. This uses the time of flight
of a neutron between two events to determine its energy. The detector is
mounted in the roof laboratory, some 20 m above the tokamak. This
diagnostic is used to measurc the spectrum of neutrons emitted upwards

from the torus, which can be different from the spectrum observed by KM1.

e KM?7, the 14 MeV neutron monitor. This consists of a silicon diode
positioned close to the tokamak and measures the time resolved 14 MeV

neutron emission rate from JET. This is described in greater detail in 5.2.3.

e KP2, the escaping 14.7 MeV proton spectrometer. This consists of a
2.5 mm thick silicon diode positioned inside the vacuum vessel which
detects the escaping 14.7 MeV protons. This is described in more detail in

chapter 3.1.

e Kpyl, y ray spectrometers. These consist of a number of y ray spectrometers
mounted in the roof laboratory. y rays are produced by the plasma and can
be used to determine the energy distribution of high energy particles, such
as those produced by ICRH.
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1.4 Thesis outline

The work performed for this thesis mainly concerns three fusion products
and each is dealt with in a separate chapter. These are preceded by a chapter

on theory and summarised in a concluding chapter. The structure is as follows:

e Chapter 2. Theory. Theoretical material required for an understanding of
the later chapters is introduced here for convenience. The main issues
discussed are the slowing down of fast particles in a plasma, orbits of fast
particles in a tokamak, sawteeth in the plasma and the spectra of fusion

products.

¢ Chapter 3. 14.7 MeV protons. These particles are produced by the D-3He
reaction and some escape from the plasma. A silicon diode near the plasma
edge was used to detect these particles and to record their energy spectrum.

This chapter describes the measurements made and the results derived.

e Chapter 4. 2.45 MeV neutrons. These particles are produced by the D-D
reaction and are detected by a set of 3 fission chambers (KNI1) and 2
collimated arrays of scintillation detectors (KN3). The data from these
diagnostics are analysed with the aid of the code ORION, developed by the

author, and some results are presented.

e Chapter 5. 1.01 MeV tritons. These particles are produced from the D-D
reaction and slow down in the plasma over a period of up to 3 seconds.
Whilst slowing down they have ~1% chance of undergoing the secondary
D-T reaction and emitting a 14 MeV neutron. The 14 MeV neutron
detector is described, together with some of its measurements. The data were
analysed with the aid of 14 MeV neutron production simulation code

developed by the author and the results are presented here.

e Chapter 6. Conclusions and future work. A general summary of the results
obtained during the 3 years at JET, together with recommendations for

further work.
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® Appendices. Some of the work performed by the author does not fit readily
into the overall structure of the thesis, but in order that it be documented is
included in these appendices. These include a survey of « particle diagnostics
for the D-T reaction and a user guide to the ORION code.
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2.0 Relevant physics

The purpose of this chapter is to describe some of the physics which will be

needed for the later chapters.

2.1 Theory of slowing down of fast charged particles

Particles produced by fusion reactions typically have energies of the order of
several MeV, considerably above the average particle energy for the background
plasma. The charged fusion products which are confined in the plasma by the
magnetic field are not in thermal equilibrium with the plasma and lose energy
via collisions. The physics governing the slowing down process in the plasma has
been theoretically investigated in great detail and the results appropriate to this
thesis are summarised in this section, starting with a detailed formulation and

working towards a more usable approximation.

2.1.1 Fokker-Planck equation

The Fokker-Planck equation [2.01] is a partial differential equation which
is commonly used in plasma physics to calculate the evolution of a population
of charged particles in time. The full derivation may be found in most plasma
physics textbooks [2.02-2.04] and will not be discussed here. The general form
of the equation is shown in eq. 2.1, where the subscript a refers to the test
particles under study and the sum over the b subscript implies a summation

over all the charged species present in the plasma.
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the mass of a particle of species X,

the charge of a particle of species x,

the number density of species X,

the distribution function of species X,

Planck’s constant,
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Equations 2.1-2.5 can be solved if an accurate model of the slowing down of
fast particles in the plasma is needed. For the purposes of this thesis, a time
dependent solution of the equation is required and this is difficult. Programs to
perform this are available, but are very slow. Approximations and assumptions

can be made to simplify the solution and these are described in the next section.

2.1.2 Single particle approximation

Two assumptions may be made that make the Fokker-Planck equation much
more tractable. The first is to assume that the species which is slowing down in
the plasma can be modelled by an initial distribution function in the shape of a
¢ function. The initial energy of the & function is given by the fusion reaction
under study. This is suitable for modelling the slowing down of a single (test)
particle in a plasma. The second assumption is that the background plasma is
composed of species with Maxwellian distributions, which allows the G and H
functions to be simplified. The derivation is shown in some detail in

[2.04,2.05], but gives a solution in the form of :
——=—v;E [2.6]

where

2m,I, ”bzg In Ay % my N\ v ., v
B = TH NES R =

D(x) = e " du [2.8]

and E

v

Il

the energy of the test particle,

the velocity of the test particle.
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The expression 2.7 is true for a wide range of plasma conditions. In practice,

the conditions normally encountered for MeV charged fusion products are

\4
Ve

2.9-2.11 are then good approximations of 2.6-2.8.

< O.3,—%> 3 which permits a further simplification of @(}c) and the eqs

dE _ - _4p [2.9]

dt \/f

2
nZ
o=181x10"3 A 4)°Z2 E —i’/-!-i [2.10]
b

b

Zzn
p “Tl‘fs [2.11]

a e

f=3.18x10""1n A,

and Ay = the atomic number of species X,

=)
>
]

[

the Coulomb logarithm for collisions between the test

particle and clectrons,

b
!

the electron temperature ( in eV ),

b = the subscript for all ionic species.

The main advantage in using the approximate form of the test particle
equation is that an analytic form for the energy as a function of time is
available, if the o and f terms are assumed to vary slowly with energy and time,

which is usually a valid assumption. The analytic form used is shown in eq 2.12.

2/3
E(t + Af) = [E(t)””-e“ Wy B

2/3
i (e P20 — 1)] [2.12]

This is referred to later in this thesis as the Batistoni form of the slowing

down.
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2.2 Magnetic fields and particle orbits in a tokamak

Knowledge of the behaviour of charged particles in the magnetic field of JET
is necessary for the later chapters. The basic theory of particle orbits in a
tokamak is well known [2.02,2.03,2.06] and so will only be briefly summarised

below.

2.2.1 Basic theory

A charged particle in a magnetic field can be considered to have two velocity
components. One parallel to the field (v)) and one perpendicular to the field
(v.), as shown in fig 2.1a. The pitch angle of the particle is defined as the angle
between the magnetic field line and the velocity vector of the particle, with a
pitch angle of zero implying a particle travelling along the field line. The

particle gyrates at a frequency w; given by:

B
w, = [2.13]
where ¢ = the charge of the particle,
B = the magnetic field strength,
m = the mass of the particle.
The radius of the orbit is also defined as r, = 'EZLT

It can be shown that the magnetic moment of the particle, u (given by
U= —’;szi), is a constant of motion of the particle. Also, particles following the
curved magnetic field in a tokamak experience a drift in the vertical direction.
If the drift is vertically upwards, then while a particle is in the top half of the
tokamak there is a tendency for the particle to drift outwards across the flux
surfaces and to drift inwards when in the lower half. Finally, the magnetic field
strength in a tokamak rises as a particle approaches the major axis of the torus.
These elements of basic theory imply that there are two classes of particle orbit

in a tokamak, passing and trapped. These are explained in the next section.
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A

a Gyrocentre path
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(a) Charged particle
in a magnetic field

Trapped (banana)

Passing orbit orbit

Vacuum
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created on (h)Trapped and passing
orbits in a tokamak

Figure 2.1. Charged particle orbits in a tokamak: Figure (a) shows the
parallel and perpendicular velocity components of a charged
particle in a magnetic field. Figure (b) shows the shape of

passing and trapped gyrocentre orbits in a tokamak.
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2.2.2 Passing and trapped particles

These two classes of orbit are illustrated in fig 2.1(b). A passing orbit usually
follows a flux surface fairly closely. There is a small displacement radially
outwards relative to the flux surface because of the effect of the vertical drift on
the particle. A trapped orbit (also known as a banana orbit) has a very different
shape. The particle may be considered to be born on a flux surface and, like a
particle on a passing orbit, moves in towards the major axis. As it approaches
the major axis, the magnetic field increases. In order to conserve u, the value of
v, increases. Hence, to maintain energy conservation, the value of v, falls until
it reaches zero at the tip of the banana orbit. The particle then starts to move
radially outwards in major radius. The effect of the vertical drift on the particle
is to transport the particle across the flux surfaces. As the average value of v, is
lower in this case than for a passing particle, the effect of the vertical drift is
more pronounced. The time taken to cycle through a whole orbit is on the order

of us for the majority of fusion products.

The banana orbits allow a particle to make a large excursion from the flux
surface of origin and a fraction of these orbits leave the plasma and intersect
cither the vessel wall or the limiters. Any particles on such an orbit are lost from
the plasma. The range of pitch angles from which particles will be lost to the
walls is known as the loss region. The loss region may be reduced by increasing
the plasma current, experimenting with lower energy particles and by generating
most of the fusion products near the plasma centre. For the case of 14.7 MeV
protons, a significant fraction of the particles escape from the plasma, allowing
an escaping proton detector to be used. This detector is described in the next
chapter. For the case of 1.01 MeV tritons, to be discussed in chapter 5, almost
all the tritons are confined, typically only a few percent escaping. The effect of
the loss region may be enhanced by two further effects: pitch angle scattering
and ripple trapping. Pitch angle scattering implies that the pitch angle of the
fusion product changes as the particle slows down in the plasma. In general, this
is quite a small effect until the particle reaches an energy of order 20 times the

plasma ion temperature (expressed in keV). Even then, the fraction of particles
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scattered into the loss region will normally be less than originally present in the
loss cone and can be ignored for the purposes of this thesis. The effect of ripple
trapping is described in [2.07] and refers to the ripple in the toroidal magnetic
field introduced by using a finite number of coils. Particles undergo diffusion
because of the ripple and are lost from the plasma. Again, the impact of this

effect upon the results presented in this thesis is expected to be negligible.

2.3 Fusion product spectra.

For a fusion reaction of the type A(B,C)D the encrgy of the C particle is

given by:
2
. ch mp szmD(Q + K)
E-= 5 +mc+m1) @+ K)+ Vcosef e+ g [2.14]

where Q = the energy released by the fusion reaction,

Vv = the centre of mass velocity,

K = the kinetic energy of the reacting particles,

0 = the angle in the centre of mass frame between the relative

velocity and the fusion product,
m; = the mass of particle i.

For the case of Maxwellian populations reacting in a plasma, it can be shown
that the resultant spectra from eq 2.14 are gaussian in shape with the FWHM
of the gaussian being approximately proportional to the square root of the
temperature of the ions [2.08]. Measurements of the energy spectra of fusion
products can be used to determine ion temperatures for ohmic plasmas.
However for non-Maxwellian distributions the spectra must be found
numerically and the FPS code at JET is used for this purpose [2.09]. The most
important case of this at JET is that of the anisotropic deuterium population
introduced by the Neutral Beam Injection system. Reactions between beam
particles and the background of plasma particles generate neutrons (called
beam-plasma neutrons) with a spectrum similar to that of a plasma with an ion

temperature of 20 keV. In order to analyse discharges with neutral beam
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heating, the effect of this broadening of the neutron spectrum must be
considered.

2.4 Sawteeth

During most discharges at JET, sawtooth activity is present.  This
phenomenon can be observed by viewing the axial electron and ion
temperatures, which are seen to rise for £100-200ms then abruptly crash to near
their original value in ~100us. As the total neutron emission rate is rather
sensitive to changes in the ion temperature profile the effect of sawteeth on the
total neutron emission rate may be pronounced, as shown in figure 2.2(a).
Idealised electron temperature profiles before and after a sawtooth crash are
shown in figure 2.2(b) and it can be seen that the profile flattens at the crash,
redistributing the energy of the plasma. The reason that the electron
temperature profile peaks during the ramp phase is that the effects of plasma
heating are usually strongest on axis. However, the reason for the crash phase
is not understood. It is generally considered to be a relaxation by the plasma
to a lower energy state, although the trigger for it is not known. Several theories
exist, but none are fully satisfactory at the time of writing [2.10,2.11]. The
effect of sawteeth on fusion products will be discussed in the later chapters,
although the effect on the production of 2.45 MeV neutrons has been reported
in detail by other authors [2.12].
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Diagrams illustrating the sawtooth phenomenon: Figure (a)
shows the characteristic shape of the total neutron emission
rate measured during sawtooth activity. Figure (b) shows
idealised electron temperature profiles before and after a
sawtooth crash. The profile flattens and the plasma inside the

mixing radius homogenises.
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3.0 Escaping 14.7 MeV protons

This chapter concerns work performed in relation to the KP2 detector, which
was used to observe escaping 14.7 MeV protons and was operated at JET for
a period lasting from November 1987 to February 1988. The chapter opens with
a brief history of the detection of escaping charged fusion products and an
examination of the environment at JET showing why the 14.7 MeV proton is
the only particle suitable for use with this class of detector. This is followed by

a description of the detector used and the results obtained.

3.1 Introduction

Charged fusion products (CFPs) have been used extensively in the past as a
means of probing magnetically confined plasmas [3.01-3.19]. The basic
principle relied upon is that not all of the CFPs produéed by the fusion reactions
are confined in the plasma and some particles escape to hit the walls of the
vessel. If a wall-mounted detector is capable of measuring the energy of the
charged particles, then information on the nuclear processes occurring inside the
plasma may be deduced. The normal detector used is a silicon surface barrier
diode which is capable of measuring the energy of the charged particles with an
energy resolution of better than 1%. This is adequate for spectroscopy of the
charged particles to be used to determine information on the distribution
functions of the reacting particles. If good collimation is available for the
charged particles, then the paths of the orbits can be traced back into the
plasma to define a small region from which the particles originated. If arrays
of such detectors are employed, or one detector with pitch angle resolution, then

profiles of ion temperature may be deduced. The detector used at JET was
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constructed primarily to study the distribution function and spatial variations

of RF heated ions.

Escaping CFP diagnostics have proved to be extremely useful on machines
smaller than JET. However, at JET there are serious problems of
implementation. As shown in Appendix A ( Table 2 ), the region from which
CFPs can escape is small for normal JET discharges. Combined with the fairly
peaked CFP birth profiles, this means that the escaping fusion products such
as 1 MeV tritons or 3 MeV protons must be born near the edge and only a few
percent of the total production will escape from the plasma. For a fusion
product to have a high probability of escaping when emitted from the centre of
the plasma, a much larger energy is required and the 14.7 MeV proton from the
D(3He,p)*He reaction is the best candidate. This conclusion is strengthened by
the fact that silicon diodes operating near the JET vacuum vessel are sensitive
to the low energy neutrons and y rays, which produce a low energy background
in the spectrum, making observations on charged particles with energies less

than 6 MeV very difficult.

The first escaping proton detector at JET (KP1) was built and operated in
1985. It was intended for the study of RF heated populations of 3He or
deuterium, as the proton spectra reflect the energy distribution of the ions
involved in the reaction. This role has since been taken over by studies of y rays
emitted from fusion reactions [3.20]. It was operated successfully and much
useful information was obtained. It produced certain results which required
further investigation. The most important of these was the appearance of dips
in the detected proton signal, as shown in fig. 3.1, which could not be explained
satisfactorily. In order to investigate this and to extend the observations made
with KP1, an improved detector (KP2) was constructed and installed at JET.

The next section describes the detector and its operation.
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Figure 3.1. KP1 signal showing dips: Data obtained with the original

14.7 MeV proton spectrometer indicated the existence of dips
in the proton emission rate correlating with the sawtooth
crashes seen on other diagnostics. The cause for these dips was
unknown and part of the motivation for building KP2 was to

further characterise them.
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3.2 Detector design

The major problems in the use of a silicon diode near the plasma relate to the
temperature of the diode and the vacuum conditions. Silicon diodes operate at
temperatures less than 20°C and require the temperature to remain constant for
best results. The vacuum vessel into which the KP2 assembly is mounted, fig.
3.2, is at a temperature of &~300°C under normal operating conditions; hence,
the device must be cooled. Water cooling was adopted. The inside of the KP2
tube also had to operate at a good vacuum, as the torus was separated from it
by a 20um thick stainless steel window and the diagnostic had to be designed
so that it would not affect the torus vacuum in case of window failure. One of
the consequences of the vacuum restriction was that a number of insulators,
required to reduce the heat conduction from the vacuum vessel to the diode, had
to be made out of ceramic materials. Unfortunately, ceramic materials tend to
shatter when subjected to violent impacts and the failure of several of these
ceramic components led to operational difficulties and the eventual demise of

the diagnostic.

The lower end of the KP2 tube is shown in fig 3.3. The important features

incorporated into the design are:

® Adjustable collimator. A rotatable cylinder surrounded the detector mounts.
This cylinder had a range of collimators ranging from 0.3mm to 8mm in
diameter built into it, any of which could be used to collimate the proton
flux at the diode. The advantages of this system were twofold. Firstly, the
variation in collimator size allowed the proton events at the diode to be kept
to a level which the electronics were capable of handling. Secondly, by
altering the position of a collimator relative to the centre of the diode,
particles from different regions of the plasma could be detected, hence
allowing the measurement of profiles if the discharges used were

reproducible adequately.

® Two silicon diodes. These were lithium drifted silicon diodes with a surface

area of 100 mm? and nominal depletion layer thicknesses of 2500um,
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Figure 3.3. Detailed view of the end of the KP2 detector
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sufficient to stop 20 MeV protons. One diode was open to the plasma, and
protons interacted with this diode. The second diode was not open to the
plasma, hence the only events detected by this diode were those attributable
to interactions with neutron scattering and y rays. The intention was to use
the second diode to correct for background, although in most cases the
proton signal was of sufficiently high energy to be easily distinguishable

from the background.

¢ Preamplifiers. In order to obtain good energy resolution, the signal from
each diode was put through a preamplifier, located as close as possible to the
silicon diode to reduce distortion in the signal. The preamplifier operated
with a 2us time constant, limiting the total count-rate to 20 kHz before dead

time corrections became significant.

The electronics used to process the signals from the diodes are shown in
fig. 3.4. The pulser was used to monitor the stability of the system when the
count-rates became high, as the pulser peak broadened due to pulse pile-up and
the observed pulser peak count-rate decrcased due to dead-time cffects. By
observing the pulser peak the effect of the broadening and the count-rate
corrections for dead-time could be evaluated. A typical spectrum produced by
the system is shown in fig. 3.5 where the proton peak, pulser peak and the low

energy events due to neutrons and y rays are shown.

One of the major problems in operating KP2 was the background of low
energy cvents, as they constituted the majority of the signals in almost every
discharge. These signals appeared whenever the neutron yields were high; for
neutron emission rates in excess of =105 s-1, the low energy event count-rate
exceeded 20 kHz and caused deterioration of the 14.7 MeV proton signal. The
KP2 detector worked best for low current discharges with 1-2 MW of RF
heating as large numbers of protons could escape from the plasma without the
total count rate limit of the detector being exceeded. This is a regime in which
JET operates rarely and it is for this reason that although approximately 2000

discharges were observed, very few gave results which could be analysed.
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Figure 3.4. Pulse processing electronics used for each diode in KP2.
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Figure 3.5. Typical energy spectrum from KP2 detector: The spectrum
has been obtained by integrating over an entire discharge. The

size of the energy bins is 89 keV.
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In order to reduce the heating of the diode by the current passing through it,
the voltage on the diode was increased to the operating value just before a
discharge and was reduced to 50V just after a discharge. The 50V bias voltage
was maintained to reduce the effects of radiation damage on the diode, as
previous diodes had shown severe degradation of performance when left
unbiassed after exposure to neutrons. This operation was originally performed
by hand, later it was automated. The diode performed well initially, until a
disruption shattered some of the ceramic insulators, the remains of which fell
into the collimator mechanism causing it to jam. After this point the rotation
of the collimator became difficult, depending upon disruptions to jerk the
collimation cylinder above the ceramic fragments. This method did not allow
any great precision in the positioning of the collimators, so that the planned

scans through pitch angle were not performed.

After a shutdown, the shattered pieces of ceramic were removed and the
insulators replaced with a more robust structure composed of ceramic and
aluminium oxide. Then another disruption shattered the ceramic piece used as
an insulating section of the water cooling. This ceramic insulator was necessary
as the metal water pipes had to be electrically insulated from the diode and
associated electronics inside the KP2 vacuum tube. When this broke, the water
leaked out and caused damage although, fortunately, the thin window to the
plasma did not rupture. After this, the probe was removed from the machine
and has not been rebuilt because, simultaneously with this failure, access to the
torus was severely restricted as an administrative action to encourage the
development of systems which will function unattended for long periods of time,
as will be essential during the D-T phaée of JET operations. As KP2 required
considerable maintenance, this effectively stopped further work. Fortunately,

KP2 had already provided answers to the questions left over from KPI.

3.3 Data Analysis.

In order to perform an accurate quantitative analysis of the escaping proton

data, a code is required to track the orbits of all the particles reaching the silicon
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diode through its collimator, showing which regions of the plasma the protons
may have come from and what the detection efficiency of KP2 is for these
regions. Such a code has been installed at JET, but at the time of writing the
results from it are not consistent with reasonable expectations. Until this is
rectified the code cannot be used as a working tool; consequently, thé results
presented here are qualitative and preliminary. When the orbit-following code
is improved, the analysis will be repcated. Fortunately, a code which calculates
the orbits of single particles in the JET magnetic field is available and this can
be used to estimate roughly the region of the plasma where detected protons
originated from. This is performed by starting a few protons at the detector
surface, with pitch angles appropriate to pass through the collimator, and
tracing their orbits backwards in time, estimating by eye the minimum minor
radius (at which the emission is supposed to occur). This should give the
location of the region to which the detector is most sensitive to an accuracy of

approximately +20cm.

The first topics to be discussed arc the three routes for the production of

14.7 MeV protons. The three prescriptions are:

e Maxwellian deuterium + Maxwellian 3He (at the same temperaturc),
e Maxwellian deuterium + 3He produced from D-D reactions,

e Maxwellian deuterium + RF heated 3He.

These represent the three general classes of proton production, although the last
could be expanded by including the possibility of RF heated deuterium in a
3He plasma. The spectra of 14.7 MeV protons produced from each route are
different, as illustrated in fig. 3.6, although the difference between the spectra
from production routes 2 and 3 is small. The peak of the reactivity occurs near.
600 keV (fig.3.7), hence the bulk of the reactions occur near the peak of the

reactivity and the proton energy spectrum reflects this.

The spectrum of protons produced from Maxwellian populations of

deuterium and 3He is approximately gaussian in shape and the width of the
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Figure 3.6. 14.7 MeV proton spectra from three production routes: The
three spectra were calculated using the FPS code [3.21].
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Figure 3.7. Reactivity for D-Helium 3: The reactivity is for a projectile

3He nucleus passing through a cold deuterium plasma
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gaussian gives the temperature of the ions [3.21]. The temperature of the
plasma can be measured this way, although the associated errors are rather
large because the width of the gaussian spectrum of the protons is similar to the

resolution of the instrument. The formula used is :

2 2
T, = .E/_:E& [3.1]
182
where T; = the derived ion temperature in keV,
w = the measured FWHM of the proton peak in keV,
R = the measured detector resolution in keV. .

The FWHM of the proton peak is measured by fitting a gaussian to the proton
peak. The detector resolution is measured by fitting a gaussian to the pulser
peak and measuring its FWHM. The pulser has an intrinsic width much
narrower than a single channel of the spectrum, hence any broadening is due to
the detector resolution. A spectrum where this can be used is shown in figure
3.8, where a discharge that had a large quantity of 3He present was observed.
From this spectrum, W=4774+40 keV and R=28046 keV, which gives an ion
temperature of 4.5+0.8 keV, a value roughly consistent with the X-ray crystal
spectrometer value of 4.0+0.5 keV for this discharge. The problem with this
kind of measurecment is that the exact location of the ion temperature measured

on the radial profile is not known accurately and that it is not very accurate.

The other use for the peaks observed from route 1 is to calibrate the energy
scale of the detector, as the energy of protons from the plasma will be simply
their birth energies less the energy lost in passing through the thin window in
front of the diode. By assuming that channel l\corresponds to 0 keV and
correcting the proton energy for the energy lost in the thin window, 0.5 or
1.5 MeV depending upon the window used, a reasonably accurate energy

calibration can be obtained.

One of the principal aims of the KP2 detector was to study sawtooth activity.

A series of discharges with plasma current 3.5MA and toroidal magnetic field
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3.5T have been examined in detail as these demonstrated a marked dependence
upon the sawteeth. The discharges were mainly deuterium, with a minority 3He
component used for the RF heating. The RF powers were 1-2 MW and ﬁg 3.9
shows the proton count rate from the KP2 diagnostic during a typical discharge.
The large spikes commence at the time of the sawtooth crash and last for
typically 30-40 ms. If the proton spectra between spikes are compared to the
proton spectra during spikes, then the spectra are seen to be similar (fig. 3.10)
but, as the number of counts in the between-spikes spectrum is small, the details
of the spectrum cannot be resolved. Further comments are: (i) that the width
of the proton spectrum appears to be dependent upon the RF power input to
the plasma and (ii) that full orbit code calculations show that the centre of the

plasma cannot be observed with KP2.

The following model is suggested to account for these observations. The
3He population develops a high energy tail during RF heating. Most of the
energy is deposited near the centre of the plasma with a much lower amount
deposited in the region accessible to KP2. At the crash phase of the sawtooth,
the high energy 3He near the plasma centre is displaced and during the mixing
phase becomes more homogeneously distributed, populating the region of KP2
sensitivity. After the sawtooth crash, the 3He slows down to thermal energies,
as the RF power required to maintain the population at high energy is not
available in the KP2 detection region. The slowing-down time of the ions should
define the duration of the spike. In order to account for the spectrum of the
protons increasing in width as the RF power is increased, the average energy

of the deuterium and 3He reactants must also increase.

This simple model accounts qualitatively for the features observed and can
be tested by simulating the slowing down of populations of 3He in the plasma
and comparing the calculated proton production rate with the observed proton
detection rate. This has been done using a variant of the TRAP-T code ('a code
described in more detail in chapter 5 ); the results of the comparison are shown
in fig. 3.11. The duration of the spike does appear to be consistent with the
slowing down time of a modelled population of RF heated 3He. However, the

position of the region sensitive to KP2 is not well known and only a rough
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Figure 3.9. Time correlations during sawtooth activity
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Figure 3.10. Proton spectra during spikes and between spikes: Each
spectrum is obtained by summing a number of 50ms spectra
acquired during one 2 second period of RF heating. The
spectrum between spikes has poor counting statistics, but
appears to be as wide as the spectrum produced during

spikes.
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estimate has been made of its location. As the electron temperature varies fairly
rapidly across the plasma, this imprecision means that the selected value of T,
may be very inaccurate. The energy distribution function of the 3He was

assumed to be of the form :

E
18 = gy exol —— ) [3.2]
tail
where fo = a normalisation constant,
E = the energy of the 3He,
T.: = the tail temperature.

This form is fairly widely used, but may well be inaccurate. A tail temperature
parameter of 50-200 keV fits the observed duration of the spikes. This should
be taken simply as indication that the spike duration could be consistent with

the slowing down of the population.

From these observations it is possible to rule out some models of the spikes,
such as the possibility that they were due to trapped 14.7 MeV protons being
displaced from the plasma centre; this would require the pitch angle of the
protons to alter during the displacement as a mere displacement causes few
particles to become untrapped because of the slow increase in the size of the loss
cone with minor radius. This cannot be a significant contributor as the protons
should be lost on the timescale of 1 banana orbit, a few us, whereas the observed
time scale was of the order of 10-50 ms. If present, they would also be expected
to have an cnergy spectrum downshifted in energy from the normal

between-spikes spectrum and such an cffect is not observed.

These measurements also provided the solution to the strange phenomenon
of the dips in the proton emission rate at sawtooth crashes (fig. 3.1). It appears
that the dips were due to massive spikes of protons being emitted by the plasma,
the induced charge pulse in the silicon diode being sufficient to reduce the bias
voltage across the diode for a short period of time. The effect on the diode is
to reduce the width of the depletion layer of the detector, greatly reducing the
pulse height due to protons. Hence, no signal was detected until the diode
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Figure 3.11. Proton emission from thermalising Helium-3: The time
evolution of an RF heated population slowing down is
modelled for different tail temperatures and the proton
emission rate compared with that observed from the plasma.
A tail temperature of 50-200 keV is deduced.
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current returned towards normal. It appears that the time constant for this must

have been some 10’s of milliseconds.

When the code to calculate the detector efficiency becomes fully operational,
a better analysis of this will become possible. However, even then there will
remain certain pieces of information which will not be available so the improved
analysis will still have large error bars. One of the principal areas of uncertainty
concerns the distribution function of 3He at the moment of the sawtooth crash,
as this is needed in order to model the slowing down of the RF heated 3He in
the outer regions of the plasma. The distribution function used can be checked
for consistency with the proton spectrum measured during the spike. However,
this is of limited utility as the spectrum should change significantly during the
spike for the low power RF shots under examination here. A further problem
is the absolute concentration of 3He in the plasma. No accurate measurement
of this is made routincly at JET; only crude estimates of the 3He concentration

can be made from the gas inventory of the discharge.

3.4 Conclusions

14.7 MecV protons have been detected escaping from the JET plasma for
discharges with low current (<3.5 MA) through the use of a silicon surface
barrier detector system mounted near the plasma. The diagnostic was fragile
and suffered damage which reduced its effectiveness and eventually destroyed
it. Whilst operational, spikes correlated with sawtceth were observed; these have
been shown to be due to the displacement of RF heated 3He from the centre to
outside the inversion radius and into the KP2 region of sensitivity. The dips in
the proton trace which caused interpretation difficulties with the original proton
detector were found to be due to the diode effectively being switched off during

times of intense proton detection.

For the immediate future, KP2 is not likely to be replaced, unless the main
thrust of the JET program changes from producing high current, high neutron

yield discharges. If such a turnabout did occur, then perhaps KP2 could be used
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more effectively. The code to evaluate the detector efficiency must be improved
in order for quantitative results to be obtained. Future versions of the escaping
proton detector would require the ceramic breaks in the cooling lines to be more
robust as their failure caused the end of the probe’s operations. However, the
recent addition of restraints to the vessel should reduce the effects of disruptions
on the detector so it may be possible to achieve the required increase in strength

of the ceramic breaks without great difficulty.

For the D-T phase of JET, an escaping « particle detector will be useful, but
a different design from the present escaping proton detector is needed, as the
radiation damage to silicon diodes mounted near the wall would be too severe
to allow operations for any length of time and the preamplifiers could not be
located near the diode. Plans are being made for a form of Faraday cup to be
installed instead. This has the advantage of being very radiation resistant, but
requires currents of the order of nA to be detected in an electrically noisy area.

Further details can be found in Appendix A.
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4.0 2.45 MeV neutron emission profiles

The primary use of neutrons for diagnostic purposes has been the monitoring
of the fusion reaction rate [4.01-4.03] and to a lesser extent, the calculation of
peak ion temperatures. These relied upon measuring the total neutron emission
rates from the plasma and such information is obtained at JET primarily from
the fission chamber system, KN1 [4.04-4.05]. Neutron emission profiles provide
more detailed information on the fusion reaction rates in the plasma and could
be used to measure accurate temperature profiles under appropriate
circumstances. The neutron profile monitor at JET has been designed to
perform this task and this chapter is concerned with the interpretation of data

from it.

4.1 Neutron profile monitor, KNN3

This section discusses the KNN3 design and its limitations, because in order to
understand fully the software developed and the results obtained, an

understanding of the hardware is essential.
4.1.1 Neutron detection and collimation

The neutron profile monitor is shown in fig. 4.1. It consists of two fanshaped
collimator arrays, one mounted on the horizontal midplane and the other above
the vessel. The collimators are made from mild steel and are surrounded by a
high density ( px3.4 g cm-3 ) concrete neutron shield. The horizontal array has
10 lines-of-sight and the vertical has 9. The dimensions of the collimators are

individually known and can be altered by the addition of stainless steel inserts
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placed at the entrance and exit points of each channel, altering the neutron
fluxes at the detector by up to a factor of 25. Up to the present time the inserts
have been mainly used in the horizontal array, although for the most recent
discharges inserts have been used in three channels of the vertical camera. The
collimator arrays have been positioned carefully and the location of each is
known to an accuracy of a few millimetres and the orientation to better than a
. tenth of a degree. This is important as small errors in the positioning of the
collimator arrays can lead to large errors in the estimation of the position of the

centre of neutron emission.

The detectors are located at the end of the lines-of-sight through the concrete
shield and a more detailed diagram of their housing is shown in figure 4.2. The
neutron detector is a 19.6 cm3 volume of NE213 organic liquid scintillator,
commonly used in neutron studies. This scintillator is used as it offers the
possibility of discrimination between events due to y rays and those due to
neutrons, moderate energy resolution ( =3% ) and the capability of operation
at high count-rates. The light pulses from the scintillator are detected using a
photomultiplier tube, the signals from which are passed down approximately 63
metres of superscreened cable to the detection electronics in the diagnostics hall.
The photomultipliers are triple screened against magnetic fields because the
stray fields near the detectors can reach up to 0.1 -Tesla; a residual field of
10uT is enough to have a detrimental effect upon the performance of the

photomultiplier tubes.
4.1.2 Signal processing and corrections

The signals from each photomultiplier tube are processed by a modified Link
5020 pulse shape discriminator , PSD, [4.06], the pulses corresponding to
proton recoil energies between 2.0 MeV and 3.5 MeV being counted. The PSD
also monitors its live time ( the fraction of all time that the PSD is available to
process pulses ), the number of 7 ray events with energy in the range
0.7-1.4 MeV and the number of neutron events with energy higher than

3.5 MeV. The signals from the PSD are sent to latching scalers and then stored
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VERTICAL CAMERA

HORIZONTAL CAME=A

Figure 4.1. Neutron profile monitor, KN3: KN3 consists of two cameras
positioned as shown above. The 19 lines-of-sight cover almost
all the plasma, but with spatial resolutions of 18 and 22 cm for

the vertical and horizontal cameras, respectively.
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Figure 4.2. Neutron detector housing: The triple magnetic shiclding is

necessary to protect the PM tube from the large fields near the

torus.
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on the JET computer system. The PSD is capable of operating at total rates of

up to 1 MHz with reasonable accuracy, corresponding to a 2.45 MeV neutron

count-rate of a few hundred kHz, allowing good time resolution to be obtained.

The data are stored in the JET pulse file (JPF) in the form of a number of

counts per time bin. Before analysis of the data is possible using physics

codes,the raw data must first be converted into units of neutron brightness. This

is performed by software, supplied with the KN3 hardware, which corrects the

data for the following:

y ray counts from the built-in 200 nCi 22Na sources used for estimating
efficiency of each detector have to be subtracted from the y ray data.

The efficiency of each detector. This is typically 3%, but is measured prior
to each shot by observations of the count-rate from the attached 22Na
source. This implies that the efficiency has a random error given by the
square root of the number of 22Na events detected, which typically gives a
2.2% random error. Unfortunately, the calculation of the efficiency
increases the error to 7.6% per channel. This means that on average, 6-7
channels are 7-15% in error and 1-2 channels may be wrong by 15-23%.
This could be improved by increasing the activity of the 22Na sources used,
or calculating the efficiencies by summing over a number shots, but at
present it forms a limit on the accuracy attainable with the neutron profile

monitor using the present correction software.

The live time of each detector/PSD combination. This correction does not
usually rise to more than 30%, except for discharges with unusually high
count-rates with no inserts inside the collimators, or at the moment of

disruption for some discharges.

Cross-talk between detector channels. There exists the possibility that
neutrons from one channel may be scattered into a neighbouring channel.
The effect of this is small, measured to be less than 0.3% with an Am-Be
neutron source, but necessary to take into account as the count-rate

difference between channels can sometimes be large enough to cause an
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observable increase in the count-rate in the channel with the lower

count-rate.

¢ Solid angle effects. After correcting for efficiency and live:time, the neutron
flux at the detector has been obtained. The solid angle correction is derived
from the geometry of the collimators and is used to transform the flux into
the specific intensity of neutrons (henceforward called the brightness). The
rcason for using a brightness is that it makes comparisons of the
experimental data with modelled neutron emission profiles much easier as
only line integrals through the plasma have to be evaluated instead of

volume integrals.

e Attenuation and collimator scattering effects on the ncutron signal. The
ncutron brightness of the plasma as scen by a line-of-sight is reduced by the
materials between the detector and the plasma. The effect of the
intermediate material has been calculated; the attenuation is typically 25%
for the vertical camera and 15% for the horizontal camera. The effect of
neutrons scattering from the walls of the collimator into the detector is also
considered. Both effects are corrected for simultancously, being calculated

by the same neutron transport model.

e Back-scattered neutrons. The backscattering effect is illustrated in fig. 4.3,
where neutrons from the bulk of the plasma are shown scattering off the
vacuum vessel wall and into the line-of-sight of one of the KN3 channels.
The number of neutrons scattered into ecach line-of-sight is nearly a constant
multiplied by the total neutron yield, with only a slight dependency upon the
plasma position. The flux of ncutrons scattered into cach line-of-sight has
been estimated to be typically 2-3% of the total flux observed on the central
channels [4.07], which corresponds to 50-100% of the flux in the outermost
channels, depending on the type of discharge. The effect of this is considered

more carefully in the section 4.3.4.

The corrections are all required in order to obtain the absolute neutron

brightness for each channel. The estimated relative uncertainty between two
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into the KN3 detector
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Solid angle of KN3 channel

4 I
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Inconel vacuum vessel

eutron path
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Figure 4.3. Diagram illustrating neutron backscatter process: Neutrons
from outside the line-of-sight of the KN3 channel may interact
with the vacuum vessel walls and be scattered into the KN3
line-of-sight. This is an important effect as 25-100% of the
events detected in the outermost channels may be due to

backscattered neutrons.
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channels is estimated to be no greater than +10%. The accuracy of the absolute
calibration of the neutron profile monitor 1is thought to be approximately
+20%. ’

4.1.3 Summary.

The neutron profile monitor measures the neutron brightness along 19
lines-of-sight to an accuracy of ~+15%. Neutron profile monitor data are
available on most shots from 10582 onwards. This diagnostic has been
thoroughly tested. The ncutron brightnesses form the input to the interpretation

code described in the next scction.

4.2  Analysis of the KN3 data

The neutron brightnesses need to be further processed in order to obtain
useful plasma information. The normal procedure involves deriving the two
dimensional neutron emissivity function in the poloidal plane. There are
currently 4 methods available to perform this at JET, namely: Cormack
tomography, constrained tomography, generalised Abel inversion and a simple
curve fitting technique. The first two are capable of fitting the data from the
neutron profile monitor exactly, but have a tendency to generate fitted surfaces
which make little physical sense, such as surfaces containing regions of negative
neutron emissivity. By smoothing out the input data to some extent, the fitted
solutions are more physical but are no longer very close to the original data. The
third and fourth methods use flux surfaces supplied by magnetic equilibrium
codes and assume them to be surfaces of constant neutron emission. The third
mecthod- smoothes the data and then derives a unique neutron emission profile,
whereas the fourth method finds the best fitting curve gencrated by an
analytical source function with a small number of free parameters. The fourth
method, using the program called ORION, is the one described in detail in this
section. It was originally intended for a simple comparison between the neutron
emission profiles which are assumed in the code TRAP-T ( described in chapter

5 ) and the observed ncutron emission profiles. It has since grown into an
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analysis tool in its own right ( and is also used to estimate correction factors for

other neutron diagnostics.)

4.2.1 Neutron source model used in ORION

The ORION code assumes that the contours of neutron emissivity in the JET
plasma are described by the magnetic flux surfaces produced by the IDENTC
or FAST magnetic equilibrium codes. These produce flux surfaces with the

Lao-Hirshmann formalism, given by the parametric equations:

R = Ry(x) + ax cos y + R,(x) cos 2y [4.1]
Z = E(x)(ax sin y — Ry(x) sin 2y) [4.2]
where Ro(x) = R coordinate of magnetic axis of each flux surface,
E(x) = Ellipticity of each flux surface,
Ry(x) = Triangularity of each flux surface,
a = Minor radius of outermost flux surface,
X = Normalised minor radius, 0 < x <1,

= Parameter such that 0 < y < 2=x.

The centre of the plasma is estimated to be known to an accuracy of +7 cm,

although the edge regions are thought to be known more exactly.

ORION uses 40 flux surfaces to model the plasma, with the intersections
between the flux surfaces and the horizontal midplane being equally spaced.
The sensitivity of the code to variations in the number of flux surfaces used has
been tested and, even for highly peaked neutron profiles, the 40 flux surface
prescription agrees well with versions of the code using up to 160 flux surfaces.
Between each pair of adjacent flux surfaces, the neutron emissivity is assumed
to be a constant given by the source function used. A variety of source functions

are available to model the plasma and are detailed in Appendix B.
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4.2.2 Neutron profile monitor model used in ORION

Each channel of the neutron profile monitor is modelled by 9 elements, as
illustrated in fig 4.4. As the collimators are typically 40 times longer than they
are wide, the approximation that the brightness of a single channel is given by

eq [4.3] is valid.

9
z elemental brightness;

Brightness = += 5 [4.3]

It is necessary to use multiple elements per line-of-sight in order to model the
large angles subtended by the neutron profile monitor channels, as shown in fig
4.5. In practice, this only introduces errors in regions where the second
derivative of the neutron source profile with respect to minor radius is high and
this implies that only very peaked discharges cause problems. The absolute
magnitude of the effect is shown in figure 4.6, where the difference between
calculations utilising only one element per line-of-sight and calculations madce

with more elements are shown.

The code calculates the distance between intersection points for each
elemental line-of-sight and every flux surface. These values are stored in a
matrix and used in the calculation of neutron brightness for each line-of-sight,
as this is defined simply as the line integral through the plasma for each
clemental linc-of-sight. Hence, when calculating the response of the ncutron
profile monitor to a necutron emission profile, all that is required is a matrix
multiplication of the matrix containing the simulated source profile with the
matrix containing the intersection data, which allows the minimisation routine

to operate quickly.
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Figure 4.5. Divergence of collimation in plasma: Although the collimators
used are 1 metre long and only up to 4 cm wide, the divergence

causes an important error, as the plasma can show wide

variations in neutron emissivity across the width of such a

beam.
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Comparison of line integrals evaluated using different numbers

of elements: The deviation of the nine element collimator
model from the one element model is shown as a function of
the peaking factor of the source function. The deviation peaks
where the second derivative of the neutron emissivity peaks.

Note the different ordinates for the two graphs.
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4.2.3 Profile fitting

The fitting functions have between 1 and 9 free parameters, although usually
only functions with 5 or less are used. After the modelled response of the
ncutron profile monitor to a neutron source profilec has been calculated, the

minimisation parameter x2 is calculated as shown below:

== | [4.5]

where O, = the observed ncutron brightness of KN3 channel i,
G = the calculated neutron brightness of KN3 channel i,
W; = the weight given to KN3 channel i in the fit,
& = the fractional error on KN3 channel i.

This defines a weighted minimisation parameter, as experience with the code
has shown that the fitted functions appear better when a weighting function of
a similar shape to the observed neutron brightness is used. In theory, this should
not be necessary as the errors on each channel should give rise to an effective

weighting of a similar shape, but the errors on each channel are defined to be:

= (0.1 + % [4.6]

where & = fractional error on channel i.
0.1 = the error on the calibration of channel i,
N; = the number of neutron events in channel i.

In practice, ¢ is usually nearly equal to 0.1 as the number of neutron events per

channel is normally numbered in the thousands.
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x? is minimised with respect to the free parameters of the selected fitting
function and the results are displayed. There are a wide number of options
available to the user of the program to improve the quality of the fit achiéved;
for further details see appendix B. The only one that will be elaborated upon
here is the option allowing the user to fit neutron emission profiles where the
total neutron yield is a free parameter and is not constrained to be equal to that
measured by the fission chamber system, KNI1. This option is useful as the
absolute calibration has an uncertainty of some 20% and so it seems likely that
the best possible fits will be achieved with the ratio of the neutron profile
monitor yield and the fission chamber neutron yield ( this will be called the
KN3-to KNI ratio ) not equal to 1.00. Instead, the KN3 to KNI ratio would

be expected to be a constant of the system, valid for all operating conditions.

4.2.4 Using the source profile

The ORION code calculates the neutron source profile that best fits the
neutron profile monitor data. After this, the neutron source profile is used to
calculate the ion temperature profile and certain correction factors for different
neutron diagnostics. The ion temperature profile is obtained by assuming the

following:

® The deuterium density profile is known. There are various deuterium density
profile parameterisations available to the user of ORION. The simplest use
the approximation that the np/n, ratio across the plasma is constant. The
next problem is to select the most appropriate of the 5 available electron
density profile parameterisations. The charge exchange recombination
spectroscopy (CXRS) diagnostic produces an np/n, ratio which is not
constant across the plasma, which adds another 5 possible profile
parameterisations. ( However, the CXRS diagnostic is only operational
during NBI heating.) The evaluation of the ion temperature depends weakly
on the deuterium density used, as the formula for the production of

2.45 MeV neutrons for Maxwellian plasmas is given by:
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where S
np

<oV >

where )

{
T

n,z) <ov>
S=— [4.7]
2
the 2.45 MeV neutron emission rate,
the deuterium density,

the reactivity for the D(D,n)3He reaction and is given

by eq [4.8] from ref [4.08]:

<ov>=P0 /% exp — 3¢ [4.8]
T

T+ PT?
1+ T(Ps— Py’

— , /24644
6 ?

the deuterium temperature in keV,

Py= 5574 x 10-15,
P,= 3.329 x 103,
Py= 2949 x 10-3.

e The fraction of necutrons produced by non-Maxwellian decuterium

distributions, such as beam ions of RF heated ions, is a constant (which is

sct by the user) times the local neutron emission strength. Obviously, there

is no problem when the plasma under investigation is ohmic, or has low

power RF heating. However, this assumption is not very good when neutral

beam heating is used, as the deposition profile of the beams and subsequent

beam-plasma neutron emission are not well accounted for.

If eq [4.7] is used to find the ion temperature, the dependence upon the

deuterium density goes as T; o np®3-%¢ for the temperature range 3 keV < T,

< 20 keV. Hence, the uncertaintics of 20-40% on the deuterium density profile

give uncertainties of 10-20% on the ion temperature profile. This is a reasonably

accurate technique for measuring the ion temperature profile.

The deduced source profile is frequently used to calculate corrections to other

neutron diagnostics for the position of the plasma. There are four diagnostics

2.45 MeV neutron emission profiles
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for which corrections are calculated: the fission chambers (KN1); the activation
system (KN2); the time of flight spectrometer(KM3) and the torus hall 3He
spectrometer (KM1). The models used to calculate the corrections for each case

will be described next.

4.2.4.1 KNI correction

The fission chambers have been absolutely calibrated in the past through the
use of a strong neutron source moved around the inside of the JET vacuum
vessel and the efficiency of each fission chamber measured at each point
[4.09]. A consequence of this calibration was the production of a model through
which the change in the calibration constant of a toroidal ring source of
neutrons due to a change in its major radius or distance from the midplane

could be calculated and using the formula in eq 4.9:

4.24911x107'7¢(464 — R + Z%
{UR + V}{W — X\/640R — R?— 79296 }{464 — R}?

C= [4.9]

where C =the correction to the KNI calibration,
R =the major radius of the ring in cm,
Z = the distance above the horizontal midplane in cm,
U = 6.19 x 107, '
Vv = 5.94 x 1017,
W = 3.60 x 106,
X = 1006.58

By subdividing each of the 40 flux volumes used in the code into 150 smaller
ones ( fig. 4.7 ) and approximating each small volume as a ring source located
as shown in fig 4.7, the variation of the KNI ecmission rate due to the source
profile can be evaluated by adding up the contributions of each small area
weighted by its ncutron source strength and normalised to the original total
neutron emission rate. The neutron emission rate at each point on a ring is

assumed to be constant (ie. toroidal symmetry is implicit).
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Figure 4.7. Diagram of the regions used to model the KN1 correction: The
picturc shows an enlarged view of the flux surfaces rendering

the small regions used in the KN1 and KN2 corrections visible.
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This is used as a standard correction to the total neutron emission rate. For
most plasmas the correction is upwards by 8%, although the range of observed
correction values is 3% (for a pellet discharge) to 16% ( for a supershot
discharge). Certain difficulties arise when using this correction with the KN3 to
KNI ratio set to 1.00 and not a free parameter, as the KNI correction is
calculated after the profile is derived. The effect of changing the total ncutron
emission rate will cause a different profile to be produced by ORION, but this
change is usually very small, typically 1-3% variations in the values of the
fitting parameters being observed. As the effect is so small, the ORION code
does not iterate to a self-consistent solution. For the case where the KN3 to
KNI ratio is a free parameter, the KNI correction is assumed to be part of the
KN3 to KNI ratio found by the fitting routine. Hence, the true KN3 to KN1
ratio may be found by dividing the fitted KN3 to KN1 ratio by the calculated

KNI1 correction factor.

4.2.4.2 KN2 correction

The activation of foils placed near the vacuum vessel is discussed in more
detail in chapter 5. There is a correction to be made due to the deviation of the
real plasma from the plasma modelled in the neutron transport calculations and
this can be modelled by ORION. The plasma is divided up as before into 6000
small volumes and a ring source model used to calculate the variation in the foil
activation yields. The ring source model is an extension of one used by Nicola
and Pedretti [4.10] and is illustrated in figure 4.8. The neutron flux is calculated
for each ring source by assuming that the only obstruction to the neutrons is the
central column of JET, which is represented as a neutron opaque column of

radius 1.49 m. This is given by:

by

[
exp(—— ad
S )Lcos@)
F= e > [4.10]
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Figure 4.8. Model used to simulate the ring source for KN2 correction
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where S = the neutron emissivity per metre of the ring,
l = the thickness of the vacuum vessel, ~32+4 mm,
A = the attenuation length for 2.45 MeV neutrons-in the

vacuum vessel, ~32 mm,
0 = the angle between the normal of the vessel at the

irradiation end and the line to the ring element at ®.

The correction factor, f, is then defined as

Y .
F reference
3 reference Y

where Y = the true neutron yield from the plasma under test,

Yiefrene = the true neutron yield from the plasma model used
in the neutron transport calculations,
Freerence = the flux from the plasma model used in the neutron

transport calculations.

The model used in the neutron transport calculation is described in ref. [4.11].
The correction factor calculated here assumes that the only events detected at
the irradiation end are due to virgin neutrons, ie. neutrons which have not been

scattered. This is valid for activation materials with a high threshold energy.

4.2.4.3 KM3 correction

The KM3 diagnostic location is illustrated in fig. 4.9. The line-of-sight of the
diagnostic is essentially a parallel beam, the width primarily being defined by
the precollimator positioned on top of the vacuum vessel. This is modelled fairly
easily by 27 equally spaced lines-of-sight, the exact position of the first and last
being determined by the precollimator, fig. 4.10. The neutron brightness
averaged across the beam is then calculated and this quantity can be used in
comparisons of the total ncutron yield of the plasma with the number of
neutrons detected by the KM3 spectrometer, in order to check the linearity of
the system. The neutron energy spectrum observed by the KM3 spectrometer

can also be simulated, using the ion temperature profile calculated previously
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and the fact that the spectrum from a Maxwellian plasma is well known
[4.12]. The calculated spectrum is then analysed in the same manner that a real
neutron spectrum would be analysed. Spectra from uniform temperature
plasmas are compared with the calculated spectrum, until the ion temperature
which gives the best fit is found. The ratio of this temperature to the known
peak ion temperature gives a correction factor which can be applied to the ion
temperature derived from real KM3 data in order to estimate the true peak ion

temperature. The results of this procedure are described in section 4.3.2.

4.2.4.4 KM correction

The location of the KM1 spectrometer is shown in fig. 4.11. The correction
factor generated for this diagnostic is similar to the temperature correction
factor described in the previous paragraph. However, the calculation of the
correction factor is a much more difficult problem as the simplification of only
calculating intersections in the poloidal plane no longer applies and the more
complex task of finding the intersections in the full 3-D toroidal geometry
becomes necessary. The lines-of-sight used are shown in figure 4.12 and usc the
assumption presented earlier that the elemental lincs-of-sight can simply be
summed to include the effect of the finite solid angle of the spectrometer
line-of-sight. The number of lines used is 625 as this seemed the minimum
number necessary to model the large areas of the precollimator and the 3He
detector. Onc problem with using 625 lines-of-sight is that the computation time
required to run the code becomes very high, typically 40s on the IBM 3090
mainframe computer used for every time slice. This means that the KMI
correction factor is never produced as a matter of course, but only for specially

selected shots.

The lines-of-sight intersecting any one flux surface may be divided into 4
classes, as shown in fig 4.13. When calculating the line integrals, care must be
taken to use the appropriate class. The intersection points of the line with the
flux surface under test are required in order to calculate the line integral through
the plasma. The routine used to find where the line intersects the flux surface

finds two starting points along the line, one inside and one outside the flux
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Figure 4.9. Location of time of flight spectrometer: = The spectrometer is
based in the roof laboratory at JET but the line of sight for it
is defined by the precollimator mounted on the top of the

torus.
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Figure 4.10. Lines-of-sight used to model KM3: As KM3 is in the roof
laboratory, the lines-of-sight used to model it are
approximated by the use of 27 vertical lines across a region

defined by the positions of the precollimator jaws.
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Figure 4.12. Model used to simulate KM1 lines-of-sight: The model is an
extension of that used for the individual channels of KN3.
The precollimator is represented by a 5x5 mesh, as is the
detector. The resulting 625 lines-of-sight and their

intersection with the flux surfaces are then calculated.

2.45 MeV neutron emission profiles 89



Diagnosis of fusion products for reactor relevant plasmas

surface. The point midway between the two starting points is then tested to see
if it lies inside or outside the flux surface. The midway point and one of the
starting points are then chosen, such that one is inside and one outside the flux
surface under test. The program then iterates, continually halving the toroidal
angle the two points until the value of @ at the point of intersection is known
to an accuracy of better than 50 uradians. The same procedure is followed for
the second intersection point and then the distance between the two intersection
points is calculated. If 4 intersection points are required (class c) then the
remaining pair are found. From this point on , the KM1 line-of-sight is treated
as another KN3 channel for purposes of obtaining line integrated information.
The technique for correcting a measured ion temperature to give the peak ion

temperature is the same as used in the KM3 correction described above.

The results from this section of the code are presented in section 4.3.3.

4.2.5 Assumptions and approximations

The major assumption built into ORION which can lead to errors is that the
flux surfaces, which are contours of constant pressure, are also contours of
neutron emissivity. For the case of ohmic plasmas this approximation should
be extremely good and certainly adequate considering the errors on the input
data from KN3 and the effect of other assumptions in the code. For NBI heated
discharges, the question of flux surfaces becomes more relevant, as a large
fraction of the injected beam ions perform banana orbits. The effects of this
would be expected to appear primarily on the vertical camera, as a shift of the
plasma radially outwards. In practice, a shift outwards when the NBI is active
is noticed, although this could be due to the inaccuracy of the magnetic
equilibrium codes in following the plasma centre in such conditions, so no hard

conclusions may be drawn from this observation.

In principle, it should be possible to modify ORION in order to use surfaces
which include the effect of the trapped particles, but there are several major

obstacles, including:
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e The beam deposition profile would need to be known in some detail,
including the pitch angle distribution at the time of ionisation. While

information on this is available, it does have large errors.

® The calculation of the neutron emission contours would require full orbit
calculations for a large number of particles. There exist codes capable of the

orbit simulation, but they are computationally expensive.

* The effect of the trapped particles on the neutron emission gets larger at
higher beam powers in gencral, but the effect of beam-beam interactions
also increases. These effects may be modelled by the code TRANSP [4.13].
However, TRANSP may require some 6-10 hours of computer time to run,

making it an expensive pre-processing package to use.

The value of implementing such enhancements would seem to be questionable
as the consequences for the neutron emission profiles would be expected to be
slight and probably minor compared to those attributable to the experimental
errors on the plasma parameters involved. Small regions of high or low neutron
emissivity cannot be modelled. This could be a problem when interpreting
discharges with ‘snake’ activity or strong sawtooth activity. However, as these
phenomena occur on time scales such that the duration of any poloidal
asymmetries is much shorter than the available time resolution they are unlikely

to be of great importance.

When calculating the deuterium density from the visible bremsstrahlung
diagnostic, the assumption is made that the plasma consists of deuterium,carbon
and oxygen, the latter two in the ratio of 3 to 1. This assumption is not very
accurate as it does not take into account the effects of the helium and higher Z
impuritics in the plasma, or the fact that the deuterium is diluted by hydrogen.
These cause errors in the determined deuterium density ratio, the magnitude of

which varies from 10 to 100%.

The input data from KN3 and from the other diagnostics used in the ORION

code are not always in agreement. The most common problem is the centering
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of all the profiles used in the program, particularly for discharges which are
highly peaked, as discrepancies of a few cm between the centres of the density,
flux surfaces and the KN3 neutron data result in quite large inaccuracies. There
is little that can be done about this, apart from rigidly shifting the profiles until
they centre on the same place. This kind of procedure is possible in the ORION

code, but it is not very accurate.

The assumption that it is possible to average the neutron data over long
periods (up to 5 seconds) has been made. If none of the data signals used by the
program show signs of variation over the averaging period, then this assumption
is probably valid. However, there are occasions when analysis is required for
situations in which the plasma is changing quickly, such as the initial 200ms of
neutral beam injection, where the signal may vary considerably throughout the
time window and there is doubt over the accuracy of results from such

investigations.

Apart from the major problem of the suitability of flux surfaces for the
contours of neutron emissivity, the results obtained from ORION are insensitive

to the approximations , if care is taken over the type of discharge analysed.

4.3 Results

There is an immense amount of neutron profile monitor data waiting to be
analysed. Unfortunately, as shall become apparent in this section, there is a
residual problem with the operation of the neutron profile monitor at this time,
December 1989, which makes the analysis of data in any detail unproductive
before the problem is resolved. What will be presented in this section is a
selection of numerical results from the code and a limited amount of analysis
of real data, concentrating on the areas where the neutron profile monitor

misbehaves, in the hope of identifying the underlying cause.
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4.3.1 Neutron emission rates from KN3

The neutron profile monitor can be used to measure the total neutron
emission rate from the JET plasma. Using ORION, a source profile is found to
reproduce the KN3 data and then a volume integration is performed to evaluate
the total 2.45 MeV neutron emission rate. In principle, the emission rates
obtained using this technique should be in good agreement with other neutron
diagnostics and, in particular, with the KN1 fission chambers. As there are
uncertainties in the absolute calibrations of both devices, perfect agreement
between the two diagnostics would not be expected, but the ratio of the emission
rates from KN3 and KNI (the KN3 to KN1 ratio) should be a constant. Some
small variations in the KN3 to KNI ratio might be anticipated during beam
heating, duc to the anisotropy of the D-D cross-section in combination with the
anisotropic pitch angle distribution. However, this effect would not be expected

to be greater than 10%.

Unfortunately, the KN3 to KNI ratio does not remain constant. For
plasmas with low neutron emission rates ( <5x10!4 neutrons s-!), such as ohmic
discharges and low power RF heated shots, the KN3 to KNI ratio is found to
be fairly constant with a value near 0.80. As the 2.45 MeV neutron emission
rates increases, the KN3 to KNI ratio increases as well, as shown in fig. 4.14.
Two other observations can be made about the behaviour of the KN3 to KNI
ratio . The first is that for 2.45 MeV neutron emission rates greater than 5x10!4
s, the KN3 to KNI ratio appears to be roughly proportional to the logarithm
of the 2.45 MecV neutron emission rate, as shown in fig. 4.15. The second is that
the KN3 to KNI1 ratio does not seem to be closely tied to the neutron event rate
in the scintillator. This is shown in fig. 4.16 where the KN3 to KNI ratio is
plotted against the average number of neutron events in channels 5 and 6 of
KN3. The fact that the discharges appear to liec in two groups, one with
collimator inserts and one without, implies that the deviation is due to the total

neutron rate as opposed to the count rate of KN3.
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Figure 4.15. KN3 to KNI ratio as a function of neutron emission
rate: The ratio appears to vary linearly with the log of the

neutron emission rate, a somewhat unexpected result.
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One of the favoured explanations of the variations in the KN3 to KNI ratio
is that the pulse shape discriminator (PSD) runs into difficulties at high total
count rates. The PSD is thought to be capable of operating at total rates of up
to 200 kHz reliably; however, for higher rates the effect of pile-up on the
neutron signal is not well understood. It is possible to mAake this explanation fit
the above observations if the deviation is due to y rays created through neutron
capture in the structure surrounding the torus. These y rays then pass through
the concrete shield to form the bulk of the total throughput of the detector. The
logarithmic dependency upon the 2.45 MeV neutron emission rate is assumed
to come from the pile-up of the y pulses in the PSD, which would be recorded
as neutron events. The total count-rate of the detector is not normally
monitored, so it is possible that y rays from neutron capture could be producing
the bulk of the scintillator events, although the explanation does seem somewhat

forced.

Whatever the cause, the fact remains that there exists a discrepancy between
the neutron rates measured by KNI and KN3. In order to make use of the KN3
data later in this chapter, the assumption has been made that normalising the
source profile to the KNI neutron emission rate removes the discrepancy. This
allows some global information to be derived from the plasma, such as the
deuterium density or correction factors for other diagnostics. It should be
remembered that the discrepancy discussed here is only evident for the highest

neutron emission rates.

4.3.2 Effect of backscattered neutrons on KN3

The backscattered neutron fluxes have been calculated by Verschuur [4.07]
and can be represented as a neutron brightness given by the product of the total
neutron emission rate of the plasma and a constant depending upon the
line-of-sight. As the KN3 to KNI ratio is not usually equal to 1, this implies that
the backscattered neutron correction may be erroneous by as much as a factor

of 1.4. Also, the estimated accuracy of the constants evaluated by Verschuur is
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~+30%, so an investigation of the effect of this uncertainty on the magnitude

of the backscatter correction seemed worthwhile.

It was investigated by multiplying the backscatter correction term by a factor
M (the backscatter multiplier) and subtracting the product from the KN3 lines
of sight instead of the normal backscatter correction term. Figures 4.17 and 4.18
show how the KN3 to KNI ratio and the fitted peaking factor vary with respect
to the value of M for a pellet discharge. The graphs are fairly linear for values
of M below 2, which seems reasonable as a pedestal is slowly being removed
from the KN3 lines-of-sight. At M=2 the backscatter correction term exceeds
the neutron brightness of channels 1 and 10, so some form of discontinuity
would be expected at that point. The results show that an error of +30% on the
backscatter correction term translates to an error of +1.6% on the KN3 to KN1
ratio and to an error of +2.5% on the fitted peaking factor. The effect of the
inaccuracy in the backscatter correction is small enough to be considered

- negligible.

4.3.3 KMI1 corrections.

The response of the 3He ionisation chamber (part of the KMI spectrometer)
in the torus hall to variations in the source profile has been extensively tested.
The parameters that were thought to affect the measured T, were the peaking
factor of the neutron emission profile, the peaking factor of the temperature
profile, the radial and vertical displacements of the plasma centre and the size
of the precollimator. These were tested by using the magnetic flux surfaces from

an ohmic plasma and fitting profiles of the form:

T{p) = T,0)(1 — p)* + 0.001(kev) [4.12]
and
o L= P)
S(p) = SO)(1 — p*) + S(0) 55— [4.13]
where T; = the ion temperature,

2.45 MeV neutron emission profiles 99



Diagnosis of fusion products for reactor relevant plasmas

1.5

KN3 to KN1 ratio

1.1 +—

1.0 | | | | | |
0.0 1.0 2.0 3.0
Backscatter Multiplier, M

Figure 4.17. KN3 to KNI ratio versus the backscatter multiplier, M: The
discharge was heated by a combination of NBI and RF and
had a pellet injected slightly before the time under test.
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Figure 4.18. Peaking factor versus the backscatter multiplier: The fitted

peaking factor appears to be a weak function of the
backscatter multiplier.
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S = the neutron source emissivity,

= the normalised minor radius,

fI

the temperature profile peaking factor,

p
o
p the source profile peaking factor.

The temperature profile has a step of 1 eV in order to stop some numerical
errors appearing in the code. The last term in eq 4.13 is usually called a wedge.
The wedge on the neutron source profile is there because for peaking factors
near 20, the second derivative of the neutron emissivity profile becomes large
and errors due to variations in the profile across the finite solid angle of each
line-of-sight enter into the ORION calculation, obscuring the effect under study.
The addition of the wedge avoids this difficulty. In order to test the effects of
the collimation, three different collimator sizes were used in the tests, a 60 mm

X 60 mm, a 140 mm x 140 mm collimator and the last a 300 mm x 300 mm

collimator. These values cover the normal range of collimator sizes.

Fig. 4.19 shows a typical spectrum as seen by KM1 and the fitted spectrum
which minimises the sum of the squares of the differences between the spectra.
Usually very good fits are obtained, but for unusual spectra, such as those
produced with a strongly varying T, profile and a weakly varying neutron
emission profile, the fit can become quite poor. The output from these
comparisons can be shown in the form of a 3-D graph with the deviation of the
fitted temperature from the peak ion temperature used ( 5 keV ) against the
peaking factors of the ion temperature profile and the neutron source profile.
Figure 4.20 shows the 3-D plot for the 6cm X 6cm collimator size. The graph
includes regions where the plasma parameters probably cannot reach. A
reasonable approximation is that the peaking factor for the ion temperature
profile is about one quarter of that of the neutron emission profile. The graph
then shows that as the peaking factors increase, the error between the peak ion
temperature and the measured ion temperature increases, as expected. A section
through such 3-D graphs can be drawn which is more applicable to JET
discharges. The sections for the three collimator sizes are shown in fig. 4.21,
showing that for normal discharges the correction should be 8-20%, depending

upon the conditions. The sensitivity of the 60 x 60 mm collimator to changes in
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the vertical position of the plasma centre is shown in fig. 4.22 and is generally
small. The sensitivity to changes in the radial plasma position is not shown as

it is negligibly small.
4.3.4 Correction to the ion temperature measured by KM3

The effect of the profiles of neutron emissivity and ion temperature on the ion
temperature measured by spectrometers in the roof lab has previously been
investigated for a single line-of-sight passing through the centre of the plasma
[4.147; this study showed that the correction was 8-12% for the most commonly
encountered plasmas. The correction can be evaluated more accurately with
ORION. Typical results are shown in figure 4.23, where the approximation that
the ion temperature peaking factor is one quarter of the neutron profile peaking
factor has been used. The line corresponding to the narrow collimation should
be equivalent to the model used in [4.14] and the results appear to be very
similar. The line corresponding to a larger collimator indicates a bigger
correction, which is reasonable as a larger volume of low temperature p]ésma

now lies in the detector’s line-of-sight.

For real profiles the corrections are sometimes much larger than the 8-15%
shown here, occasionally reaching as much as 30%. This applies to KM1 as
well as KM3 and is usually due to plasmas with centres outside the line-of-sight
of the spectrometer and for plasmas with unusual profiles, such as those with
hollow density profiles. From the size and variability of the correction, it seems
that the correction should be calculated for each plasma viewed by the
spectrometer. Clearly, the neutron data from the two diagnostics should be

checked for consistency.
4.3.5 Foil activation correction.

The results from this correction are given relative to the plasma model used
by M. Pillon for an extended 14.1 MeV neutron source, which was a I.Im

minor radius circular plasma centred at a major radius of 3.17 metres. The use
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Figure 4.19. Modelled neutron spectrum at KM1 and the best fit to
it: The neutron spectrum at the the KM1 spectrometer is
modelled taking into account the variation of the spectrum
across the plasma. The fitted profile corresponds to a

spectrum from a source at a single temperature.
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precollimator.

2.45 MeV neutron emission profiles 105



Diagnosis of fusion products for reactor relevant plasmas

Observedion temperature - axial ion temperature

Figure 4.21.

&
-

-1.6 1

6x6 cm collimator

14x14 cm collimator

30x30 cm collimator

0 4 8 12 16 20

Neutron source profile peaking factor

KM1 correction vs neutron emissivity peaking factor: The
assumption that the neutron peaking factor is 4 times the ion

temperature peaking factor has been made here.

2.45 MeV neutron emission profiles 106



Diagnosis of fusion products for reactor relevant plasmas

= O o o
) co ~ o

Observed ion temperature - 5 keV (keV)
—
o)

S
o

Vertical displacement = 0.0 cm

Vertical displacement = +5.0 cm

Vertical displacement = + 10.0 cm

] l ! | i
! ; % ; T T T T T

-

Figure 4.22.

4 8 12 16 20

Source peaking factor,a

Sensitivity of KIM1 correction to plasma position variations:

2.45 MeV neutron emission profiles 107



Diagnosis of fusion products for reactor relevant plasmas

5.0 Precollimator set from
+ R=3.05to R=3.15
(views the centre)

4.8 ,
Precollimator set from
[ R=3.10to R=3.40
4.7+ (customary collimation)

KM3 measured temperature (keV)

Neutron source profile peaking factor

Figure 4.23. KM3 ion temperature correction as a function of peaking

factor;

2.45 MeV neutron emission profiles 108



Diagnosis of fusion products for reactor relevant plasmas

of the model is rcasonable for the purposes of this thesis, as the major interest
is the triton burnup described in chapter 5, but it does reduce the general

applicability of this correction.

The general magnitude of the correction is shown in figure 4.24, where the
effect of variations in the source profile peaking factor and displacements in the
vertical and horizontal directions of the plasma centre of a typical plasma are
examined. The plasma was positioned on the midplane at a major radius of
3.14 m and had a source profile peaking factor of 5. This plasma was then
rigidly shifted vertically and horizontally and the peaking factor varied whilst
keeping constant the neutron emission rate from the altered plasma. The range
of peaking factors and shifts cover the normal operating regimes at JET,
although exceptional cases outside these regions are possible. The corrections
are found to be consistent with those calculated in [4.15] which is encouraging.
The only unexpected result was that from the radial position scan, which shows
that the correction factor falls with increasing major radius for both the inboard
and outboard irradiation ends. This suggests that the correction factor in this
case is dominated by the increase in volume associated with increasing the major
radius and the subsequent reduction of the peak ncutron emission rate in the
modelled plasma. All the variations produce corrections of -up to 10% and can

be considered as first order corrections.

4.3.6 Deuterium density ratio measurement

If the central ion temperature and the electron density profile are both well
known, then the deuterium density may be estimated for a Maxwellian plasma,
assuming that the impurity concentration remains constant across the profile.
The ORION code is used to find the best fitting neutron source profile and the
deuterium density fraction is then varied until the ion temperature deduced
from the neutron profile is in agreement with that measured by another
diagnostic, usually the 3He neutron spectrometers (KM1) or the X-ray crystal
spectrometer. The accuracy of the derived np/n, ratio is typically +20%, due

mainly to the error in the measured ion temperature. This technique has also
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been extended for use in discharges with neutrons from non-thermal sources by
introducing a beam-plasma correction factor to the neutron yield and assuming
that the profiles of the thermal and non-thermal neutron emission are similar.
Figure 4.25 shows a comparison of the np/n, ratio derived from this neutron
technique and from other techniques which measure Z ; then deduce the np/n,
ratio. The agreement appears to be within the errors of the various
measurements and it should be noted that the two sets of np/n, ratios are
complementary in that the Z ; techniques are more appropriate for values of
high values of np/n, and the neutron technique for low values. All the

techniques are discussed in more detail in [4.16].

4.3.7 Neutron emissivity profiles

The ORION code produces radial profiles of neutron emissivity and results
have been published [4.17]. Figure 4.26 shows the profile obtained from an
ohmic discharge. Also shown, for comparison, are the profiles from the other
two codes available for the analysis of data from the neutron profile monitor .
It should be noted that nonc of the programs wecre capable of accurately
reproducing the observed KN3 neutron emission. The derived ion temperatures
show how the large discrepancies in the neutron emissivity propagate through

the calculations into much smaller discrepancies on the ion temperature profile.

A source profile may be calculated as follows:

1. Rescale the electron temperature profile so as the peak matches the X-ray
crystal spectrometer ion temperature (p 21) and use this modified profile as

an ion temperature profile.

2. Approximate the deuterium density profile by the clectron density profile

mecasured by the far infra-red interferometer.

3. Calculate the neutron emissivity profile using eqs 4.7 and 4.8 and normalise
the total neutron rate from the plasma to that measured by the KNI

diagnostic.
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Figure 4.25. Deuterium density ratio from neutrons versus that from
Z.: The np/n, ratio from the neutron emission profile
analysis is plotted against the np/n, ratio from the Z;
measurements. The neutron based method is of most use at
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Figure 4.26. Emissivity and ion temperature profiles from KN3: An ohmic
discharge was analysed by the three codes available at JET
and the results are shown above. The neutron emissivity
profiles show large discrepancies, whilst the ion temperatures

derived from them are reasonably consistent.
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The profile thus deduced is found to agree well with that derived from the KN3
data, even for additionally heated discharges. This observation is used later in

chapter 5.

4.4 Conclusions

The neutron profile monitor is a large and complex diagnostic which,
unfortunately, still does not operate entirely correctly at the higher neutron
emission rates. Considerable effort has been invested by a large number of
people but the cause of the problem has yet to be isolated. The principal
manifestation of the problem is the variation of the KN3 to KNI ratio , an
analysis of which has shown that the problem appears to be tied to the number
of neutrons emitted from the plasma as opposed to the number of neutrons
passing through the collimators. The most probable cause of the effect is
thought to be y rays caused by interaction between the neutrons emitted by the
plasma and the structure around the vessel, which give rise to pulse pile-up

effects for high neutron emission rates.

A code has been written to assist in the analysis of data from the diagnostic
and the production of correction factors for other neutron diagnostics. The code
uses minimisation of a weighted yx2? to fit neutron emission profiles to the
observed data and works well. It has been used to obtain corrections to the
KNI1,KN2,KM1 and KM3 diagnostics and to determine deuterium densities in
the plasma. Preliminary analysis of neutron emission profiles have been reported

for discharges with low neutron emission rates.
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5.0 Triton burnup studies

This chapter discusses the study of 14 MeV neutrons from the burnup of
1 MeV tritons. The chapter begins with a review of triton burnup studies and
its relevance to prospective fusion reactors (sec. 5.1). This is followed by a
discussion of the detection techniques used (sec. 5.2). The next section
comprises the bulk of the chapter and consists of the analysis of the 14 MeV
neutron data. It is subdivided into a description of the code used to analyse the
data (sec. 5.3.1-5.3.2), a section on the global comparisons (sec. 5.3.3) and a
section on the interpretation of specific issues, such as the confinement of fast

particles (sec. 5.3.4). This is followed by the overall conclusions from this work.

5.1 Introduction

One of the major aims of the present generation of large tokamaks is to
investigate the behaviour of « particles produced by D-T fusion reactions in the
hope of confirming that fusion reactors can be self-sustaining. Unfortunately,
due to a combination of high radiation levels and small « particle populations,
the direct study of a particles will prove to be a difficult task ( see
Appendix A ). It is possible to investigate some of the relevant physics using
present machines by studying particles which have similar enecrgies and
gyroradii. There are two methods in use at JET, one involving RF heated
minority populations [5.01] and the other utilising 1 MeV tritons from one
branch of the D-D fusion reaction [5.02]. The first method employs ICRH to
develop a high energy tail containing up to 20% of the plasma energy, allowing
( to some extent ) the simulation of the effects of a sizable population of

thermalising a particles. This technique has the disadvantage that the energy
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and pitch angle distributions of the population are not in close agreement with
the expected a particle distributions. Triton burnup allows the study of a very
dilute population of high energy tritons born with a unique energy and with the

appropriate pitch angle distribution and spatial distribution.

Tritium nuclei ( tritons ) are produced from one branch of the
deutcron-deuteron ( D-D ) fusion reaction. These have an initial energy of near
1 MeV and thermalise over a period of order 1.0 seconds ( fig. 5.1 ). The
slowing down triton may undergo a deuterium-tritium ( D-T ) fusion reaction,
the most probable energy for this being 160 keV ( fig. 5.2 ). The 14 MeV
ncutron produced by this reaction escapes from the plasma and may be
detected. The production rate of the 1 MeV tritons can be monitored by
observing the 2.45 MeV neutrons from the other branch of the D-D reaction
and information on the energy loss processes of fast ions in plasmas may be
obtained by examining the delay between the 2.45 MeV and the 14 MceV
necutrons. From the absolute yield of 14 MeV neutrons, information concerning
the confinement of tritons and the deuterium density in the plasma may be
found. The rest of this chapter shows how these neutrons may be detected and

how the 14 MeV necutron emission rates are interpreted.

5.2 14 MeV neutron detection

The 14 MeV neutron emission rate from JET has to be detected in the
presence of large backgrounds of 2.45 MeV neutrons and y rays. For a typical
discharge, 14 MecV neutrons form approximately 1% of the emitted neutrons.
The number of y rays produced by JET is typically the same order of magnitude
as the neutron yield, although this is dependent upon the plasma conditions and
heating mecthods in use. There are three basic ways of performing the

measurement in this background:

1. Use of detectors capable of measuring the energy of the detected neutrons.
Adequate discrimination should be assured by selecting only events with

energies greater than 5 MeV.

Triton burnup studies 117



Diagnosis of fusion products for reactor relevant plasmas

1.0

e ™
Background plasma parameters:

Electron temperature = 5 keV

~~
Ion temperature = 5 keV
% 0.8 Electrog density = 3x 10 “m”’
2 Z effective = 3.00
- Carbon-oxygen ratio = 3.00
- _

o
]
Rt
s 06 [
(W]
o
2
&
M 04 r

02 -~

0.0 1 -y A l ! 1 | 1 { I} l i 1 i3 I H 1 1 It

0.00 0.25 0.50 0.75 1.00

Time (seconds)

Figure 5.1. Graph of Triton energy as a function of time: The triton is
slowing down in a background plasma consisting mostly of
deuterium with the impurities being carbon and oxygen in the
ratio 3 to 1, with a Z g of 3.
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Figure 5.2. D-T reactivity as a function of energy: The information is
drawn from two sources, the Peres formulation at high energy

and the Sadler-van Belle formulation at low energies.
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2. Use of threshold reactions, so only the 14 MeV neutrons are detected.
3. Operation of the detector in regimes where the background is much reduced.

All three techniques have been used in the past, with varying degrees of success
and usefulness. At JET, variants on the second method are used and will be
discussed in more detail later. First of all, an overview of the other possible

systems will be given.

5.2.1 Alternative detection schemes not implemented at JET

The best time to observe 14 MeV neutrons is when there is no background
of 2.45 MeV neutrons. This situation can be found after strong NBI heating
of low density plasmas, where the 2.45 MeV neutron emission rate can fall
several orders of magnitude on the timescale of the thermalisation time of a
beam ion, say 50-100 ms. As the 14 MeV neutron emission rate changes little
over such a short time interval, the bulk of the neutrons emitted from the
plasma will have energies of 14 MeV. Standard neutron detectors ( such as
fission chambers ) can then be used to detect the global neutron rate , which is
interpreted as the 14 MeV neutron rate. This was the method employed by
Jassby et al [5.03] to study the triton burnup in TFTR after the NBI heating
of supershots and by Murphy to study the effects of pellets on the fast triton
population [5.04,5.05]. This method has the advantage of being very
straightforward to implement, but has the drawback of requiring a factor of
1000 ( at least ) drop in the 2.45 MeV neutron rate over a 0.1 second interval
in order that the 14 MeV neutron rate be clearly distinguishable from the
2.45 MeV neutron rate. This situation is extremely unusual in JET and so

could not be used.

A more complex method involves the use of energy discrimination to separate
the 14 MeV neutron signal from the 2.45 MeV neutron signal. The main
method which has been used in the past involves the use of an NE213
scintillator and photomultiplier as the neutron detector [5.06]. Such a detector

can give an energy resolution of 8% for neutrons near 2.45 MeV, allowing easy
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separation of the 14 MeV and 2.45 MeV neutrons detected. The results
obtained were interesting in that they were the first to show that triton burnup
did occur at approximately the classically expected rates in tokamak plasmas,
but the time resolution and the counting statistics were poor because the fraction
of 14 MeV neutron events was so low. More recent work using this type of
detector has been attempted at TFTR [5.07] but again the results have poor
time resolution and the absolute magnitude of the 14 MeV neutron emission is
lower than the classically calculated yields by factors of 2-3. A possible future
experiment at JET would involve using the neutron profile monitor to observe
the spatial distribution of 14 MeV neutrons as the detectors in the profile
monitor are NE213 scintillators. The results would also have poor time
resolution but would provide a different test of the physics of slowing down
particles in that, by comparing the profiles from the 2.45 MeV neutrons and the
14 MeV neutrons, the presence of any spatial diffusion of slowing down tritons
should be easily observable. Also the effects of sawteeth on fast particle
populations could be investigated more thoroughly. This experiment would
require the simultaneous measurement of both the 2.45 MeV neutron profile
as well as the 14 MeV neutron profile; unfortunately, this experiment has not
yet been performed because of the difficulty in setting the PSD (pulse shape
discriminator) to cover the required energy range with a single setting of the

detector high voltage.

Another possible detection scheme involves the use of lithium-free glass
scintillators [5.08]. This technique exploits the 28Si(n,p)28Al reaction; this has a
Q value of -3.852 MeV so it should be insensitive to 2.45 MeV neutrons. The
protons are produced with an energy of up to 10 MeV, generating a scintillation
event as it slows down in the glass. This is detected by a photo-multiplier tube
and the signal is processed by a standard pulse height analysis system. The
method is still being developed at GA but does suffer from sensitivity to y rays;
in fact, it is easier to exploit the 28Si(n,p)28Al reaction by using a silicon surface

barrier diode as the detector than by using a scintillator.
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Because of the limited utility of the data from the above methods, a
combination of two other techniques is used on JET, foil activation and silicon

diode detectors.

5.2.2 Activation techniques

Neutron activation is a standard technique for measuring the time integrated
fluxes of neutrons. It involves irradiating a sample of some material and then
measuring the induced radioactivity, usually in a detector station some distance
from the irradiation point. The cross-sections for these reactions are fairly well
known, as are the decay routes and half-lives. The technique may be employed
to study the 14 MeV neutrons only by using threshold reactions where the
energy of the incoming neutron must be greater than 3 MeV.

5.2.2.1 The JET activation system

The activation system in use at JET [5.09] has 8 positions ( irradiation
ends ) where activation occurs, a schematic of which is shown in fig 5.3. These
are located on the torus as shown in fig. 5.4 and are designated as being either
inboard or outboard. For the purposes of most of the results reported here, the
outboard irradiation ends were used, as these are less sensitive to changes in the
plasma position than the inboard irradiation ends and the results from neutron
transport codes are more reliable. Each irradiation end is linked to a carousel
by hollow plastic tubing. Compressed air is used to propel capsules, containing
the samples to be irradiated, from the carousel to the irradiation end and back
again via the plastic tubing. The carousel is also linked by plastic tubes to a set
of detectors, which are used to measure the induced activity from the irradiated

samples.

The system is capable of measuring the fluence of neutrons at a point near
the JET vacuum vessel. To go from- this measurement to a total neutron yield
from JET requires a calibration factor. This could, in ‘principle, be measured
using a strong 14 MeV neutron source positioned at many points around the

vessel, similar to the way in which the fission chambers are calibrated for
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Figure 5.3. Schematic of KN2 foil activation system: Using this system,
foils are activated near the vessel, rapidly transported via the
carousel to the remote detector station, where the induced y
ray activity is measured by using a large Nal detector, or a

high purity Germanium detector.
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shows the toroidal location of the irradiation ends, each dot
representing a pair of irradiation ends arranged as shown in
the lower diagram. The outboard ends of octant 2 were most
commonly used for the activations described in this thesis.
This was because of the low sensitivity to variations in the

position of the neutron source of the outboard irradiation ends.
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2.45 MeV neutrons. As we lack such a source, the calibration constant is found
using a neutron transport code to calculate the fluence at the irradiation ends
for given neutron source profiles and plasma flux surfaces. The calculation used
throughout this work was performed by M. Pillon [5.10] using the MCNP
neutron transport code [5.11]. For 2.45 MeV neutron emission, this method
gives good agreement with the absolutely calibrated fission chambers, giving
confidence in the validity of the model used in the MCNP calculation. Also,
multiple foil activation techniques can be used to check the neutron spectrum
at the irradiation ends and these are found to agree well with the MCNP
calculations [5.12].

5.2.2.2 Activation materials

A number of different materials have been used to measure the 14 McV
neutron yields at JET. The most important of these is copper but iron, silicon,
magnesium and aluminium have been used as well. Copper is composed of two

stable isotopes, 3Cu and ¢5Cu in the ratio 69 to 31, which undergo the following

reactions:
63Cu(n,2n)62Cu , 62Cu — 62Nj + [+ 9.74 min half-life
63Cu(n,y)®*Cu ,%Cu — ®Ni + - 12.7 hour half-life
65Cu(n,2n)64Cu , 64Cu — ®Ni + S+ 12.7 hour half-life

65Cu(n,y)%oCu , 6Cu — %Cu + y (1039 keV) 5.1 min half-life

The activation of the copper samples is measured with a y ray detector, such
as a Nal or a high purity Germanium detector. The observed spectrum has
peaks at 511 keV (onc of the two 511 keV y rays produced by the annihilation
of a f*) and at 1039 keV ( from the decay of 6Cu ), as shown in fig 5.5. The
63Cu(n,2n)%2Cu reaction has a threshold of approximately 10 MeV (the cross
section is shown in fig 5.6 from [5.13]) and by observing the 511 keV y from
the annihilation of f+ produced by the residual ¢2Cu nucleus, the 14 MeV

neutron yield may be assessed. Unfortunately, 511 keV y rays are also produced
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by the annihilation of f+ from 6Cu nuclei, created by other copper reactions.
These may be subtracted by observing the activation of the copper over two
time intervals, the first shortly after the exposure of the foil to 14 MeV neutron

flux and the second some hours later. Hence, by using the formula:

Cyle” Asaly _ 2‘164'5) — Cyle™ Agal] _ e"164’1/)

eNgy =
(e~ Aol _ e_'{ézt{)(e” Aeaty _ e"’l&if{) -(e” dealt _ 2-264'{)(‘3” A6tz _ 3—162’{)

[5.1]

where  C, = number of counts in the 511 keV peak in the period tf— ¢,

C, = number of counts in the 511 keV peak in the period #5—> 1,
ey = decay constant of 62Cu = 1.1861 x 10-3 51,

Ass = decay constant of $4Cu = 1.5160 x 10-5 s-1,

¢ = the efficiency of the detector for 511 keV y rays,

Ng¢, = Number of atoms of 62Cu activated at t=0,

t = 0is defined as the time of activation of the sample.

it is possible to calculate the fluence of neutrons at the irradiation end and from
this to calculate the total 14 MeV neutron yield from the plasma.

This is the most accurate way of removing the effect of the f+ events due
to #4Cu. It is also possible to use the fact that the ratio of the 1039 keV line to
the fraction of the 511 keV line produced by the 64Cu decay is a constant value,
to a good approximation. This ratio can be found by observing a number of
discharges using the two time interval technique. Hence, it is possible to remove
the ¢4Cu component after only one measurement of the copper activation,
making the experimental procedure easier and allowing more discharges to be
examined. However, there is a higher error associated with this method
introduced by the error on the ratio of the 1039 keV line to the 511 keV line
and so in this thesis only activations analysed using the two measurement

technique will be used.
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Figure 5.5. Gamma ray spectrum of copper activated at JET: The copper
sample was activated by an NBI heated discharge and the y
ray spectrum measured using a high purity Germanium y ray
detector. The 511 keV and 1039 keV peaks from the (n,y) and

(n,2n) reactions are clearly visible.
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Figure 5.6. Cross-section of copper: The $3Cu(n,2n)s2Cu reaction has a
threshold of approximately 10 MeV, making it suitable for use
as a 14 MeV neutron activation material. The effect of the
broad 14 MeV neutron spectrum produced by fast tritons
must be included when absolute measurements are made, as

the spectrum stretches from 12 to 17 MeV.
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Copper was the original material used for measuring the 14 MeV neutron
yield of the JET plasma because it has a large cross-section which is known to
an accuracy of about 4% over the neutron energy range of interest. However,
as the 14 MeV neutron yields have increased, other materials have become
useful, such as magnesium. The 24Mg(n,p)?*Na reaction is known to a similar
accuracy as the copper reactions but has a much lower cross-section. The
advantage of magnesium over copper is that the reaction used does not require

two measurements and so is considerably easier to perform.

Silicon can also be used as an activation material, as silicon is known to have
a threshold greater than 5 MeV for neutron activation and one of the resultant
nuclei is a y ray emitter with 2.24 minute half-life. A y ray spectrum of an
activated sample of silicon is shown in fig. 5.7. The cross-section for this reaction
is poorly known, but it can be used to monitor the relative 14 MeV neutron
yields from the JET plasma. As the y ray emitting nuclei have a short half-life
compared to the 15-20 minute period between discharges, one sample can be
used repeatedly and the data taken automatically. This is useful for monitoring
the calibration of the detector described in section 5.2.3 for deterioration due to

radiation damage.

5.2.2.3 Copper measurements

The original measurements using copper as an activation material were made
when the activation system was totally under manual control. A fully

computer-controlled system has since been implemented.

A labelled capsule was filled with a known mass of 99.5% purity copper,
typically 20 g being used. Shortly before a discharge, the capsule would be fired
into the torus hall to a pre-selected irradiation end, usually the upper end on
octant 2. The time the capsule was present in the torus hall was minimised in
order not to leave the plastic capsule near to the 300°C vessel wall for a period
long enough to cause deformation of the capsule and the possibility of the
capsule getting stuck. After the discharge, the capsule would be retrieved from

the torus hall and sent to the Nal detector, via the carousel. The Nal detector
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Figure 5.7. Gamma ray spectrum of activated Silicon: The number of
counts in the single peak at 1779 keV is proportional to the
14 MeV neutron yield from the plasma.
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was generally used because the capsule could be sent directly to it and the
measurement made immediately, whereas, with the high purity Germanium
detector, the capsule first had to be unloaded and the copper arranged on the
surface of the detector in order to increase the y detection efficiency. After a
delay of some 5 minutes, to allow the very short lived nuclei to decay away, the
y ray spectrum would be taken for a period of 1000 seconds. The capsule would
then be taken from the KN2 system and placed in a shielded storage area for a
period of 1-3 hours before the second measurement was made , the exact length
of time being dependent upon the operations program for JET as typically 3 or
4 copper measurements would be made concurrently. After the second
measurement, the copper samples were stored and not used f’or several days, in

order to allow the ¢Cu nuclei enough time to decay to a negligible level.

The number of counts in each peak was estimated using an algorithm built
into the Canberra model 90 multichannel analyser used to collect the spectrum.
These numbers would then be entered in a computer program which calculates
the 14 MeV necutron yield from the JET plasma, taking into account the
following effects; sclf-shielding by the copper; detector efficiencies; and the
results of separate neutron transport calculations to relate the activity of the

sample to the total 14 MeV neutron yield.

The statistical errors on the activation measurements vary from less than 1%
to more than 50%, depending upon the number of y rays detected. The
systematic errors are estimated to be approximately +8% in the case of copper
using an outboard irradiation end. Small corrections, ~1-5%, arc needed
because of the variation of the plasma position relative to the irradiation ends,
but these can be estimated using the method described in Chapter 4. Another
systematic error is introduced by the assumption made in the analysis that the
t=0 time for the activation corresponds to the t=152 seconds point of a JET
discharge. The peak neutron yield could be as much as 10 seconds away from
this time and this introduces an error of d/Ng, in Ny, given by:

ONg,

N>
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where ot is the error in the timing of the neutron emission. Even for an error of
ot = 10 seconds, the fractional change in N, is only 0.12% so it is considered

to be unimportant.

Another problem in estimating the 14 MeV neutron yield with copper
activation is the sensitivity to disruptions and photoneutrons created by
runaway electrons interacting with the material of the vacuum vessel and its
carbon tiles. If a discharge shows high runaway activity, such as is often seen
in the so called ‘supershot’ operating regime, or if a disruption occurs whilst the
capsule is near the plasma, then the results obtained can be extremely inaccurate

and should not be used.

5.2.2.4 Summary

The activation system at JET allows the accurate measurement of 14 MeV
neutron yields with errors of +10% on the absolute yield attainable. This
provides useful information on its own and several papers have been produced
based simply upon the time integrated data available from such activation
results [5.14-5.19]. However, it is impossible to distinguish between anomalous
triton losses and anomalous energy loss rates using this technique. Also, the
absolute 14 MeV neutron yield is proportional to the deuterium density in the
plasma and, as this is usually a poorly known quantity (errors of +30% are
common,), then any analysis based on the integrated yield must necessarily be
inaccurate. By incorporating time-resolved 14 MeV neutron emission rates into
the data, the slowing down of tritons is separated from the absolute yield,
allowing a far more accurate examination of the behaviour of the tritons. The
detector described in the next section is used for making time-resolved
measurements, although the activation system is still required for calibration

purposes.
5.2.3 Silicon diode detector

The activation system permits the determination of time-integrated neutron

yields, but a time-resolved system allows a much more accurate estimation of
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the slowing down properties of 1 MeV tritons. At JET, time-resolved data is

obtained by using a silicon surface barrier diode as a detector.

5.2.3.1 Principles and limitations

Large volume silicon diodes are often used as charged particle detectors,
because of the low energy required to form an electron-hole pair (3.2 eV). A
charged particle that is totally stopped in a silicon diode will generate a large
charge pulse, the magnitude of which is proportional to the energy deposited in
the diode. The energy resolution attainable with such a device can be of the
order of 1 keV. Silicon also undergoes several reactions with neutrons, the most

important of which are shown below:

#8Si +n — Mg + o (Q = -2.652 MeV)

28Si +n — Al +p (Q = -3.852 MeV)

These Q values and the coulomb barrier to be surmounted by the escaping
charged particles ensure that the signal from the 2.45 MeV neutron flux will be
small. For 14 MeV neutrons, the bulk of the kinetic energy will be transferred
to the p or a, which then slows down in the silicon diode generating a charge
pulse. The path length for a 12 MeV « in silicon is approximately 100 um,
whilst for a 10 MecV p the path length is approximately 1.5 mm. The diodes
used in these experiments had thicknesses between 1 and 2.5mm and surface
arcas of between 100 and 450 mm2, sufficient to contain almost all «’s produced

and a large fraction of the protons as well.

The residual Mg or 22Al nuclei may be left in one of several excited states,
implying that the o or p produced will have a much reduced energy, giving risc
to the charge pulse spectrum shown in fig. 5.8 [from 5.207. As all of these states
are produced from interactions with neutrons with energy greater than about
3-4 MeV, the sum of them can be used as a signal proportional to the 14 MeV

emission rate. This can be achieved by setting a threshold E, corresponding to
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a minimum energy deposited in the diode by an « or a p. The use of a threshold
is necessary because the diode also detects elastic scattering recoil events due to
2.45 MeV neutrons and also y rays ( which generate a large number of events
with low energies ); by setting E, sufficiently high, these events may be
excluded.

A further possible application for silicon diodes involves neutron
spectroscopy [5.21]. The peak with the highest energy in fig. 5.8 is broadened
by a convolution with the incident neutron spectrum. With the high resolution
attainable with silicon diodes, this broadening can be measured and the incident
spectrum deduced. This would provide a simple method for obtaining neutron
spectra in the D-T phase of JET operations, but cannot be used on slowing
down tritons as the spectrum of 14 MeV neutrons produced from them is very
broad, reaching from 12-16 MeV. The spectrum thus covers a larger energy
band than the gap between peaks in the charge pulse spectrum and the details

of the neutron energy spectrum cannot easily be deduced ( fig. 5.9 ).

5.2.3.2 System description

The silicon diode system has undergone considerable changes during the past
three years. The system that will be described here is the one in use at the time
of writing. The silicon diode is mounted in a water cooled, airtight and
lightproof box mounted some 50 cm from the face of the octant 6 port. The
construction of the box is shown in fig. 5.10. The diode is connected by
approximately 160 m of superscreened cable to a fast amplifier designed by G.

Huxtable, Harwell Laboratory. The fast amplifier performs several functions:

e Application of the bias voltage to the silicon diode. The 300V HT power
supply is connected to the diode in series with a 10kQ resistor via this
module. The resistor has a low value compared to the 10 MQ of the diode
and affords very little protection to the silicon diode against the application
of excessive voltages. The advantage of using such a low resistance is that

when the impedance of the diode changes due to radiation damage, the net
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Figure 5.8. Charge pulse spectrum from a Silicon diode.: The charge pulse
spectrum produced from a nearly monoenergetic neutron beam
incident upon a silicon diode is shown here [5.20]. The
structure of the spectrum is due to the variety of excited states

in which the 22A] or Mg may be left after the reaction.
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Charge pulse spectrum from a diode at JET: The majority of
pulses are at low energy and are due to inelastic scattering of
neutrons and interactions with y rays. The region marked II is
the 14 MeV neutron signal and the pulser used to monitor the
stability of the system is at position III. None of the structures
visible on fig. 3.8 are present here as the spectrum of the
14 MeV neutrons is wider than the gap between peaks, hence

all the details are lost.
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Figure 5.10. Silicon diode detector housing: The electrical shielding is
required as the Torus Hall is an electrically noisy area. The
water cooling maintains the diode temperature at a constant
10°C in order to reduce the chance of the diode current
running away. Also, without water cooling the diode current
is observed to vary by up to 100% during a day’s operations,
introducing potential errors and making comparisons

between discharges less accurate.
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voltage change across the diode is small and does not require the continuous
resetting of the HT applied.

¢ Discrimination against low amplitude signals with longer rise-times than

those of the neutron induced events.

¢ Anmplification of the charge pulse. The signals from the diode typically
correspond to several million electronic charges. The amplifier converts this
charge pulse into a voltage pulse which retains the shape of the charge pulse.
The voltage pulses typically have amplitudes of 20-300 mV, large enough for

the later elements of the signal processing chain.

® Application of the pulser signal to the diode. A pulse generator set to
produce 1000 pulses per second is connected to the fast amplifier. The
duration and height of the pulse has been chosen so that the the voltage
spike applied to the diode corresponds to an event in the diode with a
slightly higher energy than any signal attributable to 14 MeV neutrons. The
purpose of the pulser is to monitor the stability of the electronic pulse
processing at high count-rates and the dead-time of the whole processing

chain.

A typical signal from the fast amplifier has a pulse length of only 100ns. The
signals from the fast amplifier are then passed to a fast signal splitter which
generates five copies of the original signal, allowing the data to be analysed
using two techniques (fig. 5.11). The first route integrates the pulse using a
LINK 5020 module with an integration time of 120 ns. The integrated signal is
passed to an ADC which gives a number between 0 and 255 proportional to the
height of the integrated signal. A 256 channel spectrum is then incremented by
one in the channel number given by the ADC. A 256 channel spectrum is taken
every 250 ms during the discharge and stored on the computer system. This
allows the presentation of the data as a spectrum of charge pulses, as shown in
fig 5.9. This formed the original processing technique for the silicon diode when
it was first implemented in 1986. However, the spectra thus obtained are now
used primarily for checking the consistency of the second route of signal

processing, to be described below.
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Figure 5.11. Silicon diode signal processing schematic:

used in the signal processing are shown here.

The components

The route

involving the integration of the signal from the fast amplifier

constituted the original pulse processing system but is at

present used mainly to monitor the diode’s performance
because of the low rates (<50 kHz total, ~500 Hz uscful

counts ) attainable with it compared to the fast discriminators

route.
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The use of the LINK module also permits the energy resolution of the silicon
diode to be tested by collecting spectra between discharges. The only signals
present at this point are from the alpha sources positioned near the reverse face
of the silicon diode. The alpha sources are 23Pu, 24!Am and 2*Cm with energies
of 5.157, 5.488 and 5.806 MeV, respectively. The spectra are collected using a
Canberra model 30 MCA using 1024 channels. Fig 5.12 shows the three peaks,
which are clearly distinguishable. From such spectra, it is deduced that the
resolution of the silicon diode is of the order of 100-200 keV, far better than

required for the present purpose.

In the second route, the assumption is made that all the pulses have a similar
shape. This has been checked using an oscilloscope to compare the shapes of
high energy and low energy pulses. Hence, the amplitude of each pulse
determines its energy and a pulse-height discriminator may be used to separate
the 14 MeV neutron pulses from the low energy pulses. This allows the
processing of pulses at high counting rates, as the individual electronic modules
are all capable of operating at several MHz. One problem is the tendency for the
calibration of the diode to drift in time due to radiation damage. The pulse
length of the first diode used for detecting 14 MeV neutrons deteriorated from
60-70ns to 100-250ns over the course of its exposure to the neutron flux. This
would cause a major drift in the calibration of the second processing route using
peak-sensing fast discriminators in the present system ( it did not affect the
original system which used the charge integration method only). This means
that the calibration of the diode using the activation system must be an ongoing
exercise. This is where the use of the silicon capsules in the activation system is
helpful, as the drift of the calibration can be followed quite accurately and
relatively easily with this technique. In practice, no drift has been observed
whilst the discriminator system has been in use as the radiation damage

threshold has not yet been reached.

Fig. 5.13 shows how several discriminators with increasing threshold levels
are used to monitor the signals. The lowest level is used to monitor the
throughput of the system. The uppermost level is used to monitor the pulser

peak for any deterioration in the performance of the system because of dead
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Figure 5.12. Alpha particle spectrum from diode: The three peaks from
the o particle source near the silicon diode are seen to be
resolved here. This is used to give an approximate energy

calibration for the diode.
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time difficulties and is also used to remove the signals due to the pulser from
all the other discriminator levels. The middle three levels are used as signals
proportional to the 14 MeV neutron emission rate. The level preferred for
subsequent analysis depends upon the discharge under study. The lower the
level used, the better the statistics and hence the finer the time resolution
obtained. However, at high counting rates, or when an unusually high number
of y rays is produced, the pile-up of the low energy signal can falsely contribute
to the 14 MeV ncutron signal and in such cases a higher discriminator level

must be used. Such a discharge is shown in fig. 5.14.

5.2.3.3 Operational difficulties

The major problems in operating a silicon diode detector are its sensitivity to
e.m. interference and radiation damage. The inside of the torus hall is an
electrically noisy environment, so the diode has to be well shielded against
picking up stray noise. In the final system two Faraday cages surround the
diode and the diode signal is carried down the cores of two superscreened cables,

the screens of the cables being connected to the innermost Faraday cage.

The problem of radiation damage is unavoidable. In order to use the diode
to detect 14 MeV neutrons, the neutron fluxes must be high. A lifetime dose of
1012 neutrons cm-2 is estimated to cause significant radiation damage in silicon
surface barrier diodes [5.22], while lithium drifted surface barrier diodes are an
order of magnitude more vulnerable. The original silicon diode system was
positioned as shown in fig. 5.15, where the solid angle subtended by the plasma
was much greater than in the present position. Also the neutron attenuation
was lower as less structure was present between the detector and the plasma.
As the diode was lithium drifted, the system was likely to suffer severe radiation
damage and this turned out to be the case. This manifested itself as an increase
in the current drawn by the diode and a degradation of the charge pulse
duration. The original pulses were some 60-70ns long but towards the end of the
diode’s lifetime, the duration increased to 150 ns for the bulk of the pulses with
some lasting up to 250 ns. This did not affect the data processing to a great

extent, as the integration of pulses was the only technique in use at the time.
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Figure 5.13. Discriminator settings on charge pulse spectrum: This figure
shows the position of the cutoff for each of the fast
discriminators used in the second processing route. For most
data analysis purposes, the discriminator with the second

lowest threshold is used.
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Figure 5.14. 14 MeV neutron signal showing breakthrough by 2.45 MeV
neutrons: The top graph shows the 2.45 MeV neutron rate
from the fission chambers. The bottom graph shows the
discriminator exhibiting breakthrough, while the middle

pictures show data without breakthrough.
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However, the results are less reliable than those obtained using an undamaged
diode.

5.2.3.4 Calibration with activation measurements

The foil activation system was used to provide an absolute calibration of the
silicon diode system. This calibration was carried out for four distinct periods
of silicon diode operation and the results for the most sensitive measurement are

shown in table 5.1.

Period Shot range Diode Calibration constant | Estimated
volume (n/count) error
(mm?)
1 10800-11100 200 2.56 x 10° +10%
2 15500-16518 450 2.85x 10° +10%
3 16518-18790 450 330 x 109 +10%
4 19900-21030 450 9.62 x 10° +20%

Table 5.1. Calibration constants for the silicon diode detector: All periods

of operation of the silicon diode detector to date are shown.

During period 1 the diode was mounted near the vacuum vessel, whilst periods
2-4 correspond to the midplane position. It can be observed that the calibration
constant changed little despite the change in location and resultant reduction in
neutron fluxes. The increase in the size of the diodes approximately
compensated for the loss in flux. Period 4 has a much larger calibration constant
and this is attributable to a number of factors; the diode had more neutron
shiclding, was 50 cm further from the horizontal port than in periods 2 and 3

and the discriminator settings were slightly different.

Triton burnup studies 145



Diagnosis of fusion

products for reactor relevant plasmas

Distance from the midplane (m)

20 + vessel

1.0 7

0.0 7

Vacuum

Original detector -
location

Present detector
location

\

Plasma

1.0

Figure 5.15.

Triton burnup studies

0 5.0 6.0

\®)
-]
o
I

Major Radius (m)

Location of the silicon diode detectors: The original silicon
diode used for 14 MeV neutron detection was mounted in the
old KPI housing, in order to position the diode as close to the
plasma as possible. Later versions of the detector have been
mounted outside the vessel to reduce radiation damage and

to increase accessibility.
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The calibration constants for periods 2-3 were obtained by comparing foil
activation results with the number of counts registered by the silicon diode for
the same shot. The results of these comparisons are shown in.figures 5.16-5.17.
Silicon activation data was available for periods 3 and 4 and were used to
deduce the diode calibration in period 4 from the period 3 calibration (fig. 5.18),
which explains the much increased estimated error. The calibration constant for
period 1 was obtained in a different manner, as very few shots were available
where both the foil activation system and the silicon diode system were
simultaneously operational. A computer code, TRAP-T, was used as an
intermediary between the two for purposes of interpolation. The code will be
described in more detail in section 5.3.2 but, basically, it simulates the 14 MeV
neutron emission from the plasma. The comparisons of the code with both the
foil activations and the silicon diode counts are shown in figures 5.19-5.20. The
code overestimates the foil yields by some 17% and this factor, when applied to

the gradient from fig. 5.20, gives the calibration factor of 2.56x10°.

5.2.4 Summary

The use of a silicon diode as a 14 MeV necutron detector is, in principle, a
fairly simple task, although it has taken three ycars for the system to reach its
present state. The system offers good time resolution and can operate over a
fairly wide range of 14 MeV neutron emission rates. There are disadvantages
in using silicon diodes, such as their sensitivity to y rays and to runaway
electrons. The latter are produced at disruptions (and when the plasma has a
low density) and can be confused with tritons under certain conditions. The
diodes are expensive (x£2000). The necessity of replacing them regularly
because of radiation damage is inconvenient, as is the continuous monitoring

with foil activation to detect calibration drifts.

5.2.5 Further developments.

The system at present works very well, but some improvements could still be

made. The ratio of useful counts to total counts is fairly low at about 1-5%,
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Figure 5.17. Silicon diode calibration graph, period 3:
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shows the cross-calibration used to define the calibration of
the silicon activation system. The lower graph shows the
cross-calibration of the period 4 silicon diode system with the

silicon activation system.
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depending upon the type of discharge under study. An increase in this ratio
would allow better time resolution. There are two techniques which may
provide this. The first involves improving the y ray shielding around the diode,
reducing the number of spurious counts, by surrounding the detector by a lead,
or lead-tungsten alloy, shield. This should work, although it will also attenuate
the 14 MeV ncutron flux to a lesser extent. The second method was suggested
by M. Pillon [5.23] and is illustrated in fig. 5.21. The polythene block acts as a
source of protons for elastic collisions with all incident neutrons. The protons
from the block will be produced mainly from interactions with 2.45 MceV
neutrons, but some 1% will be due to 14 MeV neutrons. The knocked-on
protons pass into the aluminium foil, which is thick enough to absorb all protons
incident with energies less than 3 MeV. This leaves protons knocked-on by
14 MeV neutrons as the only protons capable of passing through the foil to be
detected by the surface barrier diode, which is approximately a 100% efficient
detector of protons incident upon its surface. This system has been tested at
Harwell by the author and G. Huxtable, where it was found that the resultant
charge pulse spectrum is very similar to the charge pulse spectrum normally
obtained, with the exception that the efficiency of the diode is increased by a
factor of two. The system tested at Harwell was a simple one, as illustrated in
fig 5.21; the spectrum of the protons incident upon the detector included a large
component of low energy protons below the discriminator settings due to energy
attenuation in the polythene block and because of the wide range of angles
through which the protons could be scattered and still be detected by the diode.
By using a thinner polythene block and by taking more care with the acceptance
angles, both the diode efficiency and the ratio of good counts to total could be
improved. The gain in efficiency alone probably makes this a worthwhile
improvement as this could allow the diode to be used in a position with a lower
neutron flux, thereby increasing the time between replacements due to radiation

damage.
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5.3 Data Analysis

The equipment described in the previous section produces an absolutely
calibrated time-resolved 14 MeV neutron emission rate. This section describes
how this signal is interpreted and what useful information may be derived from

it.
5.3.1 Description of the problem

The classical theory of fast particles slowing down in a plasma was presented
in sec. 2.1. Unfortunately, it is not practical to test this theory by simply plotting
an observed quantity (such as the instantaneous 14 MeV neutron emission rate)
against temperature, T,, because under most circumstances the 14 MeV
neutron emission rate is dependent upon the value of T, over the previous
0.5-1.0 seconds, during which period T, will probably have varied considerably.
This makes comparisons with key plasma parameters of limited use, although,
for discharges where the triton burnup reaches an equilibrium ( fig. 5.22 ), it
is possible to plot the burnup ratio against the product of the slowing down time
and the deuterium dilution factor ( fig 5.23 ). In orc}er to make full use of the
data obtained from the silicon diode, it is necessary to model the full
time-dependence of the 14 MeV neutron emission rate from the plasma for

comparison with the observed data.

Any model which simulates the 14 MeV neutron emission rate must be both
time and space resolved, as strong variations in the triton burnup are possible
in both. The model should use as much real data to characterise the plasma as
is possible, relying on assumptions and approximations only if no suitable
experimental signal is available. It should also be computationally inexpensive,
as the model should be used to interpret hundreds of discharges. Such a model
has been produced and the following section describes the assumptions and

approximations which went into its formulation.

w
W
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5.3.2 Computer simulation of 14 MeV neutron emission

A program, TRAP-T, was written in order to model the 14 MeV n‘eﬁtron
emission from the JET plasma. In the model, the plasma is divided into 10
nested volumes, bounded by flux surfaces represented in the Lao-Hirshmann
form, as shown in figure 5.24. The parameters which model the flux surface
( such as ellipticity and triangularity ) are produced by the FAST program
[5.24] and form one of the inputs to the program. TRAP-T is not very sensitive
to errors in the evaluation of the flux surfaces ( sec 5.3.2.2 ) for most types of
discharge; however, for discharges with very peaked neutron source profiles the
faithfulness of the flux surfaces becomes rather important and , unfortunately,

questionable.

The triton birth profile as a function of time is calculated by assuming the

following:

1. The deuterium density profile is obtained by multiplying the measured n,
profile by the np/n, ratio. The value of np/n, is derived from visible
bremsstrahlung measurements of Z, and by assuming that the only
impurities present in the plasma are carbon and oxygen in a known ratio set

by the user.

2. The T, profile is given by:

T{0)T,(r)

i(r) = 7.00) [5.3]

where T,(0) is obtained from the X-ray crystal spectrometer (p. 21) and
T.(r) is obtained from the ECE diagnostic.

3. The broadening of the profile due to the random distribution (of the phase)
of the tritons around their Larmor orbits as well as the effect of banana
orbits on the particle’s guiding centres has been estimated from observations
made using the code ORBIT [5.25]. The effect may be modelled by a

Triton burnup studies 158



Diagnosis of fusion products for reactor relevant plasmas

D
o

=
)

Distance from the midplane (m)
- o
O O

S8
o

Vacuum
vessel

| \

10 flux surfaces
T used in TRAP-T

1 1] l Il | ] 1 }
T H T T T T U 1

1.0 2.0 3.0 4.0 5.0

Figure 5.24.

Triton burnup studies

Major Radius (m)

Flux volumes used in TRAP-T: A poloidal section of the
torus showing the volumes into which the plasma is
subdivided in the TRAP-T program. Plasma parameters are
assumed constant in each volume and no transport of

particles from one volume to another is allowed.



Diagnosis of fusion products for reactor relevant plasmas

convolution of the source profile with a narrow gaussian ( FWHM of 1

volume element ).

4. The total triton birth rate at each time is normalised to the measured

2.45 MeV neutron emission rate at that time.

As has been shown in chapter 4, the approximation made by using the ECE
temperature profile normalised to the X-ray crystal spectrometer temperature is
usually quite good. The effect of the broadening of the triton source profile
through assumption 3 is usually of the order of a few percent and therefore
relatively unimportant. One further effect upon the triton source profile should
be taken into account, namely sawteeth. Typically two to four sawteeth will
occur during the slowing down of any given triton, causing the relocation of
tritons inside the plasma. Due to the way the code is structured, no transport
between flux volumes of the plasma is allowed while the tritons slow down, so
it is not possible to redistribute the tritons at each sawtooth crash. However,
using the model it is possible to show that sawteeth will have relatively little
effect upon the triton burnup if their only effect is to transport particles inside
the inversion radius to just outside the inversion radius. This can be performed
by altering the triton source profile by moving all the tritons that would
normally be born and slow down on the inner volume elements so that they are
born and slow down on the volume element just outside the inversion radius,
given by the empirical formula [5.26]:

Vi = # [5.4]

cyl

The assumption implicit in using this model of the sawtooth crash is that the
sawtooth period is much shorter than the slowing down time of the tritons, so
that all tritons will be affected by a sawtooth before they reach the peak of the
reactivity. This means that the actual crash cannot be simulated, but the effect
of the crash on the overall burnup may be estimated. Figure 5.25 shows the
comparison of the triton burnup obtained with and without the sawtooth model.
Even with a model as severe as the one used here, no great variation in the triton

burnup is obtained. In practice, a smaller effect should be expected, as at the
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crash tritons just outside the inversion radius are presumably swept into the
centre, partially compensating for the loss of tritons from the inside to outside

the inversion radius region.

After calculating the time-resolved source profile, the program has normally
generated 4000 groups of tritons, each with their own start time and minor
radius on which to slow down. They are assumed to act independently of cach
other as they slow down and burn up. The Batistoni formulation of the slowing
down is used to model the physics of the slowing down, rearranged somewhat
in order to optimise the speed of the code. Each group is slowed down in steps
of approximately 10 ms and at each step the fraction of the group lost through
burnup is calculated using:

every

group
Sia) = Y np(ryt) nyo pr(v(0) vi() [5.5]
i=1
where S)4 = the 14 MeV neutron emission rate. Sy is then compared with the

observed 14 MeV neutron emission rate

5.3.2.1 Assumptions and input data

There are certain assumptions built into the slowing down section of the code

which are as follows:

1.  Magnetic flux surfaces do not vary quickly, or more specifically, the slowing
down time of the tritons is shorter than the time for the flux surfaces to alter
significantly. This implies that current ramping discharges should be treated

with some caution, although this is not thought to be a large effect.

2. No spatial transport of tritons occurs while they are slowing down in the
plasma. This assumption excludes the possibility of accurate modelling of
the sawtooth phenomenon, or any other particle transport mechanism.
However, as the discussion on sawtooth crash modelling earlier showed, the

effect of particle transport on a fairly large scale is of order 10%. A larger
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Figure 5.25. Modelled 14 MeV neutron emission with and without

Triton burnup studies

sawteeth: The sawtooth model used causes a small change
to the 14 MeV neutron emission on average. Therefore, as
the model overestimates the effect of sawteeth, the influence
of classical sawteeth on the 14 MeV neutron production rate

should be small and is ignored.
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effect could only be due to a mechanism capable of altering the minor radius
by more than 50 cm during one second and such a transport mechanism is

not observed, apart from monster sawteeth.

3. The triton population is assumed to be accurately modelled by the single
particle approximation. The main effect missed by the single particle
approximation is that of energy diffusion. This is a phenomenon that occurs
primarily when ion-ion collisions dominate the energy loss rate and this
usually occurs at energies lower than the maxima in the D-T reaction
cross-section, so the effects of this should be small on the 14 MeV neutron
emission rate. Pitch angle diffusion into the triton loss cone is also mainly
due to ion-ion interactions and hence the effects of this should be small, an
observation born out by calculations using the HECTOR code [5.27].
Instabilities are unlikely to be excited by the tritons as only a very dilute

population is available, up to 1 part in 10¢ at the most.

4. It is assumed that 10 flux volumes are sufficient to model the plasma. This
has been checked by varying the number of flux surfaces used up to 40 and
very little change was observed, less than 10%. This is only true for normal
discharges where the triton birth profile is moderately pecaked ( up to
peaking factors of approximately 10 ). For very peaked profiles the model
requires more flux volumes for accurate modelling; in addition, a number
of other assumptions fail in this regime and the input data become
unreliable. For this application a specially modified version of TRAP-T is
used which has more flux volumes and a more general slowing down

formula (sce item 5 in this list).

5. The slowing down formulation used in TRAP-T assumes that v, > 3v,, which
holds for plasmas where T,>1 keV. In JET plasmas, this is not usually a
problem as even for ohmic plasmas the axial electron temperature is in the
region 2-3 keV and electron temperature falls to 1 keV only in the
outermost regions of the plasma, where the triton production level is usually
fairly low, making this assumption reasonable. Pellet discharges form an

exception to this as, at the time of pellet injection, the electron temperature
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can fall to a few hundred eV across the plasma, before recovering quickly
to several keV. It is possible to model the slowing down accurately in this

region, but the computation time increases drastically.

6. A flat np/n, profile is assumed. This is an assumption that is known to be
wrong and can give rise to quite large errors, up to 30 %. However, there
are no deuterium density profiles available on a regular basis and so an
assumed profile must be used in most cases. The simplest assumed profile

is the flat one.

7. It is assumed that there are no prompt or delayed losses of tritons from the
plasma. The calculation of the prompt loss fraction of tritons would require
an orbit calculation for cach of the 400 triton start times, which would be a
computationally expensive calculation for a correction which is usually very
small because of the high plasma currents associated with most JET
discharges. The guiding centre code SOCRATE [5.28] was used for
approximately 100 discharges with I,>3 MA and the prompt loss fraction
was always found to be less than 5%. The delayed losses, as shown by the
code HECTOR are typically of the order

.f;felayed =0.1 Zeff ];rompt [56]

where f, is the prompt loss fraction. Hence the effect of tritons being lost

prompt
from the plasma under classical conditions is less than 5% and may

reasonably be ignored.

8. The triton birth rate is assumed to be given by the 2.45 MeV neutron
emission rate. This assumption is also known to be invalid, but again only
a small error should be introduced by it. The branching ratio of the D-D
reaction is shown in fig 5.26 from [5.29] and the ratio can be seen to be
dependent upon the energy of the reacting deuterons. For tritons produced
by Maxwellian deuterium populations, the difference between the two
branches is never more than 10% in the region of interest of 2 keV to
20 keV. For tritons produced from beam-plasma or beam-beam reactions,

the majority of the tritons are produced by deuterons near the beam
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injection energy and so the the ratio of tritons to 2.45 MeV neutrons also is
equal to 1.0+0.1. The ratio is a slowly varying function across this interval,
so that a systematic error on the absolute 14 MeV neutron yield would not

affect the time dependence, nor the shot to shot comparisons.

The assumptions in the above list are all capable of giving rise to small errors
in normal use of the code but the largest sources of error in the calculation are
thought to be the errors in the input data. The most important data with their

associated errors are shown below:

Absolute Spatial
error error
¢ Magnetic flux surfaces +10 cm
¢ Electron temperature profiles +10%, +7 cm
¢ Electron density profiles +15%
* Zu +30%

The magnetic flux surfaces are important in that they determine where on the
T, and n, profiles the T, and n, data are taken, as these profiles are quoted as
functions of major radius and must be converted to plasma coordinates for use
in TRAP-T. The magnitude of the errors likely to be introduced here depends
on the peaking factors of the various profiles, flat profiles implying little or no
crror and highly peaked profiles implying large errors. The other input
quantities have associated uncertainties, those on T, and n, mainly affecting the
slowing down rate of tritons while Z; is the major source of uncertainty on the
absolute magnitude of the 14 MeV neutron emission. The effect of these
experimental uncertainties on the predictions of the 14 MeV neutron emission

is discussed in more detail in the next section.

Triton burnup studies 165



Diagnosis of fusion products for reactor relevant plasmas

0.56 Proton branch

O
W
(\®)

d-d branching ratio
O
2

0.44 | Neutron branch

0.40 t + + } ;
0 20 40 60 80 100

0.60+ Deuteron energy (keV)

-
n
A

Proton branch

o
n
Sl

>
~
@

Neutron branch
0.44+

<o'v> reactivity branching ratio

0.40 = a ' = =
0 20 40 60 8 100

Iontemperature (keV)
Figure 5.26. D-D branching ratios: The upper figure shows the relative
probability of the branches as a function of deuteron energy.
The lower graph shows the branching ratios as a function of

plasma temperature. The graphs have been drawn from
[5.29].

Triton burnup studies 166



Diagnosis of fusion products for reactor relevant plasmas

By treating the triton population as a large number of groups of
independently slowing down particles, a significant simplification of the
problem is achieved at the expense of being able to model such processes as
spatial diffusion of the tritons. The physics of the code has been checked by
comparing the results with SOCRATE in time-independent cases, as illustrated
in fig 5.27. The agreement between the two codes is very good, except for a few
cases with high temperature plasmas. One important difference between the
codes lies in their handling of interpolation between data points in the input
data, which meant that for time-independent cases with identical input data, the
values of T, and n, used to model the plasma were slightly different. Upon
further inspection, most of the points showing a large deviation from the line of
equality turned out to be due to sawteeth, with one code using data from low

side of the crash and the other code using data from the high side of the crash.

It seems reasonable to conclude that for a wide range of discharges, the
approximations and simplifications made in TRAP-T do not introduce large
inaccuracies and that, for the majority of JET discharges, orbit effects upon the
triton burnup are trivial. There are exceptions to this, such as pellet discharges,
where the peaking of the triton source profile and the the associated temperature
and density profiles cause large inaccuracies to be introduced into the

calculation.

5.3.2.2  Sensitivity analysis.

Uncertainties in the input data lead to errors in the calculated fraction of
tritons which burnup. In order to estimate the effects of these uncertainties, the
values of T,, n, and Z were altered by up to +£30% and the changes in the
burnup ratio noted. The results of this sthdy are shown in fig. 5.28, when it can
be seen that the greatest sensitivities of the absolute triton burnup ratio are
associated with the parameters T, and Z. T, affects how fast the tritons are
slowing down; if the modelled and observed time dependence are in good
agreement, the experimental T, can be assumed to be reliable. The sensitivity
to Z, appear to be of a similar magnitude to that for T, when Z (2.5, which

is usually the case in the shots analysed. When Z g is smaller than 2.5, the error
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Figure 5.27. Comparison of calculated triton burnups from TRAP-T and
SOCRATE: The guiding centre code and TRAP-T were
compared for approximately 100 times from a number of JET
dischérges. The agreement between the two codes is very
good, except for a few discharges with high burnup ratios.
This result implies that orbit effects have little importance on
the burnup ratio, as SOCRATE includes the orbit effects,
whereas TRAP-T does not.
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introduced by an error in Z.; is smaller. This can be shown from the formula

used to calculate the deuterium density from the Z 4 value:

(18 +32f, —3Z —4fZ)n,

"= T )05 + 28) [5-7]

where  f; = the ratio of hydrogen to deuterium in the plasma,

fi = the ratio of oxygen to carbon in the plasma

The values of f; and f; are taken from other diagnostics and are typically 0.00
and 0.33, respectively. The fractional change in the calculated deuterium density

caused by a change in Z; for these typical conditions is given by:

Anp, AZ i
Ty Y66-2 [5-8]
% is estimated to be +20-30% from the visible bremsstrahlung diagnostic,

so in order to keep the fractional error in np at a similar level, shots having Z

values higher than 3 are rejected.

5.3.2.3  Summary and future developments

The code TRAP-T meets the targets specified at the beginning of this section
for a program to simulate the 14 MeV necutron emission rates. The program
has been well tested and is used routinely to assist in the analysis of 14 McV
ncutron data from JET. It contains a number of approximations and
assumptions which are reasonably valid on a large device such as JET, although
for smaller devices this would not hold true. In fact, the major source of
inaccuracy is the data used to model the plasma. The code runs fast enough to

be used for all shots for which adequate data exist in order to model the plasma.

TRAP-T is fairly well developed at this moment. No major upgrades to the
program are planned. Variations on TRAP-T are sometimes required, such as
the version used to model the slowing down of 3He used in chapter 3, or the

version used to study the production of y rays from the population of 3He as it
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Figure 5.28. Burnup ratio dependence upon input parameters: By altering
the values of T,, n,, Z.; and T, the sensitivity of TRAP-T to

errors in the input data is estimated.
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thermalises after RF minority heating on the 3He. The only class of discharge
with which TRAP-T experiences difficulty is that of pellet injection, for which
a version of TRAP-T exists which, in principle, can manage the low electron
temperatures and the high gradients although, in practice, the experimental
uncertainties associated with the input data are usually the limiting factor on the
accuracy of the predictions. In order to obtain a more accurate 14 MeV
neutron emission rate, a new program would have to be written, probably along
the lines of HECTOR or SOCRATE, but with time resolution.

5.3.3 Data overview

14 MeV neutron emission data have been taken at JET during the last three
years. Out of the 10% discharges in this period, a few hundred are suitable for

further analysis. The selection criteria used for foil activation measurements are:
e statistical error < 30%,

® no disruptions during the discharge,

e very low runaway production levels,

* only copper activations with 2 measurements per activated foil are to be

used.

For the silicon diode detector, the requirements are less stringent as
disruptions can simply be excluded from the time interval examined. The

following are the criteria used to judge the acceptability of silicon diode data:
e more than 100 events due to 14 MeV neutrons.

® no contribution to the 14 MeV neutron signal from pile up of the low energy

events,

¢ low runaway production.
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There are some difficulties associated with determining whether the second of
the conditions is valid for the silicon diode detector. The normal way to test for
it is to observe the ratio of the signals from the various discriminators.. If the
pulser count rate is subtracted from each channel, then the discriminators set to
above the low energy signal should be proportional to each other. If the ratios
of these discriminators alters from the known value, then the lowermost

discriminator is discarded in favour of the next higher discriminator level.

For the TRAP-T analysis of a shot to proceed , a further set of selection

criteria must be applied in order that the code may operate accurately:

¢ Z.<5 throughout the main 14 MeV neutron emission times, (shots
10200-11100),

® Z.s<3 throughout the main 14 MeV neutron emission times, (shots
11100-21030),

¢ good electron density data from the FIR available,
¢ good electron temperature data from ECE available,
¢ magnetic flux surface data available.

The Z, criterion has been relaxed for the first period of silicon diode operation
in order that one or two particularly interesting shots could be analysed. From
the good results obtained from these high Z . shots, it seems that the systematic

error on the Z g value was rather smaller than that quoted.

After applying all the selection criteria, the following data regions are

available from the foil activation system and the silicon diode detector:
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Period Shot range Number of shots
A 10500-11000 ~15 |
B 12000-13000 ~100
C 15500-18790 ~20

Table S.2. Foil activation data regions

Period Shot range Number of shots
1 10800-11100 ~40
2 15500-16518 ~50
3 16519-18790 ~50
4 19900-21030 >200

Table 5.3. Silicon diode data availability

For the foil activation system, periods A and C contain too few discharges
to make any detailed analysis of trends worthwhile, although thc observation
that the measurements appear to be near classical can be made. Period B has
enough shots to allow scalings with various parameters to be derived [5.18],
although the lack of any silicon diode data does make the data more open to
misinterpretation. For the silicon diode data, periods 1 and 2 were quite fruitful,
however, period 3 suffered from high impurity levels and this limited the
number of discharges available for analysis. At the time of writing,
measurements have just commenced on period 4 and this looks to be the best

period of operations so far, as the impurity levels in the plasma are low.
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Two methods of comparing the observed with the calculated 14 MeV
neutron emission are employed. The first is to sum the neutron emission rates
over the shot and compare the integrated neutron yields. This is the only
comparison available for the foil activation measurements and, to a lesser
extent, is also used for the silicon diode measurements. Such comparisons are
shown in figs 5.19-5.20, 5.29-5.31. 14 MeV neutron yields are shown from
plasmas with very different operating regimes, from pure ohmic to 35 MW of
additional heating and from 3 to 7 MA plasma currents, yet the agreement
between the code and the experimental determined yields is remarkably good.
These comparisons show that the calculated and experimental yields are linearly
related (to within 10%) but the slope may differ from unity by as much as 30%.
This may be understood in terms of the absolute error of 30% on Z . For the
values of Z.; normally encountered (typically 2-3) this implies a similar error
on the derived np/n, ratio and hence the calculated 14 MeV neutron emission
rate. The scatter of the points around the lines is thought to simply be due to

random errors in all the input data used by the program.

The second type of comparison is used only for the silicon diode data, as it
is a comparison of the calculated time-resolved 14 MeV neutron emission rate
with that measured. To simplify such comparisons, the calculated 14 MeV
neutron yield for the discharge is often normalised to the observed 14 MeV
neutron yield. A discharge which had two periods of neutral beam heating is
shown in figs. 5.32-5.34. The agreement between the calculation and the
observed values is fair if purely classical slowing down theory is used, although
the calculated pecak in the 14 MeV neutron emission rate falls some 200 ms
after the observed peak. This may be easily modelled in the code by introducing

an energy loss factor, A, defined as:

() _-A%)

classical

where E= the triton energy. Using a factor A=1.2 in the code produces fig.
5.34. Here the time dependence can be seen to be better modelled than in the

previous case. The value of 1.2 is used as it optimises a x2 test between the
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Figure 5.29. Comparison of calculated 14 MeV yields with KN2 yield,
period B: The yields are obtained by integrating over the

whole discharge, hence each point corresponds to one shot.
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Figure 5.30. Comparison of TRAP-T 14 MeV yields with diode counts,
period 2: The yields are obtained by integrating over the

whole discharge, hence each point corresponds to one shot.
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Figure 5.31. Comparison of TRAP-T 14 ‘MeV yields with diode counts,
period 3: The yields are obtained by integrating over the

whole discharge, hence each point corresponds to one shot.
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Figure 5.32. Key plasma parameters for discharge illustrated in figs 33-34.
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Comparison of TRAP-T calculation with experiment,
A=1.0: The code TRAP-T was used for this discharge with
A=1.0. The areas of the calculated and the observed
14 MecV neutron emissions have been normalised to highlight
the time evolution features. The code is close, but not quite
accurate, the observed 14 MeV neutron emission appearing

to precede the calculation by about 0.2 seconds.
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modelled and the observed data. This factor does not necessarily imply that the
energy loss rate of slowing down tritons is non-classical as the error on the
(—%1;:— e term is ~+20% because of errors in the absolute calibration. of the
clectron’ temperature diagnostics. The shot illustrated is from period 1. For
periods 2 and 3 the value 1.15 is used. These A values are used throughout the
time-resolved analyses. The A value is also dependent upon the electron
temperature diagnostic used. If the ECE data is rescaled to approximate the
LIDAR temperature values at the LIDAR times, then the A values required to
obtain good agreement approach 1. The LIDAR temperatures are not available
with a sufficiently high time resolution to allow their use as the only electron
temperature input and the rescaling process is somewhat arbitrary, so the ECE

data with a non-unity A factor is used for most discharges.

To summarise this section, the observed triton burnup averaged over a shot
and the time dependence of the 14 MeV neutron emission rate both appear to
be classical, within errors. There are systematic discrepancies between the
absolute yields and the energy loss rates of the calculation and the observations,
but these could be caused by errors in the input data of the code. The next
section examines the individual shots in more detail, in order to look for
departures from classical behaviour on short timescales which might not appear

on the large scale comparisons described above.

5.3.4 Specific issues

5.3.4.1 Confinement of tritons

The confinement of tritons is an important issue as it relates directly to the
confinement of « particles from D-T reactions in a fusion reactor. Poor
confinement of o particles would imply that the efficiency of o particle heating
will be somewhat less than the near 100% expected, making the achievement
of a self-sustaining fusion plasma more difficult. Also the power loading on the
first wall would be increased, causing problems with impurity influxes and also
the provision of adequate cooling for the first wall. Therefore, demonstrating

that tritons are well confined is an important result.
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Figure 5.34. Comparison of TRAP-T calculation with experiment,
A=1.2: The agrcement here is better than in the previous
figure. The enhanced A factor could be due to a genuine
anomalous cnergy loss process, or errors in the input data
used to model the plasma. The latter explanation seems the

most likely.
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Comparisons of the calculated and measured integrated neutron yields are
the principal test of triton confinement. After the model has been optimised by
the adjustment of the A factor, any discrepancies must be due to either lack of
confinement of tritons or to errors in the evaluation of the deuterium density.
The fact that the calculated and measured 14 MeV neutron yields are linearly
related over a wide range of plasma currents is compelling evidence that the
confinement is near perfect and that the systematic discrepancy between the
calculation and the measurement is due to errors in the evaluation of the the
deuterium density. It is thought that the systematic discrepancy is unlikely to
be due to poor confinement of tritons, as a mechanism by which a constant 30%

of all tritons are lost from the plasma is very hard to invent.

Sudden loss of triton confinement could occur on short timescales during the
large events which occur in JET plasmas. The obvious events to investigate are
sawteeth, monster sawteeth, infernal modes and pellet injection. These events
are quite violent and could possibly cause the loss of tritons from the plasma.
Such a loss would be observed as an abrupt fall in the 14 MeV neutron emission
rate, although a similar drop could be produced without actual loss of tritons
by their sudden relocation from one plasma region to another region with a
lower deuterium density. Without a wall-mounted escaping triton detector, it

is very difficult to distinguish between the two effects.

5.3.4.2 Effect of sawtecth

As described in chapter 2, the sawtooth phenomenon is a well documented
but little understood process commonly found in JET plasmas. The effect of one
sawtooth crash is to relocate plasma from the inside to the outside of the
inversion radius, with plasma from outside this radius being transpbrted

inwards. It has the overall effect of flattening the temperature profile.

If the only effect of the sawtooth is this relocation, then its effect on the
14 MeV neutron emission rate should be small, of the order of 10%, as shown
earlier in section 5.3.2. After examination of a large number of discharges for

drops in the 14 MeV neutron emission rate coincident with sawtooth crashes,
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it was concluded that sawteeth do not normally have a large enough effect on
the total 14 MeV neutron emission rate to be detected. A typical set of sawteeth

and the associated 14 MeV neutron emission rates are shown in fig. 5.35.

One possible way of extending this measurement would be to use the
ncutron profile monitor as a 14 MeV neutron detector. Neutron sawteeth show
up much more clearly on the neutron profile monitor than on total neutron
detectors and a similar effect would be expected for 14 MeV neutron emission
rates. The major problem expected with such an experiment would be the
counting statistics required. The count rate for 14 MeV neutron events would
at best be a few hundred counts per second. In order to be able to detect a 10%
change in the counting rate N against the statistical fluctuations of order \//\—7,
N>400 would be required over a time bin no more than 50 ms long and
preferably shorter. This would necessitate the summing up of numecrous
sawteeth from similar discharges. Such a procedure has not yet been

undertaken.

5.3.4.3 Effect of monster sawteeth

Monster sawteeth are superficially similar to long duration normal sawteeth
but they also have much larger inversion radii associated with them. A typical
monster sawtooth and the associated 14 MeV neutron emission rate are shown
in fig. 5.36; no drop in the 14 MeV neutron emission rate is observed coincident
with the sawtooth crash, although a change in the gradient is. This is consistent
with the abrupt change in the clectron temperature and the subsequent decrease

in the slowing down time of the tritons.

This behaviour is repcated throughout all monster sawteeth observed, with
only one possible exception. This discharge is illustrated in fig. 5.37, where an
apparent drop of some 30% in the neutron emission rate is observed at the
sawtooth crash. As can be shown by the 2.45 MeV neutron profile monitor , the
crash caused an unusually large change in the 2.45 MeV neutron emission
profile, suggesting that particle transport had occurred. The discharge was also

undergoing the ‘carbon catastrophe’ at the time of the crash, implying that a
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Figure 5.35. 14 MeV neutron signal from discharge exhibiting
sawteeth: The lower graph is from the ECE electron
temperature diagnostic and show the plasma to be exhibiting
obvious sawteeth. The upper graph shows the 14 MeV
neutron signal at the same time and no obvious sawteeth are

seen.
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Figure 5.36. 14 MeV neutron emission rate during monster sawtooth

activity: The indicated time shows when the monster
sawtooth occurred and no effect can be seen on the 14 MeV

neutron emission signal.

Triton burnup studies 185



Diagnosis of fusion products for reactor relevant plasmas

very low value of np/n, existed near the edge of the plasma. The simplest
explanation for the drop in the 14 MeV neutron rate is that the tritons had been
transported to outside the sawtooth inversion radius, where the low np/n, ratio
caused an instant drop in the triton burnup ratio. The possibility still exists that
the tritons had been lost from the plasma but this would have required a larger
shift of the tritons and so is less likely. As stated earlier, to differentiate between
tritons lost from the plasma and tritons transported to regions of the plasma
with low np/n, requires an escaping triton detector, which is not available on
JET.

5.3.4.4 Effect of infernal modes

The infernal mode is an event which occurs in pellet fuelled discharges. A
typical discharge showing this feature is shown in figure 5.38. Opinion on the
physics of the event is divided but for the purposes of triton confinement what
matters is the large change in the plasma conditions at the event. As can be seen
from fig. 5.38, the 14 MeV neutron emission rate appears to be unaffected and

maintains the same level for 0.4 seconds after the crash.

This is a somewhat puzzling result because the peaked density profile
associated with pellet discharges collapses during the infernal mode and so a
large change in the 14 MeV neutron emission rate might be anticipated. One
possible explanation for this involves the position of the triton source profile.
Whilst the KN3 2.45 MeV neutron emission profile is very peaked for this
discharge, the tritons will effectively slow down on a broader profile because of
the random gyrophase and bounce averaging effects. As the number of tritons
present in each flux volume scales as the square of the minor radius of the
volume, this implies that the bulk of the tritons which burnup will do so not on
axis, but somewhat further out. Thus, the decrease in the deuterium density at
the centre of the plasma and its local effect on the tritons slowing down could
be countered by the increase in density further out, where the bulk of the tritons
slow down. It is possible, though surprising, that the two effects cancel each

other out as far as the 14 MeV neutron emission rate is concerned.
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Figure 5.37. 14 MeV neutron emission correlated to monster sawtooth
activity: This is the only case seen so far where a drop in the
observed 14 MeV neutron emission rate correlates with the

crash phase of a monster sawtooth.
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Figure 5.38. Typical infernal mode effect on the 14 MeV neutron emission
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5.3.4.5 Effect of rapid density reduction

A set of unusual discharges where the electron density falls rapidly, even
during the beam heating phase, have been observed (fig 5.39). For these
discharges, beryllium tiles were being used inside the vessel and were thought to
be responsible for the high pumping observed. The 14 MeV neutron emission
rate computed using the classical model with the normal enhanced energy loss
term is shown in fig 5.40; there is a considerable difference between the
prediction and experiment. The discharge does have a low density and high
electron temperature, so the delay between the 2.45 and 14 MeV necutron
emission rates would have been expected to be greater than 1.5 seconds, as
observed, but some 2/3 of the tritons appear to be missing at the end of the
discharge. This has been modelled by including an exponential loss term in the
TRAP-T code with a time constant of 0.9 seconds over the time interval from
T=6.5 to 8.5 seconds. The results are shown in fig 5.41 and the agreement is
excellent. This discharge would appear to show two contradictory features: the
longest slowing down times observed on JET and the poorest triton confinement

properties.

The probable explanation for the loss of confinement is that the tritons were
swept out of the plasma along with the rest of the bulk plasma ions, a somewhat
discouraging result as this implies that 4He ash removal schemes in future
reactors will also sweep out the thermalising « particles, reducing the efficiency

of the reactor.

5.3.4.6 Deuterium density measurements

One of the most restrictive limitations placed on the analysis of data using
TRAP-T is that Z <3, as JET often operates with much higher Z 4 than this.
The reason high Z; discharges cannot be used is that small errors on the Z
value lead to very large errors in the derived np/n, ratio. The errors become so
large that it becomes worthwhile turning the problem around by assuming that
the calculation (for Z;=1) is correct and then using it to calculate the np/n,

ratio of the plasma. A version of TRAP-T has been constructed which performs
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Figure 5.40. Classical TRAP-T run for low density discharge
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Figure 5.41. TRAP-T run with anomalous losses for low density discharge
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this calculation and some typical results from it are shown in fig. 5.42 where the

deuterium density was well known (ie, it had low Z ).

The method used in the program is very simple. It relies upon the observation
that for plasmas consisting of isotopes with an atomic mass to atomic number
ratio of 2, the slowing down of the tritons is nearly independent of the value of

Z . This means that the ny/n, ratio can be calculated from:

nD( f) B S]ofserved( t)

ne(t) - szlculmed(t)

[5.10]

where S)4(¢) is the time-resolved 14 MeV neutron emission rate. This works well
for regions where Sj4 is a near constant value. For time intervals where it varies
strongly, such as at the beginning and ending of a neutral beam pulse, the
accuracy is poor as the time dependence must be followed extremely accurately
in such intervals. The other disadvantage of this technique as an np/n,
diagnostic is that it is limited to discharges with a high 14 MeV neutron
emission rate, as only they will have sufficient detected events to make the

technique viable.

A more detailed comparison of this method with other deuterium density
evaluation techniques is found in [5.30]. The general result found there is that
the measurement is in good agreement with the other diagnostics and is

particularly suited to discharges with Z > 4.

5.4 Conclusions

The most important conclusion from this chapter is that the slowing down
of tritons in a plasma is classical, even when the plasma is undergoing violent
changes. The only evidence for unusually high prompt losses has been found in
discharges with very low density and high T, an unusual operating regime.
Hence the prospect for o particle heating of plasmas appears good, although
possible collective effects have not been tested because the population of tritons

is 21000 times too dilute to excite them.
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Figure 5.42. Calculated deuterium density traces during NBI heating
phase: Using TRAP-T to calculate the deuterium
concentration, the above diagram is produced. The agreement
with other diagnostic techniques is good, although the

method is unreliable for regions where the triton population

is altering rapidly.

Triton burnup studies 194



Diagnosis of fusion products for reactor relevant plasmas

The code developed to calculate the 14 MeV neutron emission rate works
well and has been modified for use in areas other than triton burnup and has
passed all tests performed so far. Perhaps the most significant fact deduced from
the operation of the code is that for particles in the MeV energy range, the effect

of the finite size of the orbits on the triton burnup is minimal.

The code has been modified to produce np/n, ratios which are in good
agreement with other diagnostics and forms one of the most accurate techniques

for measuring the np/n, ratio for high Z  plasmas.

For the future, the upgrading of the shielding around the detector and the
possible addition of a polythene radiator with a thin foil appear to be useful.
The observation of 14 MeV neutron emission rates should be continued so that
any discharges exhibiting unexpected triton burnup problems may be
recognized. Profiles of 14 MeV neutron emission would be extremely useful,

although difficult to obtain during D-D operations.
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6.0 Conclusions and future work

Work for this thesis has primarily involved the analysis of data from three

diagnostics and the important results drawn from them are shown below.
For the 14.7 MeV proton spectrometer:

e For low power ICRH discharges, the escaping proton signal can show large
spikes coincident with sawtooth crashes. This is interpreted as the expulsion
of fast particles from the centre of the plasma into the viewing region of
KP2, where they react to produce 14.7 MeV protons which are lost from the -

plasma.

e The “dips” observed on the KP1 diagnostic were due to very strong proton
emission reducing the voltage across the diode, effectively switching off the

diode for a short period

e The spectrometer used was too fragile and if further measurements were to

be made, it would have to be made more robust.

e The present operational aims for JET of high neutron emission rates and
high heating powers are incompatible with the operation of such a
diagnostic, as the large background signal overwhelms the protons. Unless
there is a change in these aims or a detector insensitive to neutrons and y

rays is used, a replacement for KP2 would not seem prudent.

For the 2.45 MeV neutron profile monitor , KN3:
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A code, ORION, has been developed to aid in the analysis of data from this
diagnostic. ORION has been used both for the analysis of data from KN3
and to obtain general results relating to the operation of KN3.

A disturbing result is the observation that the ratio of the neutron emission
rates from KN3 and KNI is not constant and varies as a function of
neutron emission rate. However, this is thought to be a problem for high
neutron emission rate discharges. The source of this variation is not

confirmed at the time of writing.

The effect of the estimated error on the backscatter subtraction on the
derived profile has been found to be small, as a 30% error in the subtraction
propagates through the analysis to an error on the total emission rate and

peaking factor of the order of 3%.

Necutron spectrometers measure an ion temperature averaged over the whole
line-of-sight. In order to find the peak ion temperature, a correction factor
must be applied and this has been shown to have a larger value than
previously thought. The correction lies between 10 and 40% of the measured

ion temperature.

The effect of the plasma position on the total neutron yield measured with
the outboard irradiation ends of KN2 has been shown to be small enough

to be negligible.

Utilising ion temperature data from other diagnostics, estimates of the

deuterium dilution factor across the plasma may be obtained.

Profiles of 2.45 MeV ncutron emission have been produced and reported

upon.

For the 14 MeV neutron detector:

A 14 MeV neutron detector has been developed which is capable of making

time-resolved measurements of a 14 MeV neutron emission rate some two
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orders of magnitude smaller than the 2.45 MeV neutron emission rate. The
diagnostic offers time resolution down to 10 ms with a statistical accuracy
of better than 10%. ’

¢ A code has been developed to model the time-resolved 14 MeV neutron
emission rate from the JET plasma. The code has been tested against more
complex guiding centre codes and has shown that the effect of orbits on the

slowing down and burnup of tritons is small ( <10% ).

¢ The code is found to be in good agreement with the observed 14 MeV
neutron emission rate if the energy loss rate is increased by approkimately
20% from its classical value. This discrepancy lies within the errors of the
measurement, so the tritons appear to lose energy classically in the JET

plasma.

¢ The confinement of tritons in JET plasmas appears to be extremely good in
the majority of discharges studied, but for some unusual cases departures

from the classical picture have been observed.

¢ The 14 MeV neutron emission rate has also been used to deduce the
deuterium dilution and results are in good agreement with the technique

outlined in chapter 4.
For the future, the following suggestions are made:

e The full orbit code neceded for the quantitative analysis of the KP2 data
should be made operational and used to fully analyse the escaping
14.7 MeV proton data.

e The 2.45 MeV neutron profile monitor should continue to be investigated

to discover the cause of the non-constant KN3 to KNI ratio.

® 14 MeV neutron emission profiles from the neutron profile monitor would
be very useful in determining the diffusive properties of slowing down tritons

and should be investigated as soon as possible. The use of these profiles to
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investigate sawteeth and their effects on the triton population would appear

to be a very difficult measurement but would be very valuable.

e The ORION program is satisfactory for the present accuracy of KN3 but
in future a more accurate profile reconstruction technique will be required.
To further this end the addition of an inversion technique to ORION would
be most useful. Also further consideration of the effects of orbits on the
contours of neutron emissivity should be undertaken, as it seems that these

are non-negligible.

¢  With the corrected KN3 and improved ORION a study of neutron sawtecth

could be undertaken.

e The silicon diode detector should be upgraded by adding further shielding
and perhaps including a polythene radiator plus foil combination to enhance

efficiency.

e The analysis of the period 4 triton burnup data should be completed as this
will double the number of shots analysed and also contains discharges of

considerable interest.

e The TRAP-T code should be upgraded in order to model discharges with
pellet injection. These discharges are more difficult to model because of the
highly peaked profiles involved, but offer the chance of extending the tritoh
burnup measurements into a new regime of plasma conditions, ie. cold and

dense.

e Alternate routes for the modelling of the 14 MeV ncutron emission rate
should be considered, as the TRAP-T code is limited in the range of
phenomena which can be simulated well. A code which can model the
diffusion of the triton population and the effect of pitch angle scattering
would be useful, although mainly in the more exotic plasma regimes. For the
bulk of discharges encountered in JET operations, the TRAP-T code is

sufficient.
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Appendix A. Charged particle diagnostics

A.l Introduction

Charged fusion products (CFPs) include a wide variety of particles, as shown
in table A.l1, but the behaviour of the 3.5 MeV alpha particles from the D-T
reaction is of most interest as the first fusion reactor will probably use them to
heat the plasma. Hence the heating and confinement properties of alphas are
of considerable use and must be well diagnosed. Numerous proposals have been
made as to how this may be achieved and the primary aim of this appendix is

to review and assess these proposals.

Diagnosis of 3.5 MeV alpha particles in a burning D-T plasma is difficult
because the operating environment is very hostile with high neutron and gamma
fluxes. One way of getting round this problem is to make use of the fact that
other CFPs have similar properties to 3.5 MeV alpha particles and by studying
them in present-day devices useful information about the confinement and
slowing down of fast charged particles may be found. This approach gives an
insight into the problems associated with very dilute populations of alpha
particles and has the advantage of a much less hostile environment. This
appendix includes a survey of the techniques which are used in present day

machines to study CFPs.

CFPs are produced with much more energy than the background plasma
particles (typically 100-1000 times as much) and so execute much larger orbits
than thermal ions. A non-negligible fraction of these particles will have orbits
which intersect the vessel wall and hence are unconfined. The unconfined

particles may be used to investigate the confinement of the CFPs as well as
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profiles of ion temperature and current density. The rest of the particles slow
down in the plasma, setting up a non-Maxwellian distribution which may be
susceptible to instabilities. Fig. A.l shows the classically expected time
evolution of the alpha population in a plasma and deviations from this would
indicate the presence of some anomalous energy or particle loss process with the

exact deviation giving information on the anomalous process involved.

Techniques used to study the unconfined CFPs are simpler than those to
diagnose confined CFPs and are described in section A.2. The techniques to
study the confined CFPs are described in section A.3, but few of these methods
have been tricd experimentally and most need considerable development in

order to give reliable information.

A.2  Unconfined charged fusion product diagnostics

A.2.1 Causes of particle losses

For a charged particle in an axisymmetric tokamak there is a range of pitch
angles (the loss cone) for which the orbits intersect the vessel wall and all the
particles born on these orbits are lost immediately. If a point on the vessel wall
is specified (as in fig. A.2) then there is a range of pitch angles at that point for
which a particle’s orbit, if traced backwards in time, passes through the plasma.
Each pitch angle corresponds to an orbit passing through a different region of
the plasma. Therefore, if multiple pitch angles can be resolved then orbits
passing through different regions of the plasma may be identified. By usc of a
technique similar to Abel inversion it is then possible to build up an emission

profile of the plasma.

Non-uniformities in the toroidal magnetic field (ripples) due to the discrete
nature of the toroidal field coils lead to two further loss mechanisms; ripple
trapping and ripple diffusion. In ripple trapping the particle is caught in a
magnetic well and the vertical drifts, due to the gradient and curvature of the

magnetic field, cause it to leave the plasma. In ripple diffusion the ripple causes
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small, random radial excursions at the bounce points of banana orbits leading
to radial diffusion and an increase in the number of lost particles. On TFTR
and JET ripple trapping effects should be negligible but ripple diffusion losses
could be greater than the prompt losses due to the loss cone. The exact size of

the ripple diffusion losses in tokamaks is disputed at this time [A.01-A.03].

As the confined CFPs slow down they may be pitch angle scattered into a
loss region. This should be significant only at low energies because plasma ions
are responsible for pitch angle scattering of CFPs. So for CFP energies more
than about 20T, very little pitch angle scattering occurs [A.04]. Hively [A.05]
estimates that the total pitch angle scattering loss fraction is of size 0.1Z f
(where f, is the prompt loss fraction) so the total loss will be fairly small and at
low energy. Instabilities may also cause the expulsion of CFPs, which can be
detected at the wall as an increase in the escaping particles, often correlating
with MHD activity [A.06].

A.2.2 Uses of escaping CFP detectors

The primary use for an an escaping alpha diagnostic would be to monitor the
alpha losses and to check that they are not anomalously large. However, if a
large number of CFP detectors are available, then more information about the
plasma may be obtained. Karulin and Putvinskij [A.05] show how the ion
temperature, the ion density and the poloidal magnetic ficld may be found using
an array of these detectors. They also show that for 3.5 MeV alpha particles
the information will be limited to the outer regions of the plasma due to the
presence of a ‘dead zone’ at the centre of the plasma from which the alpha
particles may not escape. Table A.2 shows the ‘dead zone’ for a circular plasma
which for JET at SMA gives a value of r/a of approx. 0.6. This restriction to
regions of the plasma near the edge casts doubt on the usefulness of studying
escaping 3.5 MeV alpha particles at JET. The 14.7 MeV proton is more
suitable for this task as it may escape from almost the whole plasma but, in the
D-T phase, few of these will be produced relative to the 3.5 MeV alphas and

the noise induced by the 14 MeV neutrons is likely to overwhelm the detectors.
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The following sections detail existing CFP experiments and the proposals for

the future 3.5 MeV alpha particle diagnostics are reviewed.

A.2.3 Time resolved escaping CFP detectors: previous work
Silicon diode based systems

A large number of these detectors have been used [A.06-A.23, A.70, A.71]
but most are similar in design to the detector shown in fig. A.3. The CFPs drift
out of the plasma and through the collimator onto a silicon surface barrier
diode. In some designs there is also a thin foil (approx 1 pm thick) before the
diode to stop low energy particles and to shield the diode from light. The diode
generates a charge pulse proportiohal to the energy of the incident CFP, which
can be collected and measured. The time resolution (<50ns) and the CFP
energy resolution ( <1%) makes the surface barrier diode the ideal detector for
CFPs. Unfortunately the diode is also sensitive to gamma rays and to nuclear
reactions with 14 MecV neutrons so will be unusable near a burning D-T
plasma. Dectectors of this type have been used for 1 MeV tritons, 3 MeV
protons, 3.6 MeV alphas and 14.7 MeV protons. Information has been derived
on the effect of fishbone instabilities on CFPs [A.06], the effects of lower hybrid
heating and ion cyclotron resonance heating on minority species [A.07,A.08],
sawtooth instability effects [A.09,A.10], fusion product emission profiles
[A.11-A.13], ion diffusivity profiles [A.14],jon temperatures [A.71] and 3He
transport in tokamaks [A.15]. Clearly this is a useful technique and if similar
results can be obtained in a D-T plasma it is worth pursuing. On TFTR the
anticipated plasma current is 2.5-3MA , giving a dead zone of less than 0.1 ( for
3.5 MeV alpha particles ), so for them the development of radiation hardened
detectors is a worthwhile exercise while at JET the usefulness of the technique

seems limited.

Improvements to the basic detector may be made. One method is to use an
array of detectors and derive profile data from them as described above

[A.11-A.14]. Similar data may be obtained if pitch angle resolution is used but
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as yet only simple attempts have been made towards this end [A.13,A.72].
Another method involves using two separate detectors operating to accept only
coincident events from associated particles. A great increase in the spatial
resolving power may be made as when tracing orbits from the each of the
detectors back into the plasma there can only be a small region where they cross.
This technique is suitable for the D-3He reaction but only on small tokamaks
such as TEXT and even then the count-rates are estimated to be low (15.3 s1)
with a poor signal to noise ratio of 5 to 1. In principle it is also possible to detect
a neutron and an escaping CFP in coincidence but this too suffers from a lack

of count rate and a high random coincidence rate.

Radiation hardening of existing detectors

For alpha particles produced in a burning D-T plasma new versions of these
detectors are being designed [A.24-A.27]. The obvious modification is to
replace the silicon surface barrier diode with some other detector which is
radiation hardened (figs. A.4,A.5). At present there is only one candidate for
this, ZnS based scintillators. This material scintillates when an alpha is incident
and has a low sensitivity to neutrons and gamma rays but has poor energy
resolution and will not operate at temperatures in excess of 100 centigrade. ZnS
also suffers from radiation damage due to the alpha particles after a flux of
order 1013 alphas cm- when the scintillation efficiency decreases by a factor of

two.

The detector in fig. A.4 , designed by Zweben [A.24], is capable of good
pitch angle resolution and a prototype has already been tested at TFTR
[A.25]. The first results suggested that the neutron and gamma backgrounds
were 100 times higher than anticipated which would rule out the use of ZnS as
a useable material because even with the backgrounds as low as anticipated the
detector would expect noise problems. However, the high backgrounds appear
to have been due to inadequate shielding of the diode from soft X-rays
scattering from (and emitted by) the vessel wall and if this can be rectified, the

detector is probably capable of measuring the escaping alpha particles on
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TFTR. If the high backgrounds are due to neutrons or gammas, then the

viability of the detector is open to question.

A.2.4 Time resolved escaping CFP detectors: proposed systems

Radiation hardening of existing detectors

The detector illustrated in fig. A.5, proposed by Miley and Kislev, should
provide more pitch angle information than Zweben’s and has better radiation
shielding as well. However, the distance between the alpha entrance slit and the
ZnS screen is approx 10cm while the alpha gyroradius (TFTR, 5T toroidal field)
is at best 5.4cm. Few, if any, alphas will get through this collimation. From fig.
A.6 it is clear that the designers believe that the alpha gyroradius is larger than
the detector so it appears that the designers of the device have either incorrectly
evaluated the alpha Larmor radius or have consistently published their design

with the wrong scales.

New detection methods are being considered. One suggestion is that the high
alpha particle fluxes may make the use of a Faraday cup possible but as yet no
detailed analysis of the viability of such a system has been attempted. A
technique known as foil neutralisation has been proposed as a candidate for the
measurement of escaping alphas by Gerdin et al [A.28-A.33]. This is described

below.

Foil neutralisation of escaping alpha particles

Fast unconfined alpha particles pass through a carbon foil, which is of
known thickness, as in fig. A.7. The alpha particles lose energy in the foil, the
exact amount being dependent upon the thickness of the foil (see fig. A.8), and
a fraction of those leaving the foil may be neutralised by a charge exchange
process. Neutralised alphas travel straight down a drift tube to a second foil
of thickness 0.1 um where another charge exchange may occur. Any particles

which are ionised in the second foil are deflected onto a detector by magnetic
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fields. The probability of an alpha particle performing this sequence of actions
(neglecting solid angle effects) is shown in fig. A.9 and is typically 1-7% for a
foil exit energy of <500keV. ’

The principal advantage of this system is that the charged particle detector
is removed from the first wall and may be shielded from the neutrons and
gammas. Using a 1m thick shield of borated limestone, the signal to noise ratio
in a ZnS detector is calculated to be 10 to 1 [A.33]. Count rates are estimated
to be from 105 to 108 Hz so good time resolution may be obtained. Also pitch
angle resolution of <19 is possible (due to the length of the drift tube) The
proposed energy resolution system involves the use of multiple copies of the
above system with differing first foil thicknesses. Energy resolution of
10%-20% may be be obtained in this way.

The main disadvantage of the system is its fragility. Gerdin [A.32] estimates
that the heat, radiation, neutron and neutral particle fluxes are too small to
damage the foils but that during a soft disruption ( AI/I=10%, [=2.5MA) on
TFTR 0.1 pm of the foil could be lost. For the projected 100 shot D-T phase
on TFTR this would probably be satisfactory for 10 um foils but not for JET
where a considerably longer D-T phase is planned. The proposed energy
resolution system appears unworkable as the unconfined alpha population in the
region 1-3 MeV is expected to be fairly low so the count rates in detectors tuned
to that region will be at least a factor of 10 down on the detector tuned to the
3.25-3.75 MeV region. Hence, the signal to noise ratio for lower energy alphas
at best would be I to 1. Also, the first foil will be 1-5 um thick for low energy
alpha particle detection so will be more seriously affected by disruptions than

the 10 um foils.

Proof-of-principle tests have been carried out at TFTR using a silicon
surface barrier diode as the particle detector instead of ZnS. However, due to
bad positioning of the diode, the signal was overwhelmed by soft X-ray emission
[A.31] and the tests were inconclusive. Thé detector could, in principle, be used
to detect other CFPs in present day tokamaks but there seems to be no good

reason to do so as the wall mounted surface barrier diode based systems provide
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more data and are easier to implement. In the D-T phase this system would
provide less data than those described earlier and so could only be justified if the
wall mounted systems were found to give poor results because of the high

neutron and gamma fluxes.
Time resolved nuclear track detectors

Nuclear track detectors can be obtained which are sensitive to alpha
particles but not gammas or neutrons. By mounting them on a rotatable probe,
such as the Fast Transfer System or the Plasma Boundary Probe [A.33], the
detectors can be passed behind the collimator with only a small part of the
detector seeing the plasma at any one time. If the probe is removed, the detector
etched and then analysed under a microscope, the energy ( from the length of
the tracks ), the pitch angle ( from the direction of the track ) and the time of

the alpha emission ( from the position on the detector ) may be found.

The disadvantage with such a system is that the removal and analysis of the
detector is time consuming and a new detector is required for each experiment.
However, the quality of the data should be good and the experiment looks

straightforward to implement.
A.2.5 Time integrated escaping CFP diagnostics: previous work
Emulsions and nuclear track detectors

The original measurements of unconfined CFPs were made using nuclear
ecmulsions positioned near the plasma to collect 1 MeV Tritons and 3 McV
protons [A.34,A.35]. Similar experiments occur today except now other CFPs
are collected as well [A.7,A.36]. The experiment performed by Murphy and
Strachan [A.36] shows the potential of such measurements. CFPs pass through
a pinhole, then a slit and onto a plastic nuclear track detector (fig. A.10) . On
the plastic, pitch angles arc resolved parallel to the slit and energy perpendicular

to the slit (due to the magnetic field). The plastic was exposed to the plasma for
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one shot and then removed and analysed. The emissivity profile derived from it
is shown in fig. A.11 and an emissivity profile from an array of time resolved
detectors is shown for comparison in fig. A.12. The errors from the former
technique are considerably lower and the emission profile shows more detail.
As noted earlier, the main problem is the time consuming analysis though the

quality of the results probably makes it worthwhile.
Activation measurements

Longer term measurements have been made via activation of the vessel by
CFPs. On PLT 14.7 MeV protons activated titanium samples on the wall via
the 48Ti(p,n)*®V reaction [A.18]. This reaction has a threshold energy of
4.9 MeV, a half-life of 16 days and emits 0.983 MeV and 1.312 MeV gamma
rays which are easily identified in a high purity Germanium detector. Knowing
the time time-integrated flux at a point, it is then possible to calculate the
time-integrated 14.7 MeV proton yield for the whole plasma. Also observed was
the activation of stainless steel by 14.7 MeV protons via 5¢Fe(p,n)’¢Co, a
reaction with a 5.3 MeV threshold. This was observed at various poloidal points
and the poloidal profile was found to be consistent with calculations. Reactions
could be found for other fusion products so as they could also be monitored this

way.
A.2.6 Time integrated escaping CFP detection: proposed systems

Proposed systems have concentrated upon the detection of 3.5 MeV alpha

particles and simplicity of design.
Foil stacks

The system proposed by Langley [A.37] involves the use of a stack of thin
foils (fig. A.13) upon which the alpha particles are incident, presumably after
some collimation. The alphas slow down in the foils and stop with the position

of the alpha in the stack of foils being a measure of its initial energy. The foils
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are then removed from the vessel and heated to release the helium stored in
them. The quantity of helium released by each can be used to generate an
energy spectrum and the sum gives the incident alpha flux. The method is quite
sensitive ( 101° -10'2 atoms cm-3 ), supplies a crude energy resolution, seems

fairly inexpensive and appears likely to work.
JET long term sample system

A system in use on JET involves the use of 96 probes (fig. A.14) fixed to the
vessel walls with 12 in each octant [A.33]. These probes have carbon, nickel
or inconel surfaces and they absorb the alphas which hit them. The fast alphas
will penetrate to a depth of up to 10 pm and will be trapped. Particles near the
surface may be lost to thermal desorption processes but the alphas deeper than
200nm should be trapped. After an extended operating period, the probes may
be removed and the amount of helium present measured to find the time
integrated alpha flux. By using all the detectors, dctailed poloidal and toroidal
alpha fluxes may be found. This measurement is relatively easy but the
information derivable appears limited and the system will be accessible only

after the final shutdown.
Liquid activation by escaping alpha particles

A technique proposed by England [A.38] has the fast, unconfined alpha
particles pass through a collimator and a 1 pm thick Nickel window into a liquid
containing Boron (fig. A.15). Boron undergoes the !°B(a,n)!3N reaction
generating ¥N which is unstable to positron emission (T |, =10 minutes). The
liquid is forced by a high speed gas stream to a Nal(Tl) well counter where the
e* annihilation may be observed. The number of counts is proportional to the

time integrated fast alpha flux at the detector.

The advantages of this system are its relative simplicity and inherent lack of
sensitivity to ncutron and gamma induced events. This system could act as a

calibration check for the more sophisticated time resolved detectors (if present).
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With a suitable choice of liquids other fusion products could also be tested for

but no examination of this possibility has been made.

Potential difficulties include the effects of the boundary layer of the fluid,
which England estimates to be 10 um thick for B;H, flowing at 22 ms-! , while
the range of alpha particles in B;H, is approximately 17 pum so care must be
taken to remove all the fluid in the boundary layer when transporting it to the
counting station. Also if the counting station is a considerable distance from the
torus (say 50m) then volume of liquid stuck to the walls of the tubing will exceed
that in the above detector. Leaks from the system could be hazardoﬁs as the

suggested chemical spontaneously combusts with air.

A.3 Confined CFP diagnostics

A.3.1 CFP energy loss in a plasma

If a CFP orbit is such that it is confined by the tokamak then (under normal
circumstances) it will lose energy to the plasma and slow down. The classical
energy loss mechanism is through Coulomb collisions with the ions and electrons
which make up the plasma. The transfer of energy from one species to another
works best when the ratio of the velocities is close to 1. Hence, at birth the
electrons dominate the CFP energy loss rate, as electrons are typically 1 to 5
times faster than the CFP while the CFP is typically 20 to 30 times faster than
the ions. Electrons have a low mass relative to the CFP so they do not deflect
it appreciably from its trajectory (low pitch angle scattering). When the CFP
slows down to near thermal velocities the contribution of the plasma ions to the
energy loss increases and, below a critical velocity, v, , becomes dominant. The
ions have a similar mass to the CFP and so pitch angle scattering becomes
important at low CFP energies and CFPs may pitch angle scatter from confined

orbits into the loss regions of phase space.
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The equilibrium distribution function for CFPs in an infinite plasma has

been solved [A.39] in the range v, > Vg > Vv, for a Coulomb collision energy

loss term. The solution has the form :
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The symbols used above have the following meanings:
R(v) = the production rate of CFPs with velocity greater than v,
m, = electron mass,

m, = proton mass,

n, = number density of electrons,

n; = number density of species i in the plasma,
Z; = charge of species i in the plasma,

A; = atomic number of species i in the plasma,
T, = electron temperature,

& = permittivity of free space,

In A; = the Coulomb log for ion-ion collisions,

In A, = the Coulomb log for ion-electron collisions.
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The possibility exists that instabilities may occur which can cause different
energy or momentum transfer rates and hence distort the distribution function.
If the gradient of the distribution in velocity space is greater than zero at some
velocity v then free energy will be available to drive instabilities With-phase
velocity v. If the distribution is as shown above, then this will not happen as the
above distribution has a negative gradient at all velocities. Instabilities may
occur while the system approaches equilibrium (fig. A.1) as then the gradient
may be positive. For example, Alfven waves may be excited by alpha particles
and considerable theoretical effort has gone in to finding out if this will happen.
If it does, the effects need not necessarily be bad. High frequency Alfven waves
are predicted to enhance the energy loss rate of the CFPs, which is useful.
However, low frequency Alfven waves are predicted to enhance the pitch angle
scattering of CFPs and this would have serious consequences upon the use of
alpha particles to heat plasmas as the efficiency of the heating will decrease and

the heat loading on the wall will increase.

To test for the presence of instabilities or anomalous energy loss processes, a
good knowledge of the distribution function of the CFP is required so a great
deal of effort has gone into devising diagnostic techniques which will do this.
This section covers the techniques which have been used in the past and new

methods being developed.

A.3.2 Confined CFPs: previous work

This has concentrated upon the burnup of CFPs.While CFPs slow down a
large fraction of them may undergo a further reaction as the cross-sections for
fusion reactions tend to increase with energy. For example a 1 MeV triton,
produced by a D-D reaction, when slowing down in a typical JET plasma has
roughly a 1% chance of undergoing a D-T reaction while for a thermal triton
the reaction probability is several orders of magnitude lower. By observing the
reaction products produced by the burnup of CFPs it is possible to obtain
information on the slowing down and confinement of the CFPs themselves
[A41].
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1 MeV Triton burnup measurements

Several measurements have been made on the 1 MeV Trit'on_undergoing the
T(d,n)*He reaction [A.42-A.49]. The D-T fusion reactivity peaks at a triton
cnergy of 180keV so the burnup is weighted towards the end of the slowing
down period. This combined with the long slowing down time (approx 1 second)
means that this reaction is a fairly sensitive test of both the confinement and
slowing down properties of fast charged particles but is insensitive to short

timescale changes in the plasma.

Each triton has a 2.45 MeV neutron associated with it from the second
branch of the D-D reaction so the number of tritons produced can be found
quite accurately. The 14 MeV neutron from the D-T reaction gives the number
of tritons burnt up.The original measurements used activation of aluminium
foils via 27Al(n,a)?*Na to monitor the burnup as the reaction has an energy
threshold of 3.25 MeV so is insensitive to 2.45 MeV neutrons. 2.45 MeV
neutron production can be monitored by Indium foil activation [A.42], BF,
chambers [A.44] or fission chambers [A.45]. From these measurements the
confinement and deceleration of tritons were found to be consistent, within a
factor of 2, with classical predictions. More recent measurements have included
time resolution [A.47-A.49] from which a more accurate assessment of the
triton slowing down properties may be made. Three experiments have been
performed; onec uses an NE213 scintillator with discrimination against
2.45 McV neutrons; another uses fission chambers to detect 14 MeV ncutrons
after the 2.45 MeV flux has fallen by several orders of magnitude just after NBI
heating of a low density plasma [A.42]; and the last uses a threshold reaction
in Si(Li) diodes to monitor the 14 MeV necutrons (A.43). These measurements
have found no conclusive anomalous slowing down or anomalous loss processcs.
Considerably more detail on triton burnup may be found in chapter 5 of this

thesis.
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Burnup of 0.8 MeV Helium3

The 3He ion produced by one branch of the D-D reaction has also been-used
in burnup studies. The escape of 3.6 MeV alpha particles and of 14.7 MeV
protons from the plasma has been monitored using devices described in section
A.2.3.3He is not suitable for the study of the long term stability of confined fast
particles, as the peak of the burnup is reached within 50 ms, but is useful for
studying the effect of rapid instabilities on fast confined particles. The burnup
of 3He has been previously reported to be nonclassical [A.12]. Sawteeth, low
toroidal fields, fishbone instabilities and large m =2 oscillations have all been
shown to affect the burnup. All the effects have been interpreted as a loss of

confinement instead of anomalously high deceleration of the CFPs.

A.3.3 Confined CFPs: proposed diagnostics

Nuclear diagnostics

There are several proposals in this field [A.50-A.56] but all use the same
principle. The plasma is seeded with a low Z impurity (1-10) and the reaction
products of a CFP and the impurity are monitored from outside the vessel. The
cross-sections for these reactions tend to increase with increasing alpha energy
so these diagnostics are most sensitive to the high energy alpha particles (with
one exception). A problem shared by all these systems is that of impurity
density and impurity transport. If the seeding impurity is not confined well by
the plasma, then a continuous source of the impurity will be required. Beryllium
limiters have been proposed to improve Z . in plasmas and this could supply the
impurity for one scheme; otherwise, the impurity must be added by pellet or
some other means. Also the impurity density profiles will have to be diagnosed

for analysis of the data.

The first proposal [A.50] was to seed the plasma with 1-10% of 1°B as this
undergoes the 19B(a,n)!3N reaction. The 13N would be absorbed by a probe at

the plasma boundary and its decay via positron emission would be observed to
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find the quantity of 13N present in the probe at the end of the plasma pulse.
The difficulty with this system lies in the relating the quantity of 13N in the
probe to that produced in the plasma which will require careful calibration.
Also, the information provided is time-integrated and so rather limited in use.
In its favour is that the experiment could be performed using existing systems

and should be simple to perform.

A proposal by Slaughter [A.51] suggests that approximately 1% of 9Be
interacting via the reaction °Be(a,n)!2C would give an observable neutron
spectrum, from 4-8 MeV, which could be interpreted to give the distribution
function of the alpha particles. The neutron flux produced by this reaction
would be two to three orders of magnitude lower than the 14 MeV neutron flux.
Calculations by Verschuur [A.57] find that for JET the scattered 14 MeV
neutron flux at those energies is larger than this, making the accurate
observation of the neutron spectrum hard. The experiment appears to be
difficult but could be attempted with the neutron spectrometers planned for
JET.If the plasma was observed after a period of NBI heating then the 14 McV
neutron background should be reduced. The alphas, however, will still be
slowing down and the 4-8 MeV neutrons should be produced against a much
lower background. This is known as the delayed counting method of observation
[A.46].

Cecil et al [A.52,A.53] propose to use a resonance in the 7Li(a,y)!'B reaction
at an alpha energy of 0.958 MeV which results in the emission of a 4.825 MeV
gamma ray. The 14 MeV neutron rate will give the alpha production rate and
by observing the gamma rays produced with an energy of 4.825 MeV the
number of alphas with energy 0.958 MeV can be found. The main problem for
this measurement is the background. Calculations have been performed, taking
the expected gamma ray background into account; it was found that a single
detector will need 110,000 seconds of counting to make an observation on the
4.825 MeV line with an accuracy of 25% if a 1% 7Li seeding is used. This time
may be reduced by using multiple detectors or higher impurity densities but by
using the delayed counting method the counting time is estimated to be 18ms.

The model used for the gamma ray background has been tested recently
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[A.56] and found to give good agreement with experiment but doesn’t take into
account any line spectra which may exist near 4.825 MeV and this should be
checked. By using the delayed counting method and equipment which is already
installed at TFTR and JET, a measurement of the alpha particle density at an
alpha energy of 0.958 MeV may be made.

Charge exchange based techniques

Several systems have been proposed [ A.58-A.61] which use charge exchange
processes in the plasma to observe the alpha distribution. Two charge exchange
processes are of interest:

Single charge exchange (SCX) He** + Zi — He** + Zi*!
Double charge exchange (DCX) He*+ + Zi — He0* + Zi+2
where Z=atomic number of electron donor, i is its charge state and *

denotes an excited state.

SCX processes leave the He* ion in an excited state which radiates a photon
of known frequency. The velocity of the alpha causes a Doppler shift in the
frequency of the photon. By observing the intensity and shape of the line,
information on the ion distribution may be obtained. DCX results in a neutral
helium atom which drifts out of the plasma and may be detected by modified
neutral particle analysers. Possible problems for SCX include bremsstrahlung,
which may be large enough to conceal the radiated photons, and design of
detectors to operate near the plasma. For DCX, the main problem is the

reionisation of helium atoms as they escape from the plasma.

In order for charge exchange to be viable, a source of Zi must be provided.
Charge exchange processes work best when the Zi and the He* * have similar
velocities, as the interaction cross-scction drops off rapidly when the relative
velocities increase. Because of this Z*1 sources must provide either fast neutrals
at low densities or slow neutrals at high densities to give the same signal
strength. The two candidates at present are neutral beam injection (NBI) and

pellet injection (PI).
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NBI systems would have to provide the Z0 at energies of 600-900keV/amu
in order to match the velocity of the alpha particles. This is well beyond the
capabilities of present systems. Proposed systems include 3He? at energies from
1.7-2.6 MeV [A.58-A.60] and 7Li% at 6 MeV [A.58] with beam currents near
10mA. All require considerable developmental work before they could be used
and would favour DCX for diagnosis. Analysis of the data seems to be feasible.
As an alternative to these beams, the use of heating bcams as a source of
neutrals is a proven technique and should be very useful in diagnosing the low

energy alpha distribution [A.61].

PI based systems use pellets of some low Z material injected at high speed
into the plasma to provide a high density source of neutrals to undergo charge
exchange processes with the alpha particles [A.31,A.60]. In order for the pellet
to reach the centre of the plasma in a tokamak, it must be injected at speeds of
104 -10°> ms! which is beyond today’s system’s abilities. Most low Z ‘materials
could be used and detection would primarily be of the SCX process as the
cross-sections are larger. The pellet should be well localised in space and
background levels should be low. Apart from the development of a pellet
launcher, the problem with this system will be in the data analysis as the cloud
of material ablated from the pellet will have a significant effect upon the alpha
particle distribution because it will be thick cnough to slow down the alpha
particles. Dectailed modelling of the effect of the cloud would have to be
undertaken to derive the original alpha distribution from the distribution of

alphas inside the cloud and this appears to be a difficult task.

CX based systems could prove very uscful in diagnosing the alpha
distribution in burning plasmas if the problem of getting sufficient neutrals far
enough into the plasma can be overcome. The casiest to interpret should be NBI
based systems but these appear to be the hardest to implement. The acceleration
of pellets to high speeds also looks difficult but here there is the possibility of
embedding impurities within fuel pellets. This should enable the impurity pellet
to penetrate much further at the cost of making the analysis of the data more

difficult, as well-as perturbing the plasma rather severely.
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Wave damping by fast alpha particles

Proposed by Wong [A.62], this method involves the damping of Lower
Hybrid (LH) waves which have been projected into the plasma from outside the
plasma. Calculations show that a 1% population of fast alpha particles should
cause extensive damping of the LH waves which could be observed by an FIR
laser scattering system. Good spatial and temporal resolution should be possible.
The analysis of the data appears to be very difficult and will require much more
work before this method is feasible. At the moment, the presence of a large
population of fast alpha particles might be detected but more information would
be hard to get. A similar proposal using ion Bernstein waves [ A.63] also suffers

from this problem.
Ion Cyclotron Emission

CFPs in a magnetic field spontaneously emit electromagnetic radiation at the
ion cyclotron frequency and its harmonics. This radiation may be observed
easily by the use of a simple loop antenna at the vessel wall. The shape and
intensity of the received spectrum will depend upon the CFP distribution. Tests
by Cottrell et al. [A.64] show that the signal can be related to the production
of CFPs but, again, trying to derive the CFP distribution function appears to
be a formidable task. This technique is not easily compatible with the use of ion
cyclotron resonance heating. It may be used to monitor roughly the size of the
CFP population and Zweben has suggested that it may be possible to look for
the effect of high frequency instabilities on the CFP population using this
technique [A.65].

Thomson scattering techniques

Electromagnetic waves propagating in a plasma may be scattered by
fluctuations in the electron density. If the wavelength of the wave is long enough
and the scattering angle is small, then the motion of individual electrons
contributes little to the scattering with the collective motion of electrons near

ions contributing most. The scatter in frequency is proportional to the velocity
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of the scattering ion so the fast alpha population will be separable from the rest
of the plasma ions as in fig. A.16, where the alpha feature may be clearly seen.
Two systems have been proposed, by Hutchinson et al " tA.66] and by
Woskoboinikow et al [A.67].

The system proposed by Hutchinson uses a pulsed 100MW CO, laser at a
wavelength of 10.6 pm. The scattering angle used is 0.7° and the scattered
radiation is detected by the use of a group of heterodyne detectors set at
different frequencies to give frequency resolution across a 22GHz band. The
apparatus has been constructed [A.68] and should be tested in the near future.
Problems associated with the design centre on the alignment of the system, as
better than 0.1 degree accuracy will be required. Also the exact angle at which
to view is inversely proportional to the Debye shielding length, hence variations

in that distance will force the system out of alignment for some shots.

The other system uses a 100kW gyrotron at 140GHz as the source and
almost any viewing angle allowed by the vessel is acceptable because of the
longer wavelength. Detection and alignment are not considered problems in this
design; choice of the frequency is restricted because it is only just higher than the
plasma frequency (hence refraction will be a problem) and lies between the first
and second ECE harmonics. The large ECE and black body radiation
background levels at JET will apparently force long counting periods upon the
detector in order to gain a satisfactory signal to noise ratio.The exact time
depends on the plasma conditions but a period of the order of seconds appears
necessary [A.73]. Higher power gyrotrons appear to be the best solution to this

problem and these are now available so this problem should be soluble.

Both systems have problems and need more work to be done on them before

they can be said to be viable.
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A.4  Conclusions

The study of CFPs in the past few years has yielded much information,
primarily from unconfined CFP diagnostics. In non-ignition devices, this
situation is likely to continue but, in ignition devices, the hard radiation
backgrounds will make measurements more difficult. This, coupled with high
toroidal currents, will mean that these detectors will play a reduced role in
ignition experiments. However, these diagnostics should still be useful for

observing instabilities which lead to the loss of confinement for CFPs.

The study of confined CFPs is still in its infancy and much work needs to be
done in this field in order to produce accurate CFP velocity distribution
functions. Measurements which integrate over most of the distribution have
been made which show that confined CFPs at low concentrations behave more
or less classically. Diagnostics are being developed in order to study the
distribution of alphas produced by D-T reactions. The number of high energy
alphas produced can be monitored by use of 14 MeV neutron measurements
and estimates of the population at high energy should be obtainable using a
number of techniques. The nuclear reaction diagnostics could be used in a
similar fashion but these would require the addition of impurities to the plasma
which is not conducive to high fusion yields. If beryllium limiters are used, then
nuclear diagnostics may be possible but the backgrounds to be measured against
secm high. The first systems to produce good alpha distribution functions are
likely to be the Thomson scattering systems as these appear to be the casiest to
construct and interpret. The measurements based on charge exchange with a
neutral beam might give information of a similar standard but the extensive
beamline development required and the high cost seem prohibitive. For charge
exchange measurements using pellet injection, the problems of interpretation
seem high but if these can be overcome this could work well. For low energy
alphas (<200keV), a combination of neutral particle analysers and charge
exchange recombination spectroscopy using heating beams looks likely to give

good information.
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Fig. A.2

Effect of pitch angle on CFP orbits in PLT.
The orbits both pass through the same point
at the bottom of the vessel, but with different
pitch angles. By varying the pitch angle of

the observed orbits at a detector. it is possible
to obtain different 'lines of sight’ through the
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Fig. A.6

Radiation hardened escaping CFP detector
with incident alpha particle orbit shown. The
estimated alpha orbit radius is 40 cm (ref. A.27)
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Probability of an alpha particle passing through two
carbon foils, where the first foil neutralises it and the
second ionises the neutralised alpha. Also included
is the effect of multiple scattering causing the loss of
some particles. The drift tube has length 0.7 m and
diameter 1cm (ref. A.32).

i/

of ez
7

NN
Crifting N

—_— Pitch Angte

|

Gyroradius

Pirnole Stit Plastic
Py

i
[ i
r !

~

L /
x-Q5 X208

l t7Sc¢m  153%¢m

Fig. A.10

Schematic of the nuclear track detector. The effect

of the CFP gyroradius and pitch angle are shown (ref. A.36).

|
i

T

—

Appendix A. Charged particle diagnostics 230



Diagnosis of fusion products for reactor relevant plasmas

o ‘ ‘ ‘ [ paexsses

2 é

4x1398 [ ////// _ ]

;'025 T T T T T T *le ~J %mon Data ]

T @ Fogerge R ] - M’P_\—\T ////~ |
- 7?:/ \:i‘ ] L J.\ / /—Theory

Loadtatal

N\
S

BIRTH DISTRIBUTION (4 sleradians " cm

L ,/f Resono& Layer - 7

E Vv 3 ’
5 I’ Twew 3 F W&
- Alpha Gyror. ] 3 ™~ &/ 3
r = L Z 3

4
IO" 1 | ! | 1 ! 1 - 4
100 120 140 160 L J
GC MID-PLANE CROSSING (cm) | _1
0.0l ' - : : ’
0 5 10 IS 20 25 30
RACIUS (em)
Fig. A.11

Fig. A.12

Emissivity profile from PLT obtained
using an array of escaping CFP
detectors (ref. A.70).

Emissivity profile from PLT obtained
using a nuclear track detector (ref. A.36).

alpha
particle
trajectory

Stack of thin
metal foils

Fig. A.13 Fig. A.14 :

Schematic of proposed foil stack long
termsamplesystem (ref, A.37).

Appendix A. Charged particle diagnostics

Detectorused in the long term sampie
system at JET (ref. A.33).



Diagnosis of fusion products for reactor relevant plasmas

ORNL-OWG 83-2976 FED

ALPHA
PARTICLE
ORBITS

PLASMA
ROTATION
ADDITIONAL
SHIELDING
COOLANT = B
PASSAGES b
f////»////
o E
e
zi é %3’
c / e =
2 // S e THIN
@ / / T WINOOW
s / % P BAFRLES
- ' ' cnlll
% %/ Cf"‘-f— SKUTTER
a PIVOT
A0
o
AR
7,
vAUYA | SHUTTER
7
i F/”
% 737
VARVA
c:omy X,
FLOW /—[ o
FLUID  FLUID
IN QuT

Fig. A.15
Proposed liquid activation system to study the
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Appendix B. ORION user manual
B.1 Introduction

ORION is a computer code written to facilitate analysis of data from KN3.
The aim of this guide to ORION is to show the important assumptions and
approximations which have gone into this code, as well as to show how to use

it.

The program is straightforward to use, but must be called by use of a CLIST.
To install the CLIST, copy the file to be found in

JETLPA.CMDPROC.CLIST(ORION)

into your own command CLIST. The only alteration you then need to make is
on the second line, changing the name of the DATA file to one which exists on

your userid. Then typing ORION in SPF option 6 should start the program.

For those who are curious to see the original FORTRAN (perhaps to look

for errors), it may be found in
JETLPA.ORION.FORT(ORION)

This manual comes in two parts. The first covers the description of the
plasma and KN3 models used by the code, along with a description of the fitting

technique used, whilst the second covers the actual use of the code.
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B.2 Neutron source model

The plasma is modelled in 2-dimensions by a set of 40 nested Lao-Hirshmann

flux surfaces. These arc represented by the parametric formulae

R = R, X) + axcosy + R,(X)cos(2y)
Z = EX)( axsiny - R,(x)sin(2y) )
Where
R.(x) = The R magnetic axis for each flux surface
E(x) = The ellipticity for each flux surface
R,(x) = The triangularity for each flux surface
a = The minor radius of the outermost flux surface
X = The normalised minor radius (0 < x < 1)
4 = a parameter such that 0 < y < 2n

The parameters used to construct these surfaces are read from the PPFs, either
from the IDENTC or the FAST programs. Of the two, the IDENTC data is to
be preferred as the code is considered to give a more accurate picture of the
plasma than FAST.

The neutron emission source profile is modelled by a variety of functions of
X, ie flux surfaces are assumed to be surfaces of constant neutron emission rate.
There are 10 different types of function available, but the ones which seem to
give good results are the simple parabolic and the so called Nigel function. The

actual functions available are:

Parabolic S =S, (1-x2)A

Parabolic with a step S =S, ((1-x2)f1 + F2/100)

Parabolic with a wedge S = S ((1-x2)F + F2(1-x)/100)
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Parabolic with a parabola S = S ((1-x2)Ft + F2 (1-x)%100)
Nigel function S =S8,1 + tanh( F2(1-x)-2.3))F!

Topless parabola S =S,(1-F22)F forx < F2
S =S,((1-x2)Ftforx > F2

Polynomial fit S = S(FI-F2(x+ F3(x-F4(x +
F5(x-F6(x+ F7(x-F8)))))))

Flexycurve fit S(x =00) = S,
S(x =0.2) = Sl
S(x =04) = S,F2
S(x =06) = S,F3
S(x =08) = S,F4
S(x = 1.0) = 0.00000

Then a smoothed line is drawn through the points
Two parabolas S =S, ((1-x2)F + F3(1-x?)F/100)
Off-centre parabolic S =S, (1-(x+ F2/10)?)H

All references to F1, F2, etc are to the frec parameters which are found by
the program. The term S, is a normalisation constant such that the total neutron
yield from the modelled source profile is equivalent to that given by KNI, after

correction for the geometry of the source profile.

There is one more optional free parameter, the KN3 divisor. If the program
is not constrained to give the same neutron emission rate as KN1, then it usually
finds a best fit giving a higher neutron emission rate than KNI1. The ratio of

these two rates is known as the KN3 divisor. This can be used to give dramatic
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improvements in the quality of the fit obtained, but the reason for the

discrepancy between KN1 and KN3 is not known at this time.

B.3 KNN3 model

KN3 is modelled by 19 lines of sight, the directions of which are obtained from
the most recent survey. Each line of sight is broken into 9 elements, as shown

below in figure B.1:

ELEMENTAL LINE
INTEGRAL CCLLIMATOR

MODELLED KN3 LINE INTEGRAL= Z ( ELEMENTAL LINE INTEGRALS )
?

Figure B.1

This was performed in order to allow for variations in the observed neutron
brightness across the width of the collimator. Tests of the magnitude of this

effect, for reasonable profiles, give a variation of order 5-10%.

The intersection points of these 171 lines with each of the flux surfaces are
found and the average distance between the ‘intersection points for each KN3
line of sight and each flux surface is stored, for use in the calculation of the line

integrals. The routine that finds these intersections is not terribly fast and is one
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of the bottlenecks in the program, using about 1 s of CPU time. The use of this
routine is kept to a minimum in the program and is only calculated when the
plasma flux surfaces change or are moved around. One consequence is that it is
not very practical to include the R and Z position of the plasma as free

parameters in the fitting routine.

B.4 Fitting

This is done using a standard NAG library fitting routine. The routine is
used to minimise y2, defined as:
i=19
22= ). (O;- C)? Wi/( £0;)?

i=1

i=19

YW

i=1

Where:
O; = The observed brightness of KN3 channel i
C, = The calculated brightness of KN3 channel i
W, = The weight given to KN3 channel i
> = The fractional error on KN3 channel i

This basically defines a weighted ¥2. The observed brightness is obtained
from Nigel Watkins” KN3 routines, with a minor modification to the backscatter
correction. The weights are set by the program to be all equal to 1, but the user
is allowed to change these. There is no justification for changing these weights,
other than it really does seem to improve the fit if a set of weights roughly
proportional to the KN3 data are used. The fractional error is calculated to be
the larger of two numbers, one being the statistical error on the channel and the
other being a number set by the user as an estimate of the systematic error on

the KN3 calibrations, typically 10%.
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B.5 Other calculations

Once the source profile has been calculated, the ion temperature profile may
be found, given the deuterium density profile and the plasma-plasma fraction
of the neutrons. The deuterium density profile is assumed at present to be
proportional to the electron density profile , which is given either by LIDAR or
by the FIR interferometer. The deuterium density fraction is calculated from the
Zger PPF known as HAL EHZ with the assumption of carbon and oxygen
impurities in the ratio 3:1 as the only impurities, although the deuterium density
fraction is directly alterable by the user. The program then uses the Asher Peres
cross-section formulation to calculate the ion temperature at each flux surface.
This is displayed as a graph.

The program also calculates other quantities, such as the KNI geometric
correction factor for the calculated source profile which is then labelled as
TRUE/KNI.

The total 2.45 MeV emission rate that would be observed if the ion temperature
profile was given by the ECE temperature profile normalised to the XCS T, is
found and displayed as XCS RDD.

Using the line-of-sight for KM3, the line integrals through the fitted source
profile and the source profile associated with the ECE profile normalised to the
XCS T, are found. These are called KM3 FIT and KM3 THER, respectively,
and their ratio is called M3 TH/FI. An estimate of the neutron yield in a D-T
scenario is also obtained. By assuming that the present deuterium fraction
would correspond to a 30:50 mix of deuterium and tritium and that the ion
temperature profiles would be the same and that all neutrons are thermally
produced, then the 14 MeV neutron emission rate may be found. This is not
put out on the interactive part, but may be found in the autosave dataset (if

used).

B.6 Using ORION

ORION is a fairly easy code to run. The program is driven through a series
of menus, which allow various options to be brought into play. Output is mostly
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by graphical display, which will be saved in a gridfile if required. The raw
numbers may be written in a dataset if required, the dataset being the one which

was specified in the CLIST used to run ORION.

The structure of the menus is illustrated below:

Shot Selection In this menu,the shot and time region of interest
Menu - are chosen. Other parameters set here include the

absolute magnitude of the backscatter correction,

the type of flux surfaces used, the calibration
factors for KN1 and the source of T, and n,

[ profiles used in the code.

Main menu In this menu, options are given to allow the user
€ to find the best source function fitting the KN3

data. The type of source function,the weightings

of each line of sight in the minimisation, the

plasma position and the KN3 data may be set here.

Exit Menu This is shown after the results of the fit have

— been displayed. The user may elect to continue

trying to analyse the same shot or try another.

[ Alternatively, the results just shown may be

STOP saved or enlarged for easier viewing.

The following subsections deal with these menus in turn.
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B.6.1 Shot selection menu.

Figure B.2 shows a screen dump of this menu. Shot number is where the user
specifies the shot required. All parameters read by the program from the PPFs
(such as the flux surfaces, n, , T, , etc. ) are averaged between the start and end
times specified on this panel. If the exact times required are not known, then the
Shot Summary option should be invoked by entering Y on that line. This then
displays the neutron rates measured by the fission chambers, the peak electron
temperature, the peak electron density and the Zgg: from Vis. Brem.
measurements. This information should allow a good choice of the time interval

to be made.

Entering Y on the automatic run line causes the panel in figure B.3 to be
displayed. On this panel the user has the option of configuring the code to run
through a sequence of time slices in one shot automatically. Only one fit will be
done per time interval and very little optimisation will be possible. To cause the
automatic run to occur, type Y in the first line. The time interval for cach slice

is decided next. The start and finish times are given by:
Tsrarr = (Initial Time) + ( N-1) * ( Gap between intervals )
Trinist = Tstarr T ( Integration period )

and N is the number of the time interval between 1 and the Number of
Intervals. The next two terms refer to any additional shift of the magnetic flux
surfaces the user wishes to introduce. The source number parameter defines
which of the available source profiles is to be used for the fitting and the

numbers correspond to :

Quasi-parabolic

Quasi-parabolic with a step

1

2

3. Quasi-parabolic with a wedge

4. Quasi-parabolic with a parabolic
5

Nigel function
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6. Topless parabolic
7. Polynomial fit

8. Flexycurve fit

9. Offset parabolic

10. Two quasi-parabolics

The region type refers to which camera the fit is over and is explained more
fully under section B.6.2.5. The weights line sets the weighting to be flat (N) or
proportional to the KN3 line integrals and is more fully explained under 6.2.3.
The last line makes the total yield from fitted neutron source function a free
parameter (Y) or limits it to the value from KNI (N). The automatic run option
should be used with some care as it burns up a lot of CPU time and does not
usually result in good quality fits. However, if the user wishes to scan through

a shot in a crude way, it is very useful.

The program reads the data from the neutron profile monitor for the shot
chosen above, then tries to calculate the statistical error on each channel
(including the statistical error on the backscatter correction). To allow for an
error in the relative calibration of the KN3 channels, this statistical error is
added in quadrature to the quantity entered as the minimum error for KN3
channels on this panel. The %2 calculated by the program later on is strongly

dependent upon this term.

The backscatter correction multiplier is the number by which the backscatter
correction is multiplied . This is potentially needed because the ratio of the
neutron yields from KNI to KN3 appears not to be constant and the
backscatter correction is defined as being proportional to KNI1. It may be that
the appropriate backscatter correction is proportional to KN3 and this term

allows it to be set that way.

The autosave option allows (or disallows) the production of a dataset
containing most of the numbers calculated within ORION. The output is shown
in figure B.4 and is written to the dataset the user specifies in the CLIST used
to run ORION. The dataset shows what the optional settings were for the run,

Appendix B. ORION user manual 242



Diagnosis of fusion products for reactor relevant plasmas

but also includes various profiles. The first table of numbers shows parameters

varying across the minor radius of the plasma . They are :

e Rho : The normalised minor radius of the plasma.

¢ Int-emiss : The volume integral from the centre to this rho value of the
fitted source profile.

¢ Density : The electron density at each value of rho.

e Te : The electron temperature at each value of rho. This value has
been normalised such that the axial temperature is that of the X-ray crystal
spectrometer (or the users own value).

e Ti : The ion temperature derived from the neutron source profile.

e Source : The fitted source profile in units of neutrons m-3.

e XCS Source : The source profile if the eclectron temperature profile
normalised to the XCS ion temperature is used as the dcuterium
temperature profile, and the electron density profile ( multiplied by np/n, )
is used as the deuterium density profile.

¢ SigmaV(Ti) : the sigmav profile derived from the fitted neutron source
profile and the assumed deuterium density profile, from which the ion
temperature profile is derived.

¢ R values : The value of the major radius where the flux surface for this
rho value has its maximum value.

¢  Volume : The volume of the flux surface associated with this rho value.

The other table of values contains information on the lines of sight of KN3.

The columns correspond to the following:

e Fit Value : The value of the line integral through the fitted source
function for each line of sight. This value takes into account the finite width

of the collimator.

¢ KN3 Raw : The number of neutron events detected in each line of sight.

Appendix B. ORION user manual 243



Diagnosis of fusion products for reactor relevant plasmas

o KN3(-bs) :The KN3 data after correction for detector efficiencies, solid

angles, live time, attenuation and collimator scattering.

¢ KN3 (+bs) : The same as KN3 (-bs), but now the backscatter corfection

term term has been included.

e KN3 (Orig) :The neutron brightness as observed by KN3 per line of sight

( neutrons m-2).

¢ KN3(modif) : The KN3 data after the data has been modified, either by the
user or by the program. These are the values which the program attempts

to reproduce with fitted profile (Fit Value).
¢ Chi-squ : The value of the weighted 2 per point.

e Effic : This is the table of numbers by which the user multiplies the
KN3 data. There is no good reason for changing these numbers from their
default values of 1.000, other than the data sometimes looks like it requires

it in order to give a good fit.

e  Weights : The weights used in the minimisation process. By increasing
the weight for one channel, the program tries harder to get a good fit to that
channel, at the expense of other channels. As with the efficiency table, there

is no reason for playing with these, other than that they work.

e Errors : This column shows the calculated statistical error on each

channel.

There are a few more calculated numbers, but they are all obvious enough,
except for the KM3 related parameters. As an extension to the program, line
integrals along the KM3 line-of-sight are found and a few quantities calculated.
The intention was that these parameters could be used to correct the b-p
estimates from KM3 for the fact that KM3 does not see the entirety of the

plasma.
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Returning to the shot selection panel, the next item is the magnetic flux
surface type selection. The recommended flux surfaces are those provided by
IDENTC, but sometimes these are not available and the surfaces generated by
the FAST code must be used. If the FAST flux surfaces are used, then the type
of ellipticity used for them must be set. Entering a value of A means that the
ellipticity at the edge will be used all the way in to the centre of the plasma.
Option B means that the ellipticity will change from the edge value until the
axial value is 1.2 (this is the recommended value for the for plasmas with
E(a)>1.3). Option C forces the ellipticity to a value of 1.0 on axis and is

recommended for near circular plasmas ( E(a) <1.3).

The next two rows on the panel set the width of the KM3 line of sight. The
default values correspond to the settings throughout 1988. When the program
calculates the KM3 line of sight, it uses 27 rays through the plasma in order to

account for spatial variation across the width of the KM3 line sight.

The final two rows of the panel lead to further panels. The first allows the
user to change the calibrations used for KN1 inside the program and is shown
in figure B.5. The second row leads onto a panel ( figure B.6 ) where the electron
temperature and density profiles to be read by the program may be specified.
As a general guide to choosing which type of density profile, the bigger the
number available, the better the profile. The exception to this is the LIDAR
case, which can give some very strange results. If the LIDAR form of
temperature and/or density is chosen, then yet another panel is revealed, figure

B.7.

As the LIDAR is available ( at the time of writing ) as a 0.5-1 Hz diagnostic,
this program will not average over the data, as this seems particularly
meaningless. An actual time slice must be selected by the user through this
LIDAR selection panel. It is generally recommended that the user select a time
slice which lies inside the time zone that they are looking at, but this is not

forced by the program.
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B.6.2 The Main Menu

The main menu is that part of the program where the user selects the source
profile in order to find the best fit to the KN3 data. The plasma can be pushed
around, the source profiles changed, the KN3 data modified, the KN3 cameras
moved and the fitting procedure altered. The menu is shown in figure B.8 and
consists of a list of options and one data entry position. Entering the number

of the required option leads to yet another panel.

B.6.2.1 Altering the plasma position

The panel is shown in figure B.9. Its purpose is to allow rigid shifts of the
magnetic flux surfaces in the poloidal plane. The codes which produce the
formulations do not claim an accuracy of greater 5-7cm for their positioning of
the magnetic axis, so it seems plausible that some kind of shift be allowed by the
program. The simplest shift is the rigid one in the poloidal plane, but the
disadvantage is that you lose the accuracy of the flux surfaces near the edge of
the plasma. In most cases this will be unimportant as the 2.45 MeV neutron
source profile is effectively zero in the outermost regions of the plasma, but this
is a limitation which should be considered when applying the program to shots
with very flat profiles (eg. H-modes and high current ohmic discharges).

The panel requires the shift of the flux surfaces from the midplane ( the
vertical shift ) and the shift of the flux surfaces from the magnetic axis given by
FAST or IDENTC (the horizontal shift ). It should be noted that the original
value of the vertical shift parameter is set to the value derived from the FAST
or IDENTC codes. At the foot of the panel, guesses for both shifts are displayed
which are derived from the position of the centroids of the KN3 lines of sight

from each camera.

The last feature on this page is the entry to the fast spatial scan option.
Typing Y on that line leads to the panel displayed in figure B.10. The purpose
of this panel was to speed up the search for the best shift of the magnetic flux

surfaces, being defined as the shift resulting in the lowest value of y2. To use
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the panel, merely enter the values of the R and Z shifts to be tested. The
recommended way is to vary first the R values, say from 0 to +100mm in steps
of 20mm. Pressing PF3 returns the user to the main menu. If the option 9
( Perform the fitting routine ) is chosen, then instead of the usual graphical
output, figure B.11 will be displayed. This shows the selected R and Z values
which were tested, along with the values of 2 calculated for each. Going back
to the fast scan panel the user should then set the R values to the R value where
the minima in %2 appears to be and then vary the Z values, say from -40mm to
+60mm, again in steps of 20mm. This should allow an accurate determination
of the best centre of the neutron emission centroid. There is one warning about
the use of this facility. It uses a lot of computer time to find a good centroid
position and if the autosave option is on, then the user will probably generate a

large quantity of output which is not very interesting.

B.6.2.2 Altering the camera position ( options 2+3 )

These two options are very similar and basically allow the uscr to push the
horizontal and vertical cameras around in the poloidal plane so as they point in
any direction, from any position. They were originally installed before good
surveys of the KN3 cameras were available and now have a rather limited use.

The panel is illustrated in figure B.12 and is self explanatory.

B.6.2.3 Changing the minimisation weights.

Equal weights should be used on each line-of-sight However, if a set of
weights is used that is peaked in the same way as the data, not only does the
human eye sce the fits as being better, but the best %2 is reduced as well ( in
general ). Option 4 allows the weights to be adjusted. The panel is illustrated
in figure B.13. Each channel may have its weight set individually or, by use of
the 5 data entry points on the right, some broader approximations may be
made. HOR and VER simply set the entire horizontal or vertical array to the
value entered at that point. If YES is entered at the AMP point, then the
weights are made equal to the actual value of the KN3 lines of sight, then all

divided by the largest value. This is the one which is used most commonly. The
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DEF data entry point allows the user to set the default weightings to be
proportional to KN3, as opposed to the normal default of all even. The last
data entry point on the right causes the weights to be set to a preset group.»This
was defined to be a set of weights representing a moderately peaked plasma.
Using these would be more systematic than using the values from AMP, but

does not really allow for the wide range of profiles seen by KN3.

B.6.2.4 Changing the source profile or the deuterium dilution

This menu ( fig B.14 ) is the most important of all those accessible from the
main menu. It allows the user to vary the source profile and certain other
important parameters. The mathematical forms of the different source profiles
have been described earlier in section B.2.0. Options 1-5 and 6.1-6.5 allow the
user to choose between them. The default source profile shape is the simple
parabolic ( option 1 ). Choosing the best function for a given KN3 profile is
largely a matter of trial and error, augmented by experience. The profiles 1 and
5 tend to give good results, accounting for peaked and flat source profiles. The
flexycurve ( option 6.3 ) sometimes gives good results as well, but the

minimisation often fails when using it.

The other trick which allows for good fits to the KN3 data to be obtained is
making the absolute value of the KN3 data a free parameter. This allows
ORION to take account of the overall systematic error in the estimation of
efficiencies for the 19 lines-of-sight. It is enabled by selecting option 9 on the list.
When the option is in use, selecting 9 again will cause the option to be disabled.
Using this option, it is generally observed that the more peaked the profile, the
larger the number that KN3 must be divided by in order that the derived source
function have the neutron emission rate derived from KNI ( including the effect
of the geometry factor ). This is observed in the case of beam and RF and pellet
shots. Unfortunately, for ohmic shots, the dependency seems to go the other
way, with flatter plasmas causing a higher KN3 divisor (the name given to the

free parameter).
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The other two options selectable from the menu refer to the starting values
adopted for the free parameters to be optimised. The program has one default
set for each type of source function, but it possible that by choosing a different
set, an improved fit may be made, as the fitting routine supposedly works better
if a really good initial guess is made for the shape of the profile. Option 7 allows
the user to set up a table of values from which to start the minimisation process

(fig. B.22) and option 8 makes the program actually use these values.

The other information on this panel refers to values stored by the program
and used when performing calculations after the optimum source function has
been found. The value of Nd/Ne refers to the deuterium dilution factor used
across the plasma. This is originally derived from the visible bremsstrahlung
measurements, but may be modified here if the user finds it necessary. The
value of Ti(0) refers to the value of the X-ray crystal spectrometer derived ion
temperature, which is assumed to correspond to the ion temperature on axis. In
some cases the value from the XCS is wrong, or perhaps the ion temperature
derived from another diagnostic is required, in which case the value may entered
manually at this point. This value is used to normalise the clectron temperature
profile. The final value which can be set on this panel is the P-P fraction,
referring to the fraction of neutrons which originate from thermal deuterium
reactions. The default value is 1.00, but if beams are used then this must be
reduced, the exact valuec coming from PENCIL or from the necutron
spectrometers. This term has been inserted in order to make calculations of the

np/n, ratio easier during NBH shots.

B.6.2.5 Specifying a fitting region

This panel is included to allow the user to generate fitted profiles from the
horizontal camera, the vertical camera or from both cameras simultancously
(the default setting). The panel is illustrated in figure B.15 and the number of

the required fitting region is entered on the data entry line.

In principle, fitting separately to the vertical camera and to the horizontal

camera should result in the same profile being generated. Unfortunately, this
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is rarely the case. There seems to be a discrepancy of 10-20% in the absolute
yields of the vertical and the horizontal cameras and quite often the shapes seem
to be almost unrelated, but some of this could be due to banana orbits. T

B.6.2.6 Defining the fitting parameters.

If the user wishes to set up a source model and see what the results from KN3
should be, this is the option to use. It allows the user to specify all the free
parameterS of the source function which is in use at the moment and then by
selecting option 9 on the main menu, the results will be displayed. This is mostly

useful for testing purposes.

B.6.2.7 Changing the KN3 efficiencies

This option, illustrated in figure B.16, allows the user to enter a number to
multiply the KN3 data by, on a channel by channel basis. As with the weighting
tables, the option of setting the entire vertical and entire horizontal array is
offered.

B.6.2.8 Performing the fitting routine

When this option is selected, the minimisation routines are called to find the
best fit, given all the settings and options the user has selected. The output is
displayed graphically, as in figure B.17. There is a lot of information on this
display, including most of the options used in the fit. The various parts of the

figure correspond to the following:

1. A picture of the flux contours used in the program, inside a boundary
defined by the the vacuum vessel. The numbers show the shift of the
cameras, if any. Also shown are the lines of sight of the KN3 cameras. This
is not a very useful picture and if speed is important the user is

recommended to suppress it.

2. A graph showing the weights assigned to each of the KN3 lines of sight. As
with many of the graphs, the first 10 lines-of-sight correspond to the
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horizontal camera and the next 9 lines-of-sight to the vertical. The actual
channel referred to by a number may be seen in graph 1, as the nth KN3
channel corresponds to the nth channel encountered crossing the axes, in an

anti-clockwise direction from the top of the Z axis.
3. The errors graph shows the calculated error for each KN3 channel.

4. The y2? per channel is shown here. Useful for showing where the fit is poorest

and thereby aiding the selection of a more appropriate source function.

5. The KN3 multiplier graph shows how much the KN3 data has been

modified by the using option 8 from the Main menu.

6. The total fit graph shows how the fitted source function appears using KN3

to view it.

7. The total KN3 graph shows the data from KN3, after it has been modified
by the user, in histogram form. The vertical line in the middle of cach
horizontal bar of the histogram indicates the difference between the KN3

data and the fitted source profile.

8. The source graph shows the fitted 2.45 MeV neutron source function as a
histogram of 40 vertical bars. Also shown is the source function derived
from assuming that the ion temperature profile is the same as the ECE
profile, if normalised to the XCS ion temperature, and the deuterium density
profile is the same as the electron density profile multiplied by one global

deuterium dilution factor. This second graph is shown as a solid line.

9. The last graph shows the derived ion temperature from the fitted source
function, again as a set of vertical bars. Also shown is the ECE temperature
profile, after normalisation to the XCS ion temperature. These are both
displayed using the left hand axis. The third graph, consisting of a line
formed by crosses, shows the electron density profile employed and uses the

right hand axis.
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The last remaining part of the graphical display is the written section. This
section displays a lot of information, so each line will be explained here.The
written section has been blown up in size in figure B.18 and the numbering of

the lines there is used in the following list.

[S—y
.

The program title and the author’s initials.

2. The shot which the user was examining is listed here.

3. The start of the time region the user was examining is listed here.
4. The end of the time region the user was examining is listed here.

5. These three lines are used to describe the free parameters used to fit the
data. The first line corresponds to the free parameter F1, the second to F2
and the third to F3. If more free parameters are used then nothing is
displayed. As a legacy from the past, the label “alpha index” is often used
for F1 and “Step value” for F2. The error quoted on these numbers is

usually not very helpful.

6. This line (if present) shows the number by which the KN3 values have been
divided. It is a free parameter. Effectively, this is the ratio of the neutron
emission rates of KN3 to KNI

7. Z position is defined as the distance above the horizontal midplane of the

magnetic flux surfaces.
8. R position is defined as the major radius of the magnetic flux surfaces.

9. KNI rate is defined as the averaged neutron emission rate as measured by
KNI1 between the start and finish time. It does not include include the

correction for the geometry of the neutron source.

10. True/KNI is defined as the geometrical correction factor which must be

applied to the measured KNI yield to give the true 2.45 MeV neutron yield.
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11.

12.

13.

14.

15.

16.

17.

18.

19.

- 20.

21.

22.

KN3 maxima is defined as the value from the KN3 channel which has the
highest neutron brightness. ( This is of limited value and may be replaced

soon. )

Fit maxima is defined as the highest value from the KN3 model of the fitted

source profile.

Ne(0) shows the value of the electron density on axis.

Ne(a) shows the value of the electron density at the plasma edge.
Density type shows the name of the source of the electron density profile.

Temperature type shows the name of the source of the electron temperature

profile.
Source fun shows the name of the source function used in the fit

This line shows whether IDENTC flux surfaces or FAST flux surfaces have

been used to model the plasma shape.
This line shows the deuterium dilution factor employed by the program.

Volume shows the volume confined within the outermost magnetic flux

surface.
Chi square shows the calculated value of ¥2 per point for this run.

IFAILS shows the error codes from the minimisation and error analysis
subroutines, respectively. The first number can range from 0 to 8 and these

correspond to :

0: Good fit.
1: Terminal error in input.
2: Could not minimise in time limit, but may if continued.

3: Lowest value of %2 found, but it is not a true minimum.
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23.

24.

25.

26.

217.

4: Error in some associated subroutine.

5: Minimum found, but not a good minimum.
6: Minimum found, but a poor one.

7: Minimum found, but a very poor one.

8: Minimum found, but probably unacceptable.

and the result codes from the error subroutine stand for:

0: No errors found.
1: Terminal error in input.
2: All errors zero. Routine failed.

3 or more : Linear dependencies found in parameters.

HKN3/KNITRUE is the sum of the line integrals from the horizontal

camera divided by the true 2.45 MeV neutron rate

VKN3/KNITRUE is the sum of the line integrals from the vertical camera
divided by the true 2.45 MeV neutron rate

SC d/e,T(0) shows the deuterium dilution fraction consistent with the peak
ion temperature given by the X-ray crystal spectrometer diagnostic. The
value of 3.155 listed here indicates that the neutron emission rate is higher
than accountable for with Maxwellian plasmas. This is reasonable as the

discharge under study has a large beam-plasma fraction.

XCS Ti is the ion temperature used to normalise the electron temperature
profile. Originally it comes from the XCS diagnostic, but may be set by the

user.

XCS YDD is the 2.45 MeV neutron emission rate obtained if the ion
temperature profile is given by the electron temperature profile normalised
to the XCS Ti value and the deuterium density profile is given by
multiplying the electron density profile by a global deuterium dilution

factor.
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28. XYDD/KNI is the value shown above (XCS YDD) divided by the true

2.45 MeV neutron emission rate.

29. KM3 TEMP is the ion temperature which would be measured by KM3 if
the ion temperature and neutron emissivity profiles are as deduced from the
KN3 data. Essentially, this shows the KM3 correction.

30. The date and time of the run.

B.6.2.9 Setting the graphics switches

Seclecting this option leads to figure B.19. The purpose of this panel is to save
the user some time when using ORION by toggling the production of the graphs
plotted. In order to allow a graph to be plotted, enter Y next to its name and to

disallow it enter N.

B.6.3 The exit menu

After the display of the fitting routine results, the program moves onto the
exit menu (figure B.20). If the user wishes to perform further work with the
present shot and time slice, then select option 1. If a different shot, or a different
time slice in the same shot is required, then option 2 should be selected. Option
3 merely saves the last displayed picture to a gridfile, the name of which is
specified on the title page of ORION. Option 4 leads onto another panel (figure
B.21) which allows the expansion of graphs on the previous display. Option 0

causes the program to terminate.

B.7 Hints on use.

This is a program with many options and when using it in a serious way,

certain simplifications are found to make life easier.

e [f you are interested in ion temperatures, or deuterium densities

or the like, use the Abel inverted density profiles if at all possible.

W
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Use the AMP form on the weighting table. If you really don’t like the edge

channels, remove them by weighting with zeros.
The source profiles of most use are:

1. The simple parabolic(ohmics, some pellets, some beams).

2. The parabolic with a wedge (pellets or high power RF).
The Nigel function(H-modes, some pellets, perhaps for sawtooth
studies).

4. The flexycurve (no particular strengths, it sometimes works)
Make the absolute magnitude of KN3 a free parameter.

Add 10% to the horizontal camera and remove 10% from the vertical. This
makes the fit easier, but you may have problems with giving a good

explanation of what causes the discrepancy.

Move the plasma around using the fast spatial scan option. It is astonishing
what shifting the plasma centre by 20 mm can do to the value of 2.

Don’t try too hard to make a fit. There are some classes of profile which
cannot be fitted with this code; eg. KN3 profiles that have 3 peaks, profiles
where the magnetic axis appears to be oscillating in the vertical plane and

shots where the channels 11 andjor 19 are greater than their neighbours.
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Shot selection panel
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Entering Y causes the display of graphs

of R)D, Te , Zeﬁand n,.

ORION

Shotnumber

Display shot sumary (Y/N) =
Enterautomatic run panel (Y/N)

Startoftime interval
Endoftime interval

Minimum error for KN3 channels
Backscatter correction multiplier
Autosave option (Y/N)

Flux surfaces I:IDENTC F:FAST

If FAST form used,type of ellipticity required
A:E(0)=E(a) B:E(0)=1.2 C:E(0)=1.0

Inboard radius for KM3 line of sight (cm)

Outboard radius for KM3 line of sight (cm)

Alter the KN1 calibration factors (Y/N)

Electron temperature and density options (Y/N)

Default values

Corresponds to a 10% uncertainty on the

channel to channel calibration

Figure B.2

Shot selection panel
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Defines interval over which run is to be made

Automatic Run panel ORION
ENTER ===> N Perform run (Y/N)
===> 45000 Initialtime —
===> 1000 Integrationperiod —
===> 1000 Gapbetweenintervals —
===>5 Numberofintervals —
===> 0000 R shift of magnetic axis (m)
===> 0000  Zshift of magnetic axis (m)
===>1 Source number (1-10) ]
===> ALL  Regiontype (ALL, HORIZ,VERT)
===> N Weights proportional to KN3 (Y/N)
===> N FreeKN3amplitude AEE—

Pressreturnto continue

Default values

Setting fitting options for the
automatic run

Figure B.3

Automatic run panel
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SHOT NUMBER

TIME TO START

TIME TO END
SOURCE TYPE

KN1 GEOMETRY
DENSITY TYPE

FREE KNl FLAG

REGION FLAG

DEFAULT FLAG
R OF P CENTRE
Z OF P CENTRE

TEMPERATURE TYPE ;
H
3

18765

53.0000000
54.0000000
PARA+PARA

USED
NEX AX
ECE

KN3 FREE

ALL

PROGRAMS
3.19440460
0.299999975E-01

DILUTIOR TYPE
ION TEMPERATURE TYPE
FLUX SURFACE TYPE
ELLIPTICITY TYPE
FI1T ON/OFF FLAG
AUTOSCAN FLAG
NUMBER OF FREE PARAMETERS
CENTROID R VALUE
CENTROID Z VALUE

se be av se er s se we e

FLAT
KX1

IDENTC
CONSTANT

ON

OFF.

3
3.11833382
0.3640251923E-01

RHO INT-EMISS DENSITY(D) TE TI SOURCE . XCS SOURCE NDR/NER R VALUES VOLUME
0.250E-01 0.664E+13 0.150E+20 7.2900 12.9787 0.111£+15 0.283E+14 0.295E+00 0.322E+0! 0.600E~01
0.500E-01 0.255E+]4 0.150E+20 7.2956 12.8551 0.108E+15 0.2B3E+14 0.295E+00 O0.325E+01 0.235E+00
0.750E-01 0.578E+14 0.150E+20 7.2805 12.7110 0.105E+15 0.2B0E+]4 0.295E+00 0.328E+01 0.542E+00
0.100E+00 0.103E+15 0.149E+20 7.26440 12,5460 0.102E+15 0.275E+14¢ 0.295E+00 0.331E+01 0.989E+00
0.125E+00 0.159E+]15 O0.149E+20 7.1862 12.3601 0.975E+14 0.267E+14 0.295E+00 O0.333E+01 0.156E+01
0.150E+00 0.225E+15 0.14BE+20 7.1072 12.1538 0.$31E+14 0.256E+14 0.255E+00 0.336E+01 0.227E+01
0.175E+00 0.298E+15 0.147E+20 7.0116 11.9277 0.883E+14 0.244E+146 0.295E€+00 0.339E+0]1 0.309E+01
0.200E+00 O0.378E+15 0.146E+20 6.9028 11.6825 0.8I2E+14 0.231E+14 0.295E+00 0.3462E+01 O0.405E+01
0.225E+00 0.462E+15 0.145E+20 6.7849 11.4194 0.778E+14 0.217E+14 0.295E+00 0.344E+01 0.514E+0}
.250E+00 0.550E+15 0.143E+20 6.6636 11.1397 0.723E+14 0.203E+14 0.295€+00 0.347E+01 0.6325E+01

0.275E+00 0.639E+15 0.142E+20 6.5456 10.8450 0.667E+14 0.189E+14 0.295E+00 O0.350E+01 0.770E+01
0.300E+00 0.729E+15 0.140E+20 6.4370 10.5370 0.611E+14 0.177E+14 0.295E+00 O0.352E+01 0.917E+01
0.325E+00 O0.818E+15 0.13%E+20 6.3365 10,2174 0.555E+14 0.165E+<14 0.295€+00 0.355E+0]1 0.108E+02
0.350E+00 0.905E+15 0.137E+20 6.2371 9.8883 0.500E¢16 0.153E+16 O0.295E+00 O0.358E+01 0.125E+02
0.375E+00 0.989E+15 0.135E+20 6.1298 9.5515 0.448BE+14 0,.142E+14 0.295E+00 0.360E+01 0.144E+02
0.400E+00 0.107E+16 0.133E+20 6.0044 9.2095 0.I97E+16 0.129E+14 0.295E+00 O0.362E+01 0.164E+02
0.425E-00 O0.114E+16 0.130E+20 5.8483 B8.8641 349E+14  0.116E+14 0.295E+00 O0.365E+01 0.185E+02
0.450E+00 O0.121E+16 0.12BE+20 5.6498 8.5178 0.305E+14 0.101E+14 0.295E+00 0.368E+01 0.208E+02
0.475E+00 O0.127E+16 0.125E+20 5.4007 8.1727 0.263E+14 0.848E+13 0.295E+00 0.37CE+01 0.232E+02
0.500E+00 O0.133E+16 0.122E+20 5.1089 7.8312 0.226E+14 0.686E+13 0.295E+00 O0.373E-01 0.257E+02
0.525E+00 0.138E+16 0.119E+20 4.7867 7.4956 0.192E+16¢ 0.535E+13 0.295€+00 0.375E+01 0.2B4E+02
0.550E+00 O0.143E+16 0.116E+20 4.4541 7.1672 0.162E+14 0.405E+13 0.295E+00 0.378E+01 0.I12E+02
0.575E+00 O0.147E+16 0.11ZE+20 6.1273 6.8491 0.125E+14 0.298E+13 0.295E+00 0.380E+01 0.342E+02
0.600E+00 0.151E+16 0.109E+20 3.8286 6.5428 0.112E+14 0.218E+13 0.295E+00 O0.383E+01 0.374E+02
0.625E+00 0.1564E+16 0.106E+20 3.5621 6.2501 0.925E+13 0.159E+13 0.295E+00 O0.I85E+01 0.407E+02
0.650E+00 O0.156E+16 0.102E+20 3.23324 5.9725 0.756E+13 0.117E+13 0.295E+00 0.38BE+Q01 0.441E+02
0.675E+00 O0.158E+16 0.981E+19 3.1243 5.7109 0.614E+13 0.856E+12 0.295E+00 0.390E+01 0.477E-02
0.700E+00 0.160E+16 0.939E+19 2,941 5.4655 0.495E+13 0.622E+12 .295E+00 0.39C2E-01 O0.515E+02
0.725E+00 O0.162E+16 0.B9SE+19 2.7516 5.2366 .296E+13 0.6443E+12 0.295E+00 O0.395E+01 0.555E+02
0.750E+00 0.163E+16 0.B4%E+19 2.5774 5.023 0.314E+13 0.309E+12 0,.295E+00 O0.397E+01 0.596E-02
0.775E+00 0.164E+16 0.B01E+19 2.4030 4.822 0.J46E+13 0.208E+12 (0.295E+00 0.399E+01 0.640E+02
0.800E+00 O0.l165E+16 0.750E+19 2.2327 4.6319 0.191E+13 0.135E+12 0.295E+00 0.402E+01 0.685E+02
0.825E+00 O0.166E+16 0.697E+19 2.0637 &4.4466 0.145E+13 0.8I8E+11 .295E+00 0.404E+01 0.724E+02
0.850E+00 0.166E+16 O0.641E+19 1.9031 4.2608 C.107E+13 0.497E+11 0.295E+00 O0.406E<01 0.78IE+C2
0.875E+00 0.167E+16 0.582E+19 1.7499 4.0663 0.755E+12 0.28ZE+11 0.295E+00 0.409E+01 0.83I7E+02
0.%00E+00 0.167E+16 0.519%9€+19 1.6129 3.8519 O0.502E+12 0.154E+]1]l 0.295E+00 0.411E+01 0.892E+02
0.925E+00 O0.167E+16 0.452E+19 1.4887 3.6016 0.302E+12 0.796E+10 0.295E+00 0.413E+01 0.955E+02
0.950E+00 O0.167E+16 0.380E+19 1.3829 3.2841 0.154E+12 0.392E+10 0.295E+00 0.415E+01 O0.102E+02
0.975E+00 O.167E+16 0.299E+19 1.2891 2.8344 0.554E+11 0.170E+10 0.29SE+00 0.417E+01 0.109E-02
0.100E+01 O0.167E+16 0.194E+19 1.2227 0.0000 0.616E+10 0.547E+09 0.295E+00 0.420E+01 0.117E+03
OTHER VARIABLES OF INTEREST

TOTAL NEUTRON YIELD C(INCLUDING GEOMETRY) : 0.167353615E+16

KNl NEUTRON YIELD : 0.155576B6%E+16 D-T NEUTRON YIELD : D.1626382Z91E+18

TOTAL SOURCE YIELD : 0.167352186E+16 P-P FRACTION : 1.00000000

GEOMETRY MULTIPLIER : 1.07569695

ND OVER NE ON AXIS s 0.295000017

KN3 TO KN1 RATIO s 1.03145027

CHI SQUARED : 1.59098148

BEST ECE CHI SQUARED : 2.79510975

ECE CHI-SQUARED s 52.9830017 BACKSCATTER MULT. : 1.00000000

FITTING COEFFICIENTS

COEFF =1 : 6.54641040157I944122 ERROR 2.89919853
COEFF =2 : 54.533901750:099974 ERROR 1271.29443
COEFF 23 ¢ 1.10952976583759977 ERROR 0.129514001E
COEFF 34 : 0.000000000000000000E+00 ERROR 0.000000000E
COEFF =S : 0.000000000000000000E+00 ERROR 0.0000000C0E

COEFF ué : 0.000000000600C000000E+00 ERROR 0.000000000E
ERROR FLAG FROM FITTING ROUTINE H o ERROR FLAG FROM ERROR ROUTINE : 4]

LINE INTEGRALS

FIT VALUE KNZ(MODIF) KN3(ORIGJ KN3(RAW) KN3(-BS) KN3(+BS) CHI-sSQu EFFIC WEIGHTS ERRORS CHANNEL
0.643E+13 0.886E+13 0.912E+12 0.146E+05 0.117E+05 0.912E+04 0.0728 1.0000 0.0800 0.1007 1
0.167E+14 0.175E+14 0.1B0E+14¢ 0.254E+05 0.215E+05 0.1B0E-0S 0.0038 1.0000 0.1600 0.1003 2
0.264E+14 0.262E+14 0.2723E+164 0.I17E+05 0.400E+05 0.272E-CS 0.0001 1.0000 .J400 0.1002 Z
0.617E+16 0.585E<¢14 0.503E+16 0.79BE+04 0.644E+05 0.803E+05 0.0211 1.0000 0.5500 0.1008 4
0.809E+14 0.857E+14 0.884E+14 0.I28BE+05 0.929E+05 0.8B4E-05 0.022 1.0000 J.8100 0.1005 S
0.787E+14 0.711E+14 0.732E+14 O0.111E+05 0.780E+05 0.733E~05 0.0936 1.0000 0.5700 0.1005 L)
0.569E+16 0.484E+16 0.499E+14 0.032E+04 0.53BE+05 0.499E+05 0.1715 1.0000 0.4500 0.1010 7
0.324E+14 0.304E<+14 0.I14E<16 0.402E+05 0.I50E+05 0.314E-05 0.0146 1.0000 .2900 0.1002 8
0.145E+16 0.126E+14 0.140E+14 Q0.195E+05 0.174E+05 0.140E+05 0.0068 1.0000 9.1200 0.1005 9
0.5642E+13 0.215E+13 0.225E+13 0.581E+04 0.564E+04 0.325E+04 0.1811 1.0000 0.0200 0.1036 10
0.488E+13 0.100E+14 0.104E+14 0.583E+03 0.136E+05 0.104E+05 0.0000 1.90000 0.0000 0.1169 11
0.134E~14 0.128E+«14 0.132E+14 0.%08E+02 0.161E+05 0.132E+05 0.0031 1.0000 0.1200 0.1093 2

.Z20E+14 0,429E+16 0.443E+16 0.I00E+04 0.46BE+05 0.443E-0S 0.2129 1.0000 0.4000 0.1019 12

0.826E+~164 0.670E+14 0.691E+14 0.115E+05 0.691E+05 0.691E+05 0.0358 1.0000 0.5200 0.1006 14
0.940E+14 0.106E+15 0.110E+15 O0.C23ZE+05 0.110E+06 0.110E+06 0.1687 1.0000 1.0000 0.1002 !
0.102E+15 0.105E+15 0,108E+15 0.299E+05 0.108E+06 0.108E+06 0.0099 1.0000 0.9900 0.1002 16
0.820E~14 0.862E+14 0.889E+14 J.12B6E+05 0.935E+05 0.889E+05 0.0261 l1.0000 79.8100 0.1002 17
0.64649E+14 0.354E+164 0.365E+14 0.147E+05 0.414E+05 0.365E+05 0.2909 1.0000 0.3300 0.1005 i
0.169E+14 0.222E+14 0.229E+14 0.800E+04 0.279E+05 0.229E+05 0.1472 1.0000 0.2100 0.1011 19

KM3 RELATED PARAMETERS

Inner side of collimator : 3.09999943 Outer side of collimator : 3.39999962

X-ray ion temperature ¢ 7.28999996 X-ray neutron yield 0.455425984E+15

X-ray neutrons/KNIl s 0.292733729 Average length of KM3 chord 3.14263439

KM3 line integral.S=fit : 0.985072056E+14 KM3 line integral,S=x-ray 0.273856510E+14

KM3 x-ray to fit ratio : 0.278006554 KM3 fitted temperature 10.7059727

KM3 fitted SSD : 0.109443860E-02

HORIZ SUM / TRUE KNI : 0.250640512 VERTI SUM / TRUE XN1 : 0.290725291

IMPURITY RATIOS

Hydrogen/Deuterium : 0.100000016E-01 Helium/Carbon : 0.000000000E+00

Beryllium/Carbon : 0.000000000E+00 Oxysen/Carbeon : 0.300000012

.
Figure B.04: ORION output file
M T
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These values may be altered

ORION

KN1 calibration factors

Detector3 Count mode calibration
Bleed current
Current mode calibration

Detector 5 Countmode calibration
Bleed current
Current mode calibration

Pressreturn to continue
To abort the program press the PF3 key

Default values

Figure B.5
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0.166E+09
0397E+04
0.980E+01

0.160E+09
0398E+04
0.959E+01

KNT1 calibration panel

ml

260



Diagnosts of fusion products for reactor relevant plasmas

ORION
Temperature and densityselection panel Shot Number=18765
Density profile type Availability
0 : Parameterized (NEX AX) YES
1 : Abel inverted (Public) YES
2 : Abelinverted (JETSEJ) NO
3 : Abelinverted (JETRSG) NO
4 : LIDAR version YES
Temperature profile type Availability
0 : Electron cyclotron emission YES
1 : LIDAR version YES
ENTER===>0 Density trace required
ENTER===>0 Electron temperature trace required

To abort the program press the PE3 key

Different temperature and density
profiles are available at JET. This
panel displays those available and
allows the user to select one.

Figure B.6

Temperature and density profile panel -
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ORION
Available LIDAR timeslices
1===>42.799 11 ===>0.000
2===>44.799 12 ===>0.000
3===>46.799 13 ===> 0.000
4===>48.799 14 ===> 0.000
5===>50.799 15 ===>0.000
6===>52.799 16 ===>0.000
7T===>54.799 17 ===> 0.000
8===>56.799 18 ===>0.000
9===>58.799 19 ===> 0.000
10===> 0.000
ENTER===>0 Required timeslice

To abort the program press the PF3 key
Toleave this panel press return

This panel lists the time slices at which LIDAR temperature and
density profiles are available. The slice required by the user is
selected by entering the number of the slice on the ===3> line.

Figure B.7
LIDAR time slice panel
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ENTER===>9
OPTION

ORION

Main menu

S\OOO\IONUIAU)NHO

:Enterexitmenu

:Alterplasma position
:Alterhorizontal camera position
:Altervertical camera position
:Changeminimisation weights
:Change source profile or Nd/Ne
:Specify a fitting region
:Definefitting parameters
:Change KN3 efficiencies
:Perform fitting routine

:Set graphics swithches

To abort the program press the PF3 key

This panel lists the options available to the user to improve
the quality of the fit to the data.

Appendix B. ORION user manual

Figure B.8
ORION main menu
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Diagnosis of fusion products for reactor relevant plasmas

ORION
Plasma centre position
ENTER===>3.0 Verticalshift (mm)
ENTER ===>0.0 Horizontalsshift (mm)
ENTER===>N Fast spatial scan option (Y/N)

KN3 estimate of the plasma centre: Horizontal : 27.3
: Vertical : 125

To abort the program press the PF3 key
Press RETURN to go back to the main menu

Figure B.9

Plasma central position selection panel

ORION

1 . (c).kz)ange z p%ﬁglon Panel for the selection
2 0.0 0.0 of the spatial positions
3 0.0 0.0 to be used in the fast
4 0.0 0.0 spatialscan.
5 00 0.0 )
6 00 0.0 If arow is unaltered, then
7 0.0 0.0 it will not be included in
8 00 0.0 the spatialscan,
9 00 0.0

10 0.0 0.0

11 00 0.0

12 0.0 0.0

13 0.0 00

To abort the program press the PF3 kéy

Figure B.10

Fast spatial scan panel
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ORION
Fastspatial scanresults table

Rchange Zposition  Chisquare

1 1.0 0.0 190
2 200 0.0 188
3 0.0 00 0.0
4 0.0 0.0 0.0
5 0.0 00 00
6 0.0 0.0 0.0
7 0.0 00 00
8 0.0 0.0 0.0
9 0.0 0.0 0.0
10 0.0 0.0 0.0
11 0.0 0.0 00
12 00 0.0 00
13 0.0 0.0 00
To continue press ENTER
Figure B.11

Fast spatial scan results panel

ORION

Position of horizontal camera

ENTER ===>0.00 Verticalshift (mm)
ENTER ===> (.00 Horizontalshift (mm)
ENTER ===> (.00 Camerarotation (degrees)

To abort the program press the PF3 key
Press RETURN to go back to the main menu

Figure B.12

Camera position panel
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Diagnosis of fusion products for reactor relevant plasmas

ORION
Weights table

11===>1.00
12===>1.00
13===>1.00
14===>1.00
15===>1.00
16===>1.00
17===>1.00
18===>1.00
19===>1.00

HOR===>0.00
VER===>0.00
AMP ===>NO
DEF===>NO
PRE===>NO

OWoONNONWU b WN =
mwnwwwnniunn
| | T (O | O O I
LI N 1 (1 1 T I 1
VVVVVVVVVY

z

HOR sets all the horizontal channels, VER sets all the vertical channels
AMP sets weights proportional to the line integrals (YES/NO)
DEF sets the default weighting to AMP instead of 1.0 (YES/NO)
PRE sets a preset shape over the minimisation weights (YES/NO)
To leave this panel press the PF3 key

ENTER===>9
OPTION

Nd/Ne ===> 0.382

Ti(0) ===> 3.83
P-P ===> 1.000
Fraction

Figure B.13
Minimisation weights selection panel

ORION

Source function selection menu

Pé‘\OOO\IO\UI&bJNHO

:Return to the main menu
:Parabolicprofile

:Parabolicwith a step atr=a
:Parabolic with a wedge
:parabolicwith a parabola
:Nigelfunction

:Further functions
:Setminimisationstart points
:Usedefault minimisationstarting points
:Freethe total neutronyield parameter
:‘Return to themain menu

To abort the program press the PF3 key

Appendix B. ORION user manual

Figure B.14

Source function selection panel
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ORION
ENTER===>1 Select fitting region
0  :Wholeprofile

1 :Horizontal profile
2 :Vertical profile

To abort the program press the PF3 key
Press RETURN to go to the main menu

Figure B.15

Fitting region selection panel

ORION
Weights table

1===>1.00 11===>1.00 HOR===>0.00
2===>1.00 12===>1.00 VER===>0.00
3===>1.00 13===>1.00

4===>1.00 14===>1.00

S5===>1.00 15===>1.00

6===>1.00 16===>1.00

7===>1.00 17===>1.00

8===>1.00 18===>1.00

9===>1.00 19===>1.00
10===>1.00

HOR sets all the horizontal channels, VER sets all the vertical channels

AMP sets weights proportional to the line integrals (YES/NO)

To leave this panel press the PF3 key

Figure B.16

KN3 efficiency selection panel
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ORION graphical output
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Figure B.17
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ORION
SHOT NUMBER = 18765
START TIME = 53. 000
FINISH TIME = 54, 000
ALPHA INDEX = 6.5 + 2.90
STEP VALUE = 54,53 4
KN3 DIV = 1.03 1+ 0.00
Z POSITION = 0. 030
R POSITION = 3.194
KN1 RATE = 0. 156E 16
TRUE/KN1 = 0.10BE M
KN3 MAXIMA = 0. 106E 15
FIT MAXIMA = 0. 102E 15
Ne (0) = 0. 509 20
Ne (1) = 0. 657E 19
Density Type= NEX AX
Temp. type = ECE
Source fun = PARA+PA
IDENTC FLUX SURFACES USED
ND/NE = 0. 295
VOLUME = 116. 706
CHI SQUARE = 0. 16E 01
IFAILS = 0 0
HKN3/KN1 TRUE= 0. 223E 00
VKN3/KN1 TRUE= 0. 291E 00
SC d/e, T(0) = 0. 582
XCS Ti = 0.729E M
XCS YDD = 0. 455E 15
XYDD/KN1 = 0. 272E 00
KM3 TEMP = 0. 107E 02
19/FEB/20 08453146

ORI0ON

SHOT =18765

TIME =53. 00

0T =54. 00
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Diagnosis of fusion products for reactor relevant plasmas

ORION

Graphical setup page

7]

TATUS

Fluxsurface picture
Fitted lineintegrals
KN3lineintegrals
Error graph

Chi squared graph
Weights graph
Efficiency graph
Temperature profile
Numericalimformation
Source profile graph
STATUS must be either Y or N

Y means the picture will be included in the main display
N means that it will not be included

KK

To leave this panel press the PF3 key

Figure B.19

Graphical setup panel

ORION

ENTER===>1 Exit menu
OPTION

1 :Furtherworkwith thesame time interval
2 :Returnto theshotselection menu

3 :Savelast picture

4 :Expand last picture

0 :Exitthe program

To abort the program press the PE3 key

Figure B.20

Exit menu
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ORION

ENTER===>0 Graph expansion options
OPTION Returntoexitmenu
Fluxsurface picture
Weights graph
Error graph
Chi squared graph
Source profile graph
Temperature profile
Fittedlineintegrals
KN3lineintegrals
Efficiency graph

10 Numericalimformation
STATUS must be either Y or N
Y means the picture will be included in the main display
N means that it will not be included

To abort the program press the PF3 key

VOO NAE WO

Figure B.21
Graphical output expansion panel

Source function for this
panel is a flexycurve, with

a free KN3 neutron emission
rate

ORION

Settingthestartingfitting parameters

PARAMETER VALUE

HEIGHT :RHO =0.2 0.500
:RHO =04 0.500
‘RHO = 0.6 0.100
:RHO =0.8 0.050

KN3DIVISOR . 0.930

To abort the program press the PF3 key

Figure B.22

Initial minimisation parameters panel
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