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Abstract
This thesis describes the development and implementation of methods for tritium concentration
determination for JET fusion plasmas. The usefulness of MPR data in this context is investigated. It
is shown that results from MPR spectral analysis can simplify the calculations for neutral beam
heated plasmas and that it is essential for calculations for radio frequency heated plasmas. The
described methods are applied to pulses from the Trace Tritium Experiment (TTE), staged at JET in
October 2003. Results from simple, time resolved analysis using MPR and other public JET data
are presented and the assumptions made in the calculations are discussed. The results agree with
expectations but would be even more interesting if spatial variations were taken into account.
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Glossary
JET Joint European Torus
ITER International Thermonuclear Experimental Reactor
TTE Trace Tritium Experiment
NBI Neutral Beam Injection
RF
Radio Frequency
ICRH Ion Cyclotron Radio frequency Heating
LHCD Lower Hybrid Current Drive
d
Deuterium – hydrogen isotope with one proton and one neutron in the nucleus
t
Tritium – hydrogen isotope with one proton and two neutrons in the nucleus
PPF Processed Pulse File
DDA Diagnostic Data Area
FPS Fusion Product Spectra
SNAP Spectroscopic Neutron Analysis Program
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1

INTRODUCTION

This thesis discusses the subject of determination of the concentration of the fusion raw material,
deuterium and tritium ions, in the plasma of the JET tokamak, a magnetic confinement fusion
device situated outside of Oxford, England. First, a short introduction to fusion in general and JET
and plasma heating in particular will be given. This is followed by a description of neutron
diagnostics and the MPR neutron spectrometer, installed and operated at JET by the Department of
Neutron Research. These two introductory chapters aim at preparing the reader for the presentation
of the topic of the thesis, the method for and results from concentration calculations at JET using
MPR data. The concentration calculation methods have been applied to pulses from the trace tritium
(TTE) campaign that took place at JET September-October 2003.
2

FUSION

The world energy demand is constantly increasing. Today’s means of supplying energy destroy the
world at a rate similar to that at which they are depleted. Alternatives must be developed. One
excellent alternative is fusion. The potential of this resource is immense – deuterium from seawater
and lithium from the earth’s crust could sustain the world energy needs for thousands of years. Fifty
years from now, fusion power could be produced on a commercial scale.
2.1

Fusion reactions

Fusion energy production is what keeps the sun going. Two light atomic nuclei fuse to form a
heavier nucleus. Because the total mass of the products is smaller than the mass of the reactants,
energy is released. On Earth, several different reactions can be used to achieve this (see Figure 1).

d + d → 3 He (0.82 MeV ) + n (2.45MeV )
d + d → t + p + 4.03MeV

(1)
(2)

d + t → 4 He (3.56 MeV ) + n (14.03MeV )

(3)

d + He → He (3.60MeV ) + p (14.7 MeV ) (4)
3

4

Figure 1 Reactor relevant fusion reactions

The probability for each reaction to take place, the reaction reactivity, depends on the temperature
of the plasma (Figure 2). Reaction 3 is preferred because it gives high energy release and takes
place at much lower temperatures than the other three. Still, temperatures higher than 100 million
degrees are required to overcome the repulsive Coulomb barrier between the reactants. The ’d-t’ or
’14 MeV’ neutrons produced in this reaction will be analyzed in this thesis, as will the lower energy
neutron (’d-d’ or ’2.5 MeV’) produced in reaction 1.
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Figure 2 Reactivity as a function of ion temperature for a thermal plasma

Tritium (t in reaction 3) is a radioactive hydrogen isotope with a 12.3-year halflife that does not
occur naturally on earth. In a future commercial fusion reactor it will be supplied through reactions
between the produced neutrons and Lithium (Li) in a blanket surrounding the plasma.
2.2

The tokamak concept

Several schemes have been proposed for achieving fusion on Earth. The most successful so far is to
keep the hot d-t plasma magnetically confined. While ions are confined in a magnetic field, neutrals
are unaffected by the magnetic Lorentz force and escape. In a future commercial reactor, the d-t
fuel and the 4He end-product would be confined, with the 4He particles heating the plasma
sufficiently to balance energy losses and achieving the necessary selfsustained burn, while the
produced neutrons would escape. The neutrons would produce new tritium by reacting with lithium
in the surrounding blanket and produce electric energy in a normal steam cycle.

Figure 3 Schematic of the JET Tokamak
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JET is an example of a tokamak reactor (Figure 3). The tokamak is a toroidal ’doughnut’-shaped
device for magnetic confinement. While the toroidal shape is needed to avoid plasma losses at the
ends, it creates an inhomogeneous magnetic field that is higher towards the core, which means that
the plasma will diffuse out of the torus. In the tokamak device, this problem is solved [1] by letting
a primary winding about the central core induce a current through the plasma that creates a poloidal
magnetic field which, together with the toroidal field, forms helical magnetic field lines that make
confinement possible. The current through the plasma also contributes to the heating (ohmic
heating). However, the transformer that induces the plasma current needs a steadily increasing
current, which cannot be maintained indefinitely. This makes the tokamak a pulsed device. The
experiments at JET are run in the form of pulses or shots, each lasting for up to 120 s.
2.3

Heating of JET plasma

The ohmic heating caused by the toroidal plasma current necessary for confinement at JET can heat
the plasma to temperatures up to a few keV. Because the resistivity of the plasma falls with
increasing temperature [2], ohmic heating is not enough to produce the temperatures needed for
fusion. Different methods for auxiliary heating have to be used in addition. The main auxiliary
heating schemes in operation at JET [3] are neutral beam heating, NBI, and radio frequency
heating, RF. The density calculations performed for this thesis depend (see chapter 5, Density
Calculations) on what heating scheme is used for the analyzed pulse.
2.3.1 Neutral beam injection heating, NBI
One method of heating the plasma is bombarding it with a beam of neutral hydrogen (isotope H, D
or T), or helium, particles. The particles have to be neutral because charged particles would be
deflected by the tokamak magnetic field. Ions are accelerated to high energies, then neutralized
through the process of charge exchange before injection into the plasma, where they are again
ionized and therefore confined. The thus produced fast ions are slowed down through Coulomb
collisions with plasma particles, transferring their kinetic energy to achieve plasma heating.
Electron heating dominates initially at high injection energies, but as the fast ions slow down,
heating is transferred to plasma ions. At JET, neutral beam injector boxes are situated in octants 4
and 8. The beams are injected with two different energies, during the TTE campaign 80 keV and
110 keV, respectively (see chapter 4.10.1, Beam Energy).
2.3.2 Radio frequency heating, RF
Radio frequency heating is achieved through resonant absorption in the plasma of electromagnetic
(e-m) waves. Absorption of the wave energy is possible only if the frequency of the e-m wave is
’matched’ to a naturally occurring plasma frequency, creating resonance. The heating scheme draws
on the fact that plasma ions and electrons are subject to different individual motion in the plasma.
The most commonly used type of RF heating at JET is the Ion Cyclotron Resonance Heating,
ICRH, where the oscillating electric field of the e-m wave resonates with the characteristic
cyclotron frequency of one of the ion species in the plasma, causing heating of the targeted ion
species through absorption of the e-m energy. The last auxiliary heating scheme used at JET, Lower
Hybrid Current Drive (LHCD) is also a type of RF heating, where the e-m waves couple to the
electron lower hybrid frequency, i.e., the frequency of oscillation for electrons moving
perpendicular to the magnetic field [2]. The electromagnetic energy is coupled to the plasma by
antennae on the torus walls. RF heating leads to a spectrum of different temperature components for
the targeted species (see section 5.7).
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2.4

The future of fusion

Although the basic principles of fusion power production are known, many steps still need to be
taken on the way to a commercial fusion power plant, estimated to start operation 50 years from
now. JET, the flagship of fusion research in Europe, is the largest tokamak in the world today, with
a major radius of about 2.96 m and a plasma volume of 85 m3. In 1997, the world record of 16 MW
produced fusion power was reached here. The best ratio of produced power to power input, or Qvalue, achieved at JET is 0.64, to be compared with the milestones of breakeven (Q=1) and ignition
(Q=∞). JET has been in operation since 1983. Its main objective as an experimental fusion device
today is to provide the fusion community with the understanding of heating and confinement
properties and diagnostic systems needed for ITER, the next step device. JET is, in principle, a 1/3
scale model of ITER, the planned International Thermonuclear Experimental Reactor (’the way’ in
Latin), with the same plasma and divertor configuration. The ITER goal is production of up to 500
MW of fusion power, pulse lengths of 400 s and Q=10, as well as testing of the lithium blanket
concept for tritium production. ITER should make the construction of a first prototype electricity
generating plant producing its own tritium possible.
3

TRITIUM FUELLING

The reaction most likely to produce commercially viable fusion on earth (see section 2.1) is
d+t→4He+n. Fusion experiments do, however, not often involve tritium because of the effect this
radioactive hydrogen isotope has on the equipment and because of the additional safety
requirements brought on by tritium handling. The ‘normal’ mode of operation at JET is instead
using pure deuterium fuel. Though the fusion power output can never be competitive for this
scenario, it allows for investigation of confinement properties and transport experiments important
for ITER preparations. However, study of absolutely vital problems such as 4He particle heating
requires d-t fuel. JET was constructed for d-t operation. Three d-t fuelling campaigns have been
staged at JET since the opening in 1983. The first was the Preliminary Tritium Experiment (PTE) in
1991, the second the Deuterium Tritium Experiment #1 (DTE1) in 1997 and the third the Trace
Tritium Experiment (TTE) that took place this fall (October 2003). Tritium concentration levels up
to 11% were reached during PTE [3], while the plasma tritium concentration varied from 0% to
100% during DTE1 [4]. The TTE campaign involved only trace amounts of tritium, on the order of
a few percent.
3.1

Building the plasma

Each JET shot starts from vacuum in the torus. The toroidal magnetic field is applied and then the
gas that will provide the plasma is let in through ten Gas Introduction Modules (GIMs) located
around the vessel. Application of the poloidal magnetic field means the gas is subjected to an
electric field. This electric field accelerates electrons present in the gas. The fast electrons in turn
ionize atoms in the gas through collisions. With each collision, more atoms are ionized until the
point is reached when the whole gas is ionized, i.e., the plasma is created. Fuel can be added to the
plasma in several different ways. One way is NB heating, an obvious effect of which is addition of
fuel material, since, as mentioned in section 2.3.1, the neutral particles injected through this system
are hydrogen isotopes. Another way is gas puffing, when new fuel is added through injection of
‘cold’ gas. A third and less common method is injection of fuel pellets. The idea is that the frozen
pellets should be able to penetrate into the plasma center, making it possible to add bulk material in
the core, thus achieving the goal of increased core density. The plasma also absorbs material
deposited in the torus walls.
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During the TTE campaign, the background or bulk plasma consisted of d ions. For some pulses,
tritium was added through NBI, for some using gas puffs, introduced through GIM15, located on
the torus midplane in octant 6. During and directly after a tritium campaign, the t concentration will
be higher than normal even for plasmas with no direct tritium injection, since fuel from d-t shots is
retained in the torus walls (tritium retention effect).
3.2

Tritium concentration measurements

Visible spectroscopy is in use at JET today for measurement of the edge tritium concentration.
There are two different systems, KT5P that uses a Penning Gauge for light collection and KS3 that
collects light along a particular line of sight. The analysis principle is the same for both systems:
The collected light is fed into optic fibers and led to the diagnostic hall where it is analyzed using a
high resolution visible spectrometer with a CCD camera detector, to yield, among other things, edge
tritium and hydrogen concentrations. The KT5P t concentration measurement is reliable if the
tritium concentration is higher than 2%. If it is lower, the light signals from the Penning Gauge will
be too blurred with the result that the signals blend into the background [5]. The Neutral Particle
Analysis (NPA) group is working on methods of determining the edge tritium concentration
through analysis of the neutral particles escaping from the plasma [6]. The core tritium
concentration is very difficult to measure. Plasma transport calculations is one way that is currently
(2003) being explored. Tritium concentration measurements are still very much a subject under
development. It is a matter of great importance and identified as one of the measurements required
for ITER for ‘machine protection and basic control’ [7].
4

NEUTRON DIAGNOSTICS AND THE MPR

Neutron diagnostics are important tools for determining plasma characteristics for two reasons.
Firstly, neutrons are produced directly by the fuel fusion ions, which means they carry information
about the actual fuel. Many other diagnostic schemes measure the properties of the plasma
impurities, from which the fuel ion characteristics are then deduced. Secondly, the neutrons escape
the plasma, unaffected by the magnetic field, to become indicators on the outside of the situation
inside the torus. Neutrons produce no direct ionization events, so neutron detectors must be based
on detecting the secondary events produced by nuclear reactions or nuclear scattering from light
charged particles [8]. Examples of neutron diagnostic systems at JET are fission chambers, where
fission events instigated by the escaping neutrons are observed to determine the fusion reaction rate
(KN1 at JET), neutron profile monitors that provide spatially resolved measurements of the
neutrons emitted (KN3 at JET), and spectrometers that, using different techniques, record the
neutron spectrum. The Magnetic Proton Recoil Spectrometer (MPR, JET name KM9), belongs to
the latter category. Another group of spectrometers measures the neutron energy with a time-offlight technique.
4.1

MPR principle

As the name indicates, the MPR (Figure 4) uses the principle of proton recoil. Incoming neutrons
from the JET plasma are converted to protons through nuclear elastic scattering on hydrogen in a
thin polythene (CH2)n target [9]. A 3 m proton flight path through the MPR’s magnetic field
achieves momentum separation of the protons, meaning protons of different energies will be
detected at different positions on the MPR focal plane. The detector hodoscope consists of 37
channels (plastic scintillators) to make spatially resolved detection possible. Each proton position
directly corresponds to a proton energy, depending on the strength of the magnetic field, that
through application of the MPR response function can be associated with a corresponding neutron

9

energy. This means the MPR is not dependent on any other instrument for energy calibration, it is
’absolutely calibrated’.

Figure 4 A schematic cross section of the MPR spectrometer inside its concrete radiation shield

4.2

MPR data and spectral analysis

The main data output from the MPR is the time resolved proton position histograms resulting from
counting of protons in the 37 hodoscope channels. ADC spectra can also be recorded. These
provide the information needed for ’tuning of experimental working points’ (setting of
discriminator levels etc), background and edge corrections and control and monitoring [10].
Spectral analysis of data from the proton position histograms can be performed to determine the
contribution to the total neutron yield from different components such as, in the case of beam
heating, beam-thermal, thermal-thermal and beam-beam, or in the case of RF heating, the thermal
component and epithermal and high energy RF tails. From spectral analysis, the rotational velocity
of the reacting particles vrot can be determined, as can the ion temperature of the different
components. The ion temperature for a Maxwellian distribution is directly related to the spectral
broadening or Doppler width ΓD according to
Γ D = γ g (Ti ) Ti

(4.1)

where γg(Ti) is determined from calculations [11]. The suprathermal components resulting from the
RF heating are not Maxwellian, but can generally be approximated by Maxwellians for the purpose
of determining an approximate ion temperature. In this thesis, different component yield
contributions, ion temperatures and rotational velocity from MPR spectral analysis are used to
simplify the calculations or, in some cases, make calculation possible.
4.3

Neutron yield from the JET plasma

A relation of central importance for the calculations in this thesis describes how the neutron yield
depends on the density of the ion species in the plasma, see equation (4.2). The total (global) yield
is the product of the densities and the reactivity (probability for the involved species to react with
each other) integrated over time and volume.

Yij = ∫∫ ni n j < σ v >ij dVdt

(4.2)
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When the neutron yield is observed at a specific time and specific point in space where the densities
and the reactivity can be considered fixed (local neutron yield), the relation can be rewritten as in
equation (4.3).

Yij = ni n j < σ v >ij

(4.3)

If the populations i and j are the same, an extra factor ½ is introduced (see chapter 5.4). Comparison
between the neutron yield measured with any of the diagnostic methods mentioned above and the
neutron yield calculated with this method can, as will be described further in chapter 5, be used to
calculate the densities or concentrations of the involved ion species.
4.3.1 Reactivity
The reactivity <σv>ij entering equations (4.2) and (4.3) is in itself an integral, where σ is the
energy-dependent fusion cross section and v the relative velocity distribution of the particles (see
eq. (4.4)).

< σ v >ij = ∫ σ ( E )vij dE

(4.4)

It describes the probability for a reaction between two particles i and j to take place. Both cross
sections and velocities are highly dependent on the energies, and corresponding temperatures, of the
reactants, leading, in turn, to a strong energy/temperature dependence in the reactivity (see Figure
2). This means the reactivity will be much lower for reactions between two particles from the
thermal plasma population, than for reactions involving one particle injected into the plasma
through, e.g., the neutral beam system, as will be seen.
5

DENSITY CALCULATIONS

This chapter describes how the tritium density or tritium concentration can be calculated for JET
pulses heated mainly through deuterium neutral beam injection (NBI). The presented methods
work, as will be shown in chapter 6, very well for pulses with gas puff tritium injection. They have
not yet been adapted to work for pulses with tritium neutral beam (NB) blips. This scenario will
however also be discussed for reference. Plasmas with strong RF or LH heating components present
additional difficulties. This means that the number of pulses that the methods are applicable to is
somewhat limited. The d NBI heating - t puff scenario is however important, e.g. for plasma
transport studies. The intention is that the methods will be modified in the future to encompass
other situations as well. Examples of work in this direction, specifically for RF heated pulses, will
be given. Note that all methods described below apply equally well to the opposite scenario, i.e. a
tritium plasma with a small fraction of deuterium.
An important question that will be addressed is how spectroscopic information, supplied, e.g., by
the MPR, can be used in the tritium concentration calculations. As will be seen, MPR spectral
analysis data on ion temperatures, rotation velocity and the origin of the various spectral
components, can play an important role in simplifying and improving the accuracy of the
calculations for neutral beam heated pulses. In the RF heating case, the use of spectroscopic
information can make the reactivity calculation and, consequently, the tritium concentration
determination possible.
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5.1

Beam-thermal yield and MPR spectral analysis

The 14 (d-t) and 2.5 (d-d) MeV neutron yields from a neutral beam heated plasma can be divided
into three components, Ytot = Ybt + Ytt + Ybb, representing, respectively, the beam-thermal, thermalthermal and beam-beam contributions. Beam-thermal means that the neutrons come from reactions
between one thermal and one beam particle. Explanation of the other components follows
analogously. In most of the cases studied here, the beam-thermal component dominates over the
other two contributions. These do, however, still contribute. This could be addressed in several
ways. The simplest and least accurate is to neglect Ytt and Ybb (see discussion in ‘Validity of
assumptions’, section 7.1.2). Their contribution could also be taken into account (see thermalthermal and beam-beam yield paragraphs below), but this makes the calculation complicated and
introduces several new elements of uncertainty. The last, and preferred, method is to use spectral
analysis to determine the beam-thermal fraction of the total yield. Information from such analysis
performed for the period of peak tritium concentration would allow for an accurate determination of
the peak concentration and also facilitate an assessment of the validity of the calculation in regions
of lower concentration.
The local beam-thermal yield can be written as the product of the bulk ion density nbulk for the
reacting bulk ion, the neutral beam ion source rate S, the beam ion slowing down time τs and the
beam-thermal reactivity <σv>bt [12,13], in analogy with the standard neutron yield formula
presented in chapter 4.3, eq. (4.3).

Ybt = nbulk S τ s < σv > bt

(5.1)

The slowing down time is directly dependent on the frequency of collisions between the beam
particles and particles in the plasma. The collision frequency in turn is a function of the density,
mass, charge and resistivity of the particles, where the resistivity depends on the plasma
temperature [2,3]. Assuming collisions between ions can be neglected compared to collisions
between ions and electrons, the slowing down time can be written [13]
3ε 02 mα me
τs = 4
e ln Λ Z α2

 2π

 me





3

2

3

3

Te 2
T 2
= Kα e
ne
ne

(5.2)

leading to the beam-thermal yield

nbulk 3 2
Te < σv > bt
(5.3)
ne
where α is the species injected (deuterium or tritium). The applicability of expression (5.2) is
discussed further in section 7.1.5. The constant Kα is calculated separately for each species. With Te
given in eV, ne in m-3 and τs in s, K should be in units of eV-3/2m-3s. This is achieved if the me-3/2
factor is given in eV/c2, and the thus introduced factor c3 is cancelled out by multiplying with c3.
The so called Coulomb logarithm lnΛ is assumed to be 17.0.3 Performing this calculation gives
Kd=7.447e-13 eV-3/2m-3s and Kt=1.113e-14 eV-3/2m-3s with standard values [14] used for e, me, c
and ε0.
Ybt = K α Sα

5.2

The beam-thermal (b-t) method

The beam-thermal (b-t) method is the one most frequently used in the calculations for this thesis.
With the 14 MeV yield and the beam source rate given as input parameters for pulses with only one

12

beam particle species, e.g. d, the bulk density of the other species, e.g. t, can be calculated. This is
done by calculating the value of t or nt that gives a match between the measured yield (left hand
side eq. (5.3)) and the calculated yield (right hand side eq. (5.3)) with nbulk = nt = t⋅n. Here, n
denotes the total density of hydrogen isotope ions in the plasma. With the bulk deuterium density nd
unknown, calculating nt reveals nothing about the plasma composition. More interesting would be
to calculate the tritium concentration, t, which requires knowledge of the total bulk hydrogen
isotope ion density. This quantity, in turn, requires an assumption about the impurity content in the
plasma. A measurable quantity describing the effective charge of the plasma is Zeff. With n denoting
the density of hydrogen isotopes and i any impurity present in the plasma, Zeff can be written as in
equation (5.4).

Z eff

n + ni Z i2
=
ne

(5.4)

Consequently, Zeff should be unity for a perfectly “clean” hydrogen isotope plasma, while the
presence of any impurity would give Zeff>1. With the main impurity Zi known, nbulk,tot can be
substituted [12] using

n Z i − Z eff
=
.
ne
Zi −1

(5.5)

Thus, assuming that the main impurity in the plasma is carbon (see ‘Validity of assumptions’ 7.1.1)
n/ne in the beam-thermal yield formula, eq. (5.3), can be replaced with (6-Zeff)/5. The tritium
concentration can then be calculated as

tconc =

K d ( < σ v >80
d →t

5Ybtdt
.
3
2
S80 + < σ v >110
d →t S110 ) Te ( 6 − Z eff )

(5.6)

where the fact that the neutral beam particles are injected with two different energies, 80 and 110
keV, with different resulting reactivities, has been taken into account (see section 2.3.1). The
calculations for this thesis were performed for pulses run during the TTE campaign. During this
campaign, mainly deuterium NBI heating was used. The above discussion could however be
reversed to work for the opposite situation, i.e., calculation of the deuterium concentration in
plasmas heated with tritium NBI.
5.3

The yield ratio method

With the 2.5 MeV neutron yield as input, eq. (5.3) can be used to calculate the deuterium density
for plasmas with d beam heating according to
Ybtdd = K d Sd

3
3
nd
Te 2 < σ v >btd + d → He + n .
ne

(5.7)

From the discussion above, it follows that
Ybtdt = K d Sd

3
4
nt
Te 2 < σ v >btd +t → He + n .
ne

(5.8)
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Combining equations (5.7) and (5.8) and rearranging, taking the different possible beam injection
energies into account, results in
Ybtdt
110
nt
< σ v >80
d →t S80 + < σ v > d →t S110
(5.9)
tconc =
=
Ybtdt
Ybtdd
nt + nd
+
110
110
< σ v >80
< σ v >80
d →t S80 + < σ v > d →t S110
d → d S80 + < σ v > d → d S110
This is the yield ratio method. With this method, the t concentration can be calculated without
making any direct assumptions about the impurity content (assumptions are still needed for the
reactivity calculation, see 5.11.1). However, the assumption that there is no hydrogen in the plasma
has been made instead. Provided the hydrogen concentration is known, it could obviously be
incorporated in eq. (5.9). For the pulses analyzed in this thesis, this is not the case. The impact of
the respective assumptions is discussed in the ‘Validity of assumptions’ chapter (7.1.3). The yield
ratio method cannot be applied when the t concentration is too high, since the d-d yield component
cannot be distinguished in this case [15].
5.4

Taking the thermal yield into account

The thermal-thermal yield (eq. (5.10) and (5.11), compare eq. (4.3), ch. 4.3) describes the neutron
yield for pulses with no auxiliary heating, or the fraction of the total yield coming from reactions
between ions belonging to the thermal population only. Incorporating this in the b-t and yield ratio
models would improve the accuracy of the calculations when spectral analysis is not used.
Yttdt = nt nd < σ v >thermal
dt → 4 He + n

Yttdd =

(5.10)

1 2
nd < σ v >thermal
dd → 3 He + n
2

(5.11)

Note the factor ½ in equation (5.11), needed to avoid double counting when the reaction is between
ions from the same population.
If only the 14 MeV yield component is considered, the tritium concentration can be calculated
according to equation (5.12), assuming that the main impurity is carbon and that there is no
hydrogen in the plasma. For the calculations performed in this thesis, additional assumptions about
the plasma volume have to be made (see Unit analysis, section 5.10.6).
3

tconc

5 K d S d Te 2 < σ v > dt ,d beam
1
= + 2
−
2 2ne (6 − Z eff ) < σ v > dt ,thermal

3
1
5 K d S d Te 2 < σ v > dt , d beam
−  + 2
 2 2ne (6 − Z eff ) < σ v > dt ,thermal


2


52 Ydt
 −
 ne2 (6 − Z eff ) 2 < σ v > dt ,thermal


(5.12)

For entire pulses or periods with no auxiliary heating, the tritium concentration can be calculated
from the thermal-thermal yield as
2

t conc

2

dt

5 Ytt
1
1
= − 
− 2
2
ne (6 − Z eff ) 2 < σv > dt ,thermal
 2

(5.13)
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5.5

The beam-beam yield component

To further improve the accuracy of the calculations in the case of no spectral analysis, the beambeam yield component, eq. (5.14), should also be included.
Ybb = τ s ,1 S1τ s , 2 S 2 < σv >1bb, 2

(5.14)

If the two reacting beam particles are of the same type (t or d) a factor ½ has to be included
(compare eq. (5.11)). Incorporating the Ybb component yields an expression similar to the one in eq.
(5.12).
5.6

Calculation for pulses with mixed beams?

In theory, it should be possible to use the models for pulses with mixed (d and t) beams as well as
for pulses with only one type of beam heating by adding a component for the opposite scenario. For
the b-t model, this would mean that the total 14 MeV yield would be made up of the components
for d beam on t plasma, t beam on d plasma, t and d beams on each other and d-t thermal yield. The
implementation of this model is beyond the scope of this thesis.
5.7

RF heating and MPR spectral analysis

The thermal yield model, eq. (5.13), could also be applied to pulses with RF heating, if the
reactivities are determined taking the RF heating into account. The problem is performing the
reactivity calculation for this scenario. RF heating can be modeled as giving rise to two additional
components in the spectrum, an anisotropic high temperature RF tail and an isotropic epithermal
component [11]. The ion temperature for each of these components is needed to calculate their
respective reactivities. Spectral analysis of MPR data [16] can be used to determine the
temperatures and the contribution to the total yield from the different spectral components. The total
neutron yield would then be the sum of the yield contributions from the thermal, epithermal (ET)
and high energy (HE) components as in eq. (5.15).
Ydt = nt ,thermal nd < σ v >thermal
+ nt , ET nd < σ v > dtET + nt , HE nd < σ v > dtHE
dt

(5.15)

The total concentration of tritium in the plasma could be calculated as the sum of the different
components:
nt ,thermal + nt , ET + nt , HE
(5.16)
t=
nd + nt ,thermal + nt , ET + nt , HE
Each of the components would have to be calculated separately. The method requires the deuterium
density, nd, to be known. For TTE pulses with very low tritium concentration, the approximation
nd≈n can be used.
5.8

Estimate for comparison

With the assumptions that nt << nd and that the neutral particles are injected with only one beam
energy, the yield ratio method, eq. (5.9), simplifies to
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nt Ydt < σ v > dt Ydt 1
=
≈
nd Ydd < σ v > dd Ydd 300

tconc ≈

(5.17)

a common estimate [17] for the tritium concentration used to produce an approximate intershot
value for the JET control room log. The factor 300 is, as indicated in equation (5.17), the
approximate ratio of the d-t to the d-d reactivity. This estimate has been used (see ‘Results’) to
assess the validity of the calculations performed for this thesis.
5.9

Unit analysis

Unit analysis performed for the general neutron yield formula (section 4.3) applicable in the thermal
yield case (equation (5.10), paragraph 5.4) shows that the neutron yield should be in units of m-3s-1
(the unit for neutron emissivity), see equation (5.18).
nt nd < σ v > dt

= Ydt

(5.18)

 m −3   m −3   m3 s −1  =  m −3 s −1 

A similar analysis of the beam-thermal formula (section 5.2), using the unit eV-3/2m3s (see 5.1) for
K, shows that the units for the yield Y and the beam source rate S must be the same (* in equation
(5.19)).
KS
 eV


6 − Z eff
5
−3

2

Te

3

2

< σ v > dt

m −3 s  [*][ − ]  eV



= Ybtdt
3

2

(5.19)

  m 3 s −1  = [*]

 

5.10 Data selection

As mentioned in section 4.3, a complete study of the plasma concentrations using the described
methods should take both time-dependent and spatial variations into account. This analysis would
give a full geometrically resolved picture of the tritium concentration. However, to somewhat limit
the scope of the work for this thesis, it was decided that it should involve determination of the timeresolved concentration only and not consider radial variation. This could be achieved in two ways:
either the global volume integrated variables or the local values for a specific point could be used
(see eq. (4.2), section 4.3). Volume averaged data was selected for use in the model.
Public access to data produced for and from JET shots is achieved through a system where the
different diagnostic groups make their data and results available in Processed Pulse Files, PPFs.
Below follow descriptions of the PPFs [18] containing the data needed for tritium concentration
calculations performed using the methods presented above.
5.10.1 Neutron yield
For the beam-thermal and combined beam-thermal/thermal methods, the time resolved 14 MeV d-t
neutron yield (Ydt) is needed, for the yield ratio and estimate methods the 14 MeV d-t and 2.5 MeV
d-d (Ydd) yields. These quantities are supplied by several diagnostic systems. Data from the neutron
camera [19], KN3, is used most frequently for the calculations in this thesis. The neutron camera or
neutron profile monitor records the spatially resolved neutron emission from the plasma using two
types of detectors: fast plastic scintillators referred to as BICRONS, sensitive to d-t neutrons, and a
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liquid scintillator of type NE213, referred to as NE213, sensitive to d-d and d-t neutrons. Results
derived from measurements using the BICRONS are stored in the PPF KN31, results from NE213
in the PPF KN3L. The data types used here are, for Ydt, KN31/N3YS, and, for Ydd, KN3L/N3YS,
where ‘S’ means that the data is divided into short (50ms) time bins. The unit is n/s. Results from
NE213 are dependent on the fission chambers, KN1, for the total neutron yield reference, while
BICRON results are independent of other JET diagnostics. The random error in the 2.5 MeV
measurements is estimated to be 10%, the 14 MeV error 5% [19]. Note that the Ydd measurements
from the TTE campaign are subject to large systematical uncertainties (see discussion section
7.3.4).
Another diagnostic measuring the time resolved d-t neutron yield is a system of silicon diodes,
KM7. Ydt from this diagnostic is recorded with a frequency of 100 Hz (i.e., time bin 10 ms) and
stored in the PPF TIN/RDTB. In combination with the total time resolved neutron yield (Ydt + Ydd),
produced by the fission chambers (KN1) and stored in the PPF TIN/RNT, this can also be used to
determine the d-d neutron yield. However, it should be noted that the diodes suffer from radiation
damage, which means the quality of the data from this diagnostic will fall during the campaign.
TIN/RDTB is still used in this thesis to give the d-t neutron yield during periods of lower neutron
emission (see section 6.1.1).
The aim is to use the MPR neutron yield for Ydt in the future. The problem with this is the time
resolution – the total yield from the MPR can already be produced on an intershot basis, but the
time resolved, background corrected neutron yield requires further analysis and is as of yet not
produced for the TTE campaign.
5.10.2 Beam source rate
The neutral beam system injects neutrals into the plasma in octants 4 and 8. The beam injection
system in each octant consists of eight separate so-called pinis (Positive Ion Neutral Injector), the
atoms from which have different injection energies (see Reactivity calculation, section 5.11.1). One
high and one low injection energy is used. For the TTE campaign, the corresponding energies are
approximately 80 and 110 keV. The energy of the injected neutral has a significant effect on its
reactivity. It is consequently important that the influx of neutrals is separated into one high and one
low energy component, where each component can be multiplied with the relevant reactivity (see
sections 5.2 and 5.3, equations (5.6) and (5.9)). The number of neutrals injected into the plasma
from each octant as a function of time, S, can be found in the PPFs NBI4/PFLX and NBI8/PFLX,
with the unit neutrals per second. The high and low energy fractions for octant 4 can be determined
using data from NBI4/P080 (low) and NBI4/P140 (high) and equivalently for octant 8. The influx
of tritium atoms can, when applicable, be found in NBI4/TFLX and NBI8/TFLX. During the TTE
campaign, tritium was only injected from octant 8. Note that PFLX gives the total number of
injected neutrals, including tritium atoms. The described data is given with a 10 percent accuracy.
The time bins vary from one shot to the next.
5.10.3 Electron temperature and electron density
The electron temperature, Te, and density, ne, used in the calculations are for most pulses taken
from the LIDAR Thomson scattering diagnostic, by using the PPFs LIDX/TEVL (volume average
Te) and LIDX/NEVL (volume average ne). LIDAR Thomson scattering works like a radar but using
light waves instead of electromagnetic (e-m) waves [20]. The emitted light pulses scatter from
plasma electrons undergoing a frequency change depending on the temperature of the electron. The
amount of light scattered back depends on the number of electrons in the plasma, which means it is
possible to determine also the electron density with this method. Data is recorded with a 4 Hz
frequency. The accuracy is 10 percent and the units eV and m-3 respectively.
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When LIDX/TEVL Te is unavailable or bad (status flag ‘poor’ given), ECM1/TEAV from the
Michelson interferometer with a 10 percent absolute and 5 percent relative error is used instead.
The interferometer measures the Electron Cyclotron emission spectrum. The time bin is 15 ms.
Temperature data from the Michelson interferometer is generally not reliable during LHCD heating
or at any time when substantial numbers of fast electrons are present.
5.10.4 Zeff
Zeff describes the impurity content in the plasma (eq. (5.4)). Measurement of Zeff is difficult and the
uncertainty associated with this parameter is large. In some cases, it may even be better to select
and use a set value than to use the value measured and stored in PPFs [21]. The Zeff data used in this
thesis come from the KS3 spectrometer, which determines the impurity content using visible
spectroscopy with a time resolution varying during the shot from 2ms during one 10s period to 1020ms for the rest of the pulse. The PPF KS3/ZEFH (horizontal Zeff) is chosen over KS3/ZEFV
(vertical) to avoid including data from the impurity-rich divertor region [22].
5.10.5 Amount of tritium injected
The amount of tritium injected into the plasma during each pulse is needed to make comparison
between tritium concentration results for different pulses possible. Data on this quantity is produced
by the Modeled Gas Pressure Code, that models the gas pressure from the percentage of the voltage
applied to valves, and stored in the PPF GASM. GASM data nodes T15C, electron count, and
T15R, electron rate, contain approved [18] data for the TTE campaign. The number of electrons will
be a representative value for the number of tritium ions since each tritium atom contains one
electron. The fact that the amount of injected tritium can be deduced in this way does not mean that
the tritium concentration in the plasma is inherently known. The aim with the transport calculations,
a scientific area of central importance during the TTE campaign, is to determine what happens with
the tritium after injection. Does it reach the plasma core? Does it diffuse out of the plasma before
fusion can take place? Tritium concentration calculations are a vital tool for answering these and
other questions.
5.10.6 More about units
In section 5.9, it was shown that the neutron yield as calculated using the general formula is in units
of m-3s-1, while the yield calculated using the beam-thermal formula (section 5.2) will have the
same unit as the beam source rate S. The beam source rate and the neutron yield best suited for
these calculations (see sections 5.10.1 and 5.10.2 above) are both in units of s-1, which makes the
beam-thermal calculation using these parameters straightforward. This is, however, a different unit
than the one that follows from the analysis of the general formula in section 5.9, i.e. m-3s-1. The
same notation should not be used in the two cases. From now on, capital Y will be used for the
value given in s-1, while y will denote the yield in units of m-3s-1. Similarly, the source term in units
of s-1 will be denoted S, while s will mean that the unit is m-3s-1.
The time resolved neutron yield used in this thesis is in units of s-1. For the parameters to work in
the calculation using the general formula, a volume factor has to be introduced so that the extra m-3
factor is cancelled out. Multiplying with a factor V on the right hand side in eq. (5.10) makes it
possible to combine equations (5.10) and (5.3) using the total 14 MeV yield as in section 5.4.
5.10.6.1 Effective volume?
Dividing the total time resolved neutron yield from the plasma with the full plasma volume,
approximately 85 m3, would give as result a plasma neutron emission per unit volume too low to
accurately represent the central emission and too high to represent the emission at the edge. To get a
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value better adapted to the conditions in the center of the plasma, an ‘effective’ plasma volume,
representing the size the plasma would have if all detected neutrons were emitted with the peak
emission rate, could be used instead. A good ‘effective volume’ approximation is the YAPAN core
volume, stored in the PPF KN31/COVS. It is a matter of discussion whether it is better to use the
full plasma volume or to use the effective volume. Since volume averaged data were selected for
the calculations in this thesis, it was decided that the full plasma volume should be used.
5.10.7 Time resolution
In principle, interpolation can be used to estimate parameter values stored with insufficient time
resolution. However, for good accuracy, the data with the longest time bin should be the reference,
so as to avoid interpolation errors. The longest time bin involved here is the 250 ms used for the
electron temperature and density values from LIDAR Thomson scattering measurements. Thus, the
calculations in this thesis will have a time base of 250 ms.
5.11 Reactivity calculations

From the model description (paragraph 5.1) it can be seen that the tritium concentration will be
inversely proportional to the reactivity. Thus, a large uncertainty in the reactivity directly affects the
calculated tritium concentration. This means the reactivity is a very important parameter and it has
to be determined accurately. This is a difficult task that can be solved in a number of different ways.
The method presented below is time consuming and involves several assumptions. The assumptions
are discussed in the text to give the reader a chance to form his/her own opinion about the validity
of the results.
5.11.1 Method
The reactivities are calculated using the Fusion Product Spectra (FPS) code [23]. Input to FPS is
given through a window such as that shown in Figure 5, where the parameters for calculation of the
reactivity for 80 keV beam deuteron on thermal tritium for pulse 61174 are shown.
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Figure 5 FPS code input window for calculating the 80 keV d on t reactivity for NBI heated pulse 61174

The distribution functions for the involved ions can be changed. 1-1 (maxwellian-maxwellian) gives
the thermal reactivity. Distribution 5 is a two temperature maxwellian that can be used for pulses
with strong RF heating. Parallel and perpendicular temperatures have to be specified for this
calculation. They should both be set to the same value (the high energy tail or epithermal
temperatures respectively) to get the reactivity for the different temperature components.
Distribution 8 describes the neutral beam heating scenario (see Figure 5).
The background mass, mbg, is calculated with the Spectroscopic Neutron Analysis Program (SNAP)
[24] using Zeff and ne and assuming C impurities only. Since the tritium concentration during the
TTE campaign is known to be low, of the order percent, it is assumed that the bulk plasma consists
of d ions only. The mbg effect on the reactivity and the accuracy of the mbg values used are
discussed in section 7.1.1.1.
5.11.1.1 Ti, Te, Zeff and ne
Ti, Te, Zeff and ne are taken from PPFs. Ti comes from CXFM/TIAV if this is produced for the
pulse, otherwise from XCS/TI. CXFM/TIAV is the volume averaged ion temperature produced by
the charge exchange group, XCS/TI the single values at the minor radius determined by the flux
geometry [18] from the X-ray Crystal Spectroscopy. It has been shown that the XCS/TI value is too
low to accurately describe the core of the plasma and that Ti from CXFM/TIAV is the better value.
However, the latter can only be produced if pini 6 or 7 of the octant 8 neutral beam injection system
is in operation for the pulse, since this is required for charge exchange spectra to be recorded. The
ion temperature can also be deduced from spectral analysis of MPR data, using the fact that the
broadening of the spectrum is proportional to the square root of the ion temperature for thermal
plasmas. The relation is however not as simple for pulses with auxiliary heating, in which case
thorough analysis is required. Te, ne and Zeff are discussed in detail in the ‘Data used’ chapter,
sections 5.10.3 and 5.10.4.

20

For most pulses, only average values of Ti, Te, mbg and Zeff have been used to give an estimate of
the average reactivity. The validity of this approach is discussed in the ‘Validity of assumptions’
section, paragraph 7.1.4.
5.11.1.2 Beam energy
The energy of the incoming neutral beam particles (see chapter ‘NBI heating’) is not exactly 80
keV and 110 keV, respectively. Exact energies from each of the 8 pinis in octant 4 and 8 can be
found in the PPFs NBI(4/8)/ENG(1…8). The beam energies used in the calculations are the
averages from the low and high energy pinis from both octants combined. The average low
injection energy for the pulses analyzed for this thesis varies from 76 keV to 84 keV. A simple
sensitivity analysis performed with all parameters except the neutral beam energy fixed gives
reactivities according to Table 1, with the 84 keV reactivity 20 percent higher than the result for 76
keV.
Table 1 Reactivity calculated with the FPS code for a few different beam energies
Beam energy

reactivity

(10

(keV)

76
80
84

-22

3

m /s)

2.21
2.43
2.65

The accuracy [18] in the beam energy given for each pini is ±3%, leading to a ±6% uncertainty in
the reactivity from this component.
5.11.1.3 ½ and 1/3 energy fractions
Not all particles enter the plasma with the full injection energy. The reason for this is that some
particles in the beam are not single atoms, but rather molecules containing two or three atoms of the
species [18]. The molecules will be accelerated to the injection energy but the energy then has to be
shared between the atom constituents – which means atoms with energies a third or a half of the
peak value are injected. When reactivity calculations in FPS are performed for the beam case,
distribution 8, the ½ and 1/3 beam energy fractions have to be specified. The default values are 0.2
and 0.2. A sensitivity analysis was performed to see to what degree variation in these values
affected the calculated reactivity. With all other parameters fixed, changing the energy fractions
from 0.1 and 0.1 to 0.3 and 0.3 resulted in reactivities differing by almost a factor two (Table 2).
Table 2 Reactivity calculated with the FPS code for different beam energy fractions
Energy fractions

reactivity

(10

0.1 / 0.1
0.3 / 0.3

-22

3

m /s)

3.29
1.71

What fraction should be used in the calculations? The PENCIL code [18] produces PPFs with the
diagnostic data area (DDA) name NBIP. Data types stored in the category NBIP are e.g. S8, S82
and S83. S8 contains the total 80 keV fast ion source rate, S82 the total ½ fraction of the 80 keV
source rate and S83 the total 1/3 fraction. S4, S42 and S43 contain the same for 140 (or, for TTE
pulses, 110) keV beams. The ½ fraction of the 80 keV neutrals would thus be S82/S8 and the other
fractions could be produced in a similar way. The source rate PPFs contain the spatially resolved
fraction profiles as a function of time. This means a weighted average, eq. (5.19)),
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∑ fraction(r , t ) ⋅ S
fraction(t ) =
∑ S (r , t )
i

0

(ri , t )

i

0

(5.19)

i

i

is needed for the calculation, which is in this thesis (see section 5.10) only performed as a function
of time. The result is a time resolved average fraction that should be considered as a possible source
of error in the reactivity calculation. Assuming the high and low energy fractions are subject to the
same uncertainty, the 15% accuracy in the fraction values from PENCIL lead to an estimated 10%
uncertainty in the reactivity.
5.11.1.4 Other input parameters
There are, as can be seen (Figure 5), several other parameters that can be specified in the FPS
window. Their values should be given for the calculation in the NBI heating case, but not the RF
heating or thermal cases. The default value for the pitch angle, 60°, is considered a good
approximation. The default value for the co/counter ratio is 1.6, but a better value [19, 22] is 3.0.
The plasma rotation velocity could be derived from the MPR spectra for each pulse. For some
pulses, data on the rotation velocity is also produced by the charge exchange spectroscopy group.
Results can be found in CXFM/ANGF, where they are presented on a radially resolved form in
units of rad/s. Before use in the reactivity calculation, data must be averaged over the radius and
converted to km/s by multiplying with the major tokamak radius 2.96 m. When neither MPR nor
Charge Exchange data are produced, a good average value to use for neutral beam heated pulses is
300 km/s [19].
5.11.2 Sensitivity analysis
The effect on the reactivity of uncertainty in the NBI energy and the half and third energy fractions
has been discussed above. Other uncertain input parameters are the ion temperature (Ti) and the
rotation velocity (vrot). In the best case, these parameters are determined by MPR spectral analysis,
but Ti often has to be taken from XCS/TI (that gives a low value) and vrot often has to be guessed.
What is the effect of changes in these parameters on the reactivity, and what approximatei impact
do the changes have on the peak value of tconc?
Table 3 Input data for the reactivity calculation for pulse 61065
Ti
Te
mbg
Zeff
dist(d)
Ebeam
f1/2
f1/3
co/counter

vrot

3 keV
2.663 keV
2.1563 amu
1.4343
8
79.663 keV
0.154
0.076
3
370 km/s

To answer this question, a sensitivity analysis was performed for pulse 61065, using the values
from Table 3 as the reference case, with vrot=370 km/s used for the Ti calculation, and Ti=3 keV
used for the vrot calculation. The results are presented in Table 4 (Ti) and Table 5 (vrot). The effect
is, as can be seen, significant.
i

Assuming the change in <σv>110 is proportional to the change in <σv>80
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Table 4 Calculated reactivities and tritium concentrations for different values of the ion temperature, pulse 61065
Ti

sigmavdt
-22

keV 10
2
3
4
5
6

80

3

m /s
3.16
3.33
3.50
3.66
3.81

peak tconc (appr)

%
1.14
1.08
1.03
0.98
0.94

A 30% change in Ti around 3 keV leads to a 5% change in the reactivity (Table 4), as does a 20%
change in vrot around 300 km/s (Table 5). The uncertainty in vrot, however, is estimated to be 70%,
with a resulting uncertainty in the reactivity calculation of about 20%.
Table 5 Calculated reactivities and tritium concentrations for different values of the rotational velocity, pulse 61065
vrot

sigmavdt
-22

km/s 10
-370
0
300
370
420

80

3

m /s
2.36
2.58
3.15
3.33
3.63

peak tconc (appr)

%
1.52
1.39
1.14
1.08
0.99

The co/counter ratio is another parameter that is simply assumed to have a certain value. What is
the effect of changes in this case? Changing the ratio from 3.0 to 1.6, with the other parameters
fixed to the values given in Table 3, leads to a change in the reactivity from 1.08% to 1.17%. This is
again a significant difference. Changes in other input parameters, such as Te and Zeff, have similar
effects. Summarizing, it must be concluded that there is a large inherent uncertainty associated with
calculating the reactivity in this way. The uncertainty can be reduced by careful analysis of the data
used, but it cannot be eliminated. This is important to keep in mind when assessing the validity of
the results presented in chapter 6 (see section 7.3).
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6

RESULTS

In this section, results from calculations of the tritium concentration for pulses from the TTE
campaign, using the methods described in chapter 5, will be presented. Results for pulses with
deuterium beam heating and tritium gas puff injection will be discussed in detail. Figures
representing results for selected pulses will be used to highlight differences between methods, the
effects of selected data and similarities between shots. Results from calculations using MPR data
will be stressed. This presentation of the main results is followed by a section on the preliminary
work done concerning the treatment of pulses with RF heating and pulses with deuterium beam
heating combined with tritium blips. The reader is asked to keep in mind that a lot of work remains
to be done in this area. The results are only included to give a flavor of work in progress.
6.1

Tritium puff pulses with deuterium neutral beam heating

Pulses with only deuterium neutral beam auxiliary heating applied and with tritium injected through
gas puffs presented an important scientific contribution to the TTE campaign. Their main use was
in particle transport studies. The cold tritium injected through gas puffing exhibits a spatial
evolution behavior different from that described by hot tritium introduced through the NBI system
(see section 3.1). Study of the movements of this cold tritium can contribute to the general
understanding of plasma transport, a field with important implications for plasma confinement
properties.
Tritium puff pulses heated with deuterium beams were successfully analyzed for this thesis using
the methods described in chapter 5. Data used for the calculations are presented in Table 6, and
resulting reactivities and peak tritium concentrations from the different methods shown in Table 7.
Table 6 Data used for calculations for selected t puff pulses with d NBI heating from the TTE campaign
Pulse nr
Ti (keV)

61065
1.8

T i source

MPR

Te (keV)
T e source
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-3

ne (10 m )

61097
2.002

61140
2.296

61174
3.451

61249
3.561

61357
3.557

61366
3.717

61526
2.155

61543
2.97

CXFM/TIAV CXFM/TIAV

XCS/TI

XCS/TI

XCS/TI

XCS/TI

XCS/TI

XCS/TI

2.663

2.135

1.739

2.355

2.566

1.928

1.872

1.462

1.889

ECM1/TEAV

LIDX/TEVL

LIDX/TEVL

LIDX/TEVL

LIDX/TEVL

LIDX/TEVL

LIDX/TEVL

LIDX/TEVL

LIDX/TEVL

2.63

4.07

7.33

4.46

5.01

2.82

2.75

2.99

4.19

Zeff

1.434

2.513

1.546

2.009

1.848

2.501

2.477

3.315

2.242

mbg (amu)

2.156

2.673

2.2

2.404

2.33

2.668

2.651

3.255

2.523

109.432

110.553

111.181

113.102

105.957

107.866

108.677

105.111

114.148

79.663

80.07

81.067

83.841

83.943

78.027

78.584

79.065

86.111

0.154
0.076
0.159
0.166
0

0.142
0.088
0.141
0.136
143

0.133
0.063
0.134
0.134
96

0.14
0.134
0.071
0.081
0.133 no data, 0.14
0.122 no data, 0.14
300
300

0.152
0.094
0.146
0.143
300

0.152
0.099
0.147
0.143
300

0.15
0.105
0.149
0.157
300

0.139
0.083
0.139
0.131
300

high
Eb (keV)
low
Eb (keV)
low

1/2-frac
low
1/3-frac
high
1/2-frac
high
1/3-frac
vrot (km/s)

v rot source

MPR CXFM/ANGF CXFM/ANGF
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# puffed t (10 )

9.4

10.1

10.8

appr.

appr.

appr.

appr.

appr.

appr.

6

8.7

5.4

10.8

10.6

11.4

The peak tritium concentration values in Table 7 were calculated using the b-t method, eq. (5.6), the
b-t method including the thermal yield, eq. (5.12) with correction for plasma volume (see section
5.10.6), the yield ratio method, eq. (5.9), and the estimate for comparison, eq. (5.17). Neutron yield
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data used to calculate the tabulated results was taken from the neutron camera, KN3. The yield ratio
method and the estimate for comparison give similar results, as is to be expected since the latter is a
simplification of the first (see section 5.8). Note that dividing the d-t 110 and 80 keV reactivities for
each pulse with the d-d 110 and 80 keV reactivities results in ratios close to 300, e.g., 303 for the
110 keV reactivities and 308 for the 80 keV reactivities for pulse 61097. This is the basis for using
the factor 300 in the estimate method.
Table 7 Reactivities and peak tritium concentrations calculated for selected t puff, d NBI heating pulses from TTE
Pulse nr
110
3
<σv>dt (m /s)
80

3

<σv>dt (m /s)
110

<σv>dd

3

(m /s)

80
3
<σv>dd (m /s)
thermal
3
<σv>dt
(m /s)
bt
tpeak (%)
bt/thermal
tpeak
(%)
yield ratio
tpeak
(%)
estimate
tpeak
(%)

61065
61097
61140
61174
61249
61357
61366
61526
61543
3.30E-22 3.72E-22 3.42E-22 4.61E-22 4.22E-22 3.92E-22 3.93E-22 3.17E-22 4.19E-22
2.37E-22 2.50E-22 2.45E-22 2.97E-22 3.55E-22 2.79E-22 2.78E-22 2.31E-22 3.23E-22
1.08E-24 1.23E-24 1.14E-24 1.64E-24 1.48E-24 1.38E-24 1.40E-24 1.06E-24 1.47E-24
7.61E-25 8.05E-25 8.01E-25 1.18E-24 1.20E-24 9.51E-25 9.56E-25 7.56E-25 1.07E-24
1.60E-25 2.72E-25 5.22E-25 3.11E-24 3.53E-24 3.52E-24 4.20E-24 3.88E-25 1.66E-24
1.60

3.07

0.70

0.82

0.94

1.11

3.55

-

1.72

1.60

2.98

0.59

0.71

0.79

1.04

3.17

-

1.59

2.38

4.16

1.27

1.84

2.11

2.41

4.13

4.91

2.73

2.51

4.41

1.30

1.63

2.09

2.38

4.11

5.19

2.75

Note that no b-t or b-t/thermal tritium concentration results are presented for pulse 61526. These
methods are not applicable in this case because the assumption that carbon is the main impurity
does not hold for the impurity composition of the pulse, which was part of a designated impurity
particle pinch study (see section 7.1.1.2).
Calculations were performed every 250 ms. The time resolved tritium concentration results for the
pulses listed in Table 7 (except for pulse 61526) are presented in Figure 6. For each pulse, the time
interval during which the beams are switched on is shown. The times at which tritium is injected for
the respective pulses are listed in Table 8.
Table 8 Tritium injection times
Pulse nr t injection
61065
62.5 s
61097
63.0 s
61140
59.0 s
61174
62.0 s
61249
63.0 s
61357
66.5 s
61366
66.5 s
61543
66.5 s

The result from the estimate method, eq. (5.17), is not presented in Figure 6. This is because it is
only meant to be a quick estimate of the peak tritium concentration and is not routinely produced as
a function of time. However, for illustration, time resolved results from this method for pulse 61357
are presented in section 6.1.1.
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Figure 6 Time development of the tritium concentration for 8 selected TTE pulses as calculated using the beamthermal method (solid line), the beam-thermal method including the thermal component (dashed line) and
the yield ratio method (solid dotted line), respectively.

6.1.1 Example: Results for pulse 61357
In this section, results from calculations for pulse 61357 are used to illustrate the effect of input data
on the calculation and the possibilities associated with the different methods. Pulse 61357 was part
of a session aimed at studying the confinement effect of large islands in the plasma. The evolution
of the variables used in the calculation with the beam-thermal method is shown along with the
resulting tritium concentration in Figure 7. The time interval describes the period during which the
beams are switched on.
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Figure 7 Data used for and result from calculation using beam-thermal method, pulse 61357.

Note that the tritium concentration curve points slightly upward towards the end. This increase is
the artificial result of the sudden drop at that time in the amount of neutral beam particles injected.
As can be seen in equation (5.6), the tritium concentration is inversely proportional to the beam
flux. The effect could be excluded if the situation at previous times was included in the calculation
for each time step.
Figure 8 shows the tritium concentration as a function of time calculated using the silicon diode 14
MeV yield (TIN/RDTB) in the beam-thermal method for pulse 61357. Using this yield instead of
the camera yield (KN31/N3YS) means that the low 14 MeV neutron emission before the tritium is
introduced is recorded, and, consequently, that the tritium concentration before the puff can be
determined. The tritium puff is injected at 66.5s (see Table 8). The peak tritium concentration is
0.99% in this case, compared to 1.11% when the KN3 yield is used. Note that changing only the
source of the input data used for the yield results in a 10% change in the tritium concentration. This
will be discussed further in section 7.2.
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Figure 8 Tritium concentration, pulse 61357, using silicon diode 14 MeV neutron yield in calculation with beamthermal method.

Using the beam-thermal method including the thermal yield instead of the simple beam-thermal
method would allow for determination of the tritium concentration for the time period before the
beams are switched on. This calculation suffers from bad yield data due to the low neutron emission
from the ohmic pre-beam plasma, and does for this reason not produce reliable results (see Figure
9). It is however interesting to keep this option in mind, since better yield data would make the
calculation possible. With a yield measurement sensitive to lower 14 MeV yields, the concentration
before the beams are switched on at 59s should be the same as during the beam heating period
before the t puff at 66.5 s.
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Figure 9 Tritium concentration for the duration of pulse 61357, calculated taking the thermal yield into account.

The difference between the results from the respective methods is illustrated for pulse 61357 in
Figure 10. Camera (KN3) yield is again used in all calculations, which means no yield is recorded
before introduction of tritium at 66.5s, even though beam heating is applied from 59s to 69s. The
time interval shown was selected to give a clear picture of the time evolution of the tritium
concentration after puff injection. The rapid increase to maximum followed by a gradual decrease
as the injected tritium ions react or diffuse out of the plasma is characteristic for the tritium puff
scenario. The sharpness of the peak is the result of the long (250 ms) time bin.
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Figure 10 Tritium concentration calculated using the beam-thermal, combined beam-thermal/thermal, yield ratio and
estimate methods, respectively, pulse 61357

The time resolved result from the estimate for comparison resembles the result from the yield ratio
method, as is to be expected. The 80 keV d-t to d-d reactivity ratio is 293 and the 110 keV ratio is
284 for this pulse, to be compared with the factor 300 used in the estimate, eq. (5.17).
6.1.2 Difference between the methods
Presented in this section are results from calculations using the different methods described in
chapter 5 for pulses 61097 and 61543. Pulse 61097 was part of a particle transport study, while the
aim with pulse 61543 was to study neo-classical tearing modes (NTMs). Both are representative for
the TTE campaign pulses with d NBI and t puff. The results from the yield ratio method are higher
than the results from the beam-thermal and beam-thermal/thermal methods for both pulse 61543
(Figure 11) and pulse 61097 (Figure 12). The dots on the yield ratio result curve represent the times
for which calculations were performed.

30

Figure 11 Comparison, results from b-t, b-t/thermal and yield ratio methods for pulse 61543. Tritium is injected
through a puff at 66.5s.

The yield ratio method gives a higher tritium concentration result than the b-t and b-t/thermal
methods because the d-d yield recorded by the neutron camera (KN3) is lower [19] than the actual
d-d emission (see discussion section 7.3.4). It is difficult to separate the d-d neutron emission from
the much more intense d-t emission. This problem is, as mentioned in section 5.3, of greater
significance during a full blown deuterium-tritium campaign (tconc > 20%), when it becomes
virtually impossible to distinguish the low intensity d-d yield.
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Figure 12 Tritium concentration calculated using the beam-thermal, combined beam-thermal/thermal and yield ratio
methods, respectively, for pulse 61097

The results from the simple beam-thermal method, eq. (5.6), and the beam-thermal method
including the thermal yield, eq. (5.12), are similar to each other both for pulse 61543 and pulse
61097, in agreement with the expectation that neutrons from b-t reactions will be the dominating
contribution to the yield. The difference between the closely related methods is the treatment of the
thermal yield, which is small compared to the beam-thermal yield (see sections 6.1.4 and 7.1).
6.1.3 Comparison, 61357 and 61366
The input data for pulses 61357 and 61366 (both part of the same study of the confinement effect of
large islands) are equivalent, but the amount of tritium injected for pulse 61366 is double that
injected for pulse 61357 (see Table 6). This makes comparison between the two pulses interesting.
The results from the beam-thermal method are presented in Figure 13. KN3 yield was as usual used
in the calculations.
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Figure 13 Comparison, tritium concentration as calculated with the b-t method, pulse 61357 and 61366

As can be seen, the calculated tritium concentration for pulse 61366 is significantly higher than that
calculated for pulse 61357.
6.1.4 Use of MPR data for pulse 61065
MPR statistics, in terms of number of detected events, are low for pulses from the TTE campaign,
because of the relatively low tritium content in the plasma. This means the uncertainty in any
spectral analysis performed for pulses from this campaign will be large. A simplified model with
only the more important components represented has to be used. However, application of the
technique serves as an illustration of the possibilities. As an example, MPR spectral analysis has
been performed [22] for pulse 61065, a pulse from the neutron diagnostic calibration session at the
start of the TTE campaign, with d NBI heating and t puff. The analysis model used incorporated a
thermal (TH) component, a triton burn-up (TBN) component and an 80 keV beam-thermal (NB)
component as illustrated in Figure 14. No 110 keV beam-thermal or beam-beam components were
included. The results from the fit are listed in Table 9.
Table 9 Results from MPR spectral analysis, pulse 61065
Tibulk (keV) vrot (km/s) b-t fraction TBN fraction
86 +/- 2%
0.50%
1.8 +/- 1.7
0

The contribution to the total yield from the beam-thermal component is, as can be seen, 86%. Thus,
multiplying the total yield by 0.86 gives the beam-thermal yield needed in the calculation with the
beam-thermal method.
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Figure 14 Thermal (TH), triton burn-up (TBN) and beam-thermal (NB) contributions fitted to the number of MPR
proton counts (data points) at different positions on the hodoscope

The time development of the data used for the calculation with the beam-thermal method for this
pulse is presented along with the resulting tritium concentration in Figure 15. For the result shown
here, Ti=1.8 keV was used.

Figure 15 Time development of data used for and result from beam-thermal calculation for pulse 61065.
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The tritium concentration curve in Figure 15 is, as can be seen, not smooth. The dips at about 63s
and 64s, respectively, are the direct effects of the peaks in the electron temperature, Te, while the
peak at 66s is the result from the drop in the beam flux at this time (compare section 6.1.1). Direct
application of equation (5.6) will have this effect on the result. To avoid artificial peaks like the one
at 66s, the calculation at each time would need to take into account the situation at previous times.
In its current from, the calculation is an accurate description only of the steady-state situation.
The peak value of the tritium concentration for pulse 61065 calculated using MPR data is 1.55%.
This should be compared with the result 1.60% (Table 7) from the beam-thermal model neglecting
the thermal component. With a bulk ion temperature Ti as low as 1.8 keV, the thermal reactivity
calculated with FPS (Table 7) is too low for the inclusion of the thermal component in the beamthermal model (eq. (5.12)) to make a difference. The peak tritium concentration calculated in this
way is still 1.60% (Table 7), corresponding to a beam-thermal contribution to the total yield of
99.5% at the peak (Figure 16) instead of the 86% expected from MPR analysis. The increase in the
yield contribution from the thermal component after the beam power goes down in Figure 16 is
natural – with no beam applied, there will be no beam-thermal yield.

Figure 16 Tritium concentration for pulse 61065 calculated using the combined b-t/thermal method with Ti=1.8 keV,
and the thermal fraction of the total yield resulting from this calculation.

If the upper limit ion temperature of 3.5 keV is used instead of 1.8 keV (see Table 9), then the
thermal reactivity will be higher with the result that the calculated beam-thermal contribution to the
total yield is lower, in this case about 92.5% (see Table 10). This value is much closer to the
expected 86% than the 99.5% from the 1.8 keV ion temperature case is.
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Table 10 Pulse 61065 peak tritium concentrations for different methods as a function of ion temperature
Ti (keV) tconcpeak (MPR) tconcpeak (b-t) tconcpeak (b-t/thermal) thermal fraction
1.8
1.55%
1.60%
1.60%
0.42%
3.5
1.25%
1.45%
1.35%
7.29%

Important to keep in mind is that the spectral analysis performed was preliminary since the MPR
background corrections for the TTE campaign were not yet finalized and since the low statistics, as
mentioned, made it impossible to incorporate all contributing components in the model. Including
the 110 keV beam-thermal component in the spectral analysis should, e.g., give a higher beamthermal contribution result. One average value for each of the involved reactivities as well as for the
size of the beam-thermal fraction was used for the whole time trace. Using time resolved values for
these components could improve the situation. Another subject of discussion is whether using the
entire plasma volume of 85m3 gives a fair representation of the yield per unit volume when
combining the thermal-thermal and beam-thermal methods (see sections 5.9 and 5.10.6).
6.2

Preliminary results from analysis of RF pulse 61280

As has been mentioned, the determination of the tritium concentration for RF heated pulses is still
under development. MPR spectral analysis is essential for the calculation to be possible, since
information on the ion temperatures for and contributions to the total yield from the different
components in the neutron spectrum is required. A preliminary calculation of the tritium
concentration has been performed for pulse 61280. Ion Cyclotron Resonance Heating (ICRH) was
applied for this pulse as well as a short deuterium NBI heating blip. The latter was injected at a time
when ICRH was no longer applied. Its effect was considered negligible and it has therefore not been
taken into account in the calculations. Tritium was introduced into the plasma at 46.5s using the gas
puff technique.
Results from MPR spectral analysis [16] are listed in Table 11. A two component analysis model,
incorporating an epithermal (ET) and a high energy (HE) component (see section 5.7) only, was
used for the fit.
Table 11 Results on ion temperatures and spectral energy fractions from MPR spectral analysis for pulse 61280 (HE =
high energy, ET = epithermal)
HE
ET
thermal

Ti (keV)
fraction
93 +/- 5
83%
5 +/- 2
17%
2.5 +/- 0.5
-

Data used for the reactivity calculations are presented in Table 12. As can be seen, the mean ion
temperature values from the MPR spectral analysis were used, i.e., Ti=93 keV for the HE
component and Ti=5 keV for the ET component.
Table 12 Data used in and results from reactivity calculations for pulse 61280. <σv> is in units of m3/s.
Te (keV)
1.25

-3

ne (m )
1.16E+19

Zeff
1.9

bulk

Ti

HE

ET

(keV) Ti (keV) Ti
2.5
93

(keV) <σv>thermal <σv>HE
5
7.73E-25 7.93E-22

<σv>ET
3.57E-24

A volume term has to be introduced in the calculations (see section 5.10.6). The total plasma
volume has been used here in analogy with the calculations using the beam-thermal method
incorporating the thermal yield. The tritium concentration calculated using equations (5.15) and
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(5.16) is plotted as a function of time in Figure 17, along with the time evolution of the RF heating
power, the t puffs and the data used in the calculation. The yield contribution fractions from Table
11 were used.

Figure 17 Data and result for RF heated pulse 61280. Note the correspondence in time between the tritium
concentration, the applied RF heating, the yield and the injection of tritium.

The resulting peak tritium concentration 8.17% is unreasonably high. There are several possible
explanations for this. The MPR spectral analysis performed is preliminary for two reasons. The
background corrections for the pulse were not completely determined at the time of the analysis,
and the statistics for the TTE campaign RF pulses are too low to perform a full three component fit
taking the thermal component into account as well as the high energy (HE) component and the
epithermal (ET) tail. A higher contribution to the total yield from the HE component results in a
lower calculated tritium concentration: A 100% HE fraction would result in a peak tritium
concentration of 0.23%.
The RF calculation also suffers from the approximation n≈nd (see section 5.7). This is, however, a
reasonable estimate for the TTE campaign with tritium fractions of only a few percent. Note also
that only one average reactivity was used for the calculation over the whole time trace. Splitting the
RF heated period into three sections, one for each level in the RF power plot (middle left in Figure
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17), and calculating the reactivity separately for the three time bins should improve the result
further.
7

DISCUSSION

How valid are the results presented in chapter 6? Many factors contribute to the uncertainty in the
calculated tritium concentration values. In this chapter, the different assumptions and their effect on
the results will be discussed in an attempt to assess the validity of and the error in the calculations.
Another factor with a large impact on the results is the selection of data. What inherent errors are
introduced into the calculations with the data used? A summary of the different sources of error will
be presented and the total error in the calculations estimated. Finally, the applicability of the results
will be discussed.
7.1

Validity of assumptions

The main assumptions made in the calculations concern impurities in the plasma, the composition
of the neutron yield, the plasma hydrogen concentration and the reactivity. Another conditional
parameter is the slowing down time. Below follows an assessment of the impact of these
uncertainty factors on the results.
7.1.1 Plasma impurities
The assumption that carbon, C, is the only impurity in the plasma is used twice in the calculations,
once to calculate the background mass used in the FPS reactivity calculations, and then again in the
main beam-thermal yield method formula when n/ne is replaced with (6-Zeff)/5 (see section 5.2). For
pulses with no deliberate impurity seeding, C is considered the main impurity and Beryllium (Be)
the second [19]. C is never the only plasma impurity, but is it dominating enough for the above
assumptions to be valid?
7.1.1.1 Background mass
An investigation of the effect on the reactivity of taking other impurities into account when
calculating the background mass gave the results presented in Table 13.
Table 13 Effect of impurities on reactivity
-22

-22

(10 )
(10 )
3C/1Be/1Ni
C only
pulse nr
mbg*
<σv>d->t110
mbg*
<σv>d->t110
61065
2.1563
3.42
2.0487
3.44
61097
2.6732
3.51
2.1801
3.59
61174
2.4043
4.07
2.1165
4.12
61357
2.6679
3.41
2.1786
3.48
*assuming only d with Z=1 in bulk plasma

For this study, it was assumed that the plasma contained one third as much Be (atomic mass about 9
amu) and Ni (59 amu) as C (12 amu). As can be seen, there is a difference of 5-25% in the
background mass, with the 3C/1Be/1Ni composition giving 0.5-2% higher reactivity values and
consequently lower tritium concentration results. However, in this thesis, it has not been taken into
account. The reasons for this are, firstly, that the inherent uncertainties already associated with the
reactivity calculations (see section 5.11) give error bars larger than the ones noted here, and,
secondly, that the 3C/1Be/1Ni impurity composition is not necessarily more true than the C only
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composition. Data on the exact concentration of different impurities in the plasma is not routinely
produced at JET[19].
7.1.1.2 Calculation
Assuming there is one main impurity with atom number Zi, n/ne in the main beam-thermal yield
formula, equation (5.3), can be replaced according to equation (7.1).
n Z i − Z eff
=
ne
Zi −1

(7.1)

The effect of a different assumption than C for the main impurity in the beam-thermal yield method
is illustrated in Figure 18, where the t concentration values for pulse 61174 calculated using Zi = 6
(C), Zi = 4 (Be) and Zi = 28 (Ni), respectively, are presented. Note that the reactivities used for the
calculation of this result were determined using a background mass calculated assuming C impurity
only.

Figure 18 Tritium concentration for pulse 61174, calculated using the beam-thermal method, assuming different main
impurities. The beams were switched on at 56s, but the time interval shown was selected to give a clear
picture of the time development of the tritium concentration after injection of the puff at about 62s.

The peak tritium concentration value with Be as the main impurity is almost 25% higher than the
reference value with C as main impurity, and 50% higher than the result calculated assuming Ni to
be the main impurity. For most pulses, it is reasonable to assume that C is the main impurity. For
some pulses, however, this assumption leads to impossible results. An example is pulse 61526,
mentioned in section 6.1. Pulse 61526 was part of a designated impurity particle pinch study during
which Argon (Ar, Z=18) and Neon (Ne, Z=10) was puffed into the plasma. The tritium
concentration calculated using values from Table 6 and Table 7 in section 6.1 is shown in
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Figure 19. As can be seen, assuming C or Ne to be the main impurity in the calculation results in
negative tritium concentrations (when Zeff is larger than 6 and 10, respectively), while Ar gives a
more realistic result. The peak t concentration 4.47% for the Ar case is, however, more than
reasonably high.

Figure 19 Tritium concentration for pulse 61526 calculated assuming, respectively, C, Ne and Ar to be the main
impurity.

The conclusion is that the beam-thermal model through the assumption (7.1) is highly dependent on
the impurity composition of the plasma. As discussed in section 5.3, this problem is avoided if the
yield ratio method is used. This method, however, suffers from other problems such as bad d-d
yield data. For most pulses, it is reasonable to assume carbon to be the main impurity. An estimate
of the relative error resulting from the introduction of this assumption is, in the general case, ± 10%.
7.1.2 Yield composition assumptions
The results presented in Table 7, section 6.1, were calculated assuming the total yield Ytot to be
equal to the beam-thermal yield, Ybt, i.e., neglecting yield contributions from beam-beam and
thermal-thermal reactions. This assumption introduces a systematic uncertainty in the calculation,
which could, as described in section 6.1.4, be avoided if yield contribution fractions from MPR
spectral analysis were used.
Results from calculations for pulse 61065 using yield fractions from MPR analysis should, in
theory, be similar to results from applying the combined beam-thermal/thermal method to this
pulse, since the main non-beam-thermal contribution to the yield comes from thermal-thermal
reactions in this case (see section 6.1.4). Table 10, section 6.1.4, shows a discrepancy between the
results calculated in the two ways for pulse 61065, too large to be explained by the TBN component
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included in the MPR analysis but not in the beam-thermal/thermal model. This means there are still
problems with the model. However, yield fractions from improved MPR spectral analysis are
essential for accurate tritium concentration determination.
7.1.3 Hydrogen in the plasma
The assumption that the hydrogen concentration in the plasma can be neglected, nH << nT < nD, is
used only in the yield ratio method, where it is assumed that
nt
nt
t conc =
instead of t conc =
.
nt + n d
nt + n d + n h
The effect of the hydrogen concentration can be tested by introducing a parameter hconc, see eq.
(7.2), and calculating the t concentration for different values of this parameter as shown in Table 14.
t conc =

nt
(nt + nd ) (1 − hconc )

(7.2)

The hydrogen concentration data can be found in the PPF KT5P/HTHD. For TTE pulses it is
generally lower than 5 percent. Table 14 illustrates the effect hydrogen concentrations of up to 50
percent have on the peak t concentration value calculated with the yield ratio method for pulse
61357, a tritium puff pulse with deuterium NBI heating only.
Table 14 Effect of hydrogen concentration on tritium concentration, pulse 61357
hconc (%)
0
1
2
3
4
5
6
7
8
9
10
15
20
30
40
50

tconc (%)
2.41
2.38
2.36
2.33
2.31
2.29
2.26
2.24
2.21
2.19
2.16
2.04
1.92
1.68
1.44
1.2

The approximate hydrogen concentration from KT5P/HTHD for this pulse is 2.3 percent. Taking
this into account results in a tritium concentration of 2.35 percent, to be compared to the 2.41
percent that the normal yield ratio method gives (see Figure 20). This is a marginal difference
considering the absolute error [5] in the hydrogen concentration is given in KT5P/DHTH to be
about 2.2 percent units for pulse 61357 (i.e., hconc could be 0.1-4.5%). It can therefore be considered
reasonable to neglect small hydrogen concentrations in the yield ratio calculations. This estimate
has been used in the calculation for this thesis. Since plasmas from the TTE campaign can be
assumed to contain 5% hydrogen, the total relative error in the tritium concentration introduced
through this assumption is estimated to be +5%.
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Figure 20 Tritium concentration for pulse 61357 calculated using the normal yield ratio method compared to the result
when the plasma hydrogen concentration is taken into account.

7.1.4

Constant reactivity?

The uncertainties associated with the reactivity calculations have, to a certain extent, already been
discussed (section 5.11). One important aspect remains. For the calculations described in chapter 6,
one average reactivity has been used at all times. In reality, the reactivity varies over time, as a
result of changes in other plasma parameters. Using a constant reactivity is not really an assumption
but more a matter of practical nature. As has been described above (section 5.11), the reactivity
calculations are not, as of yet, automated. The values of all parameters have to be typed in
specifically for every point where the reactivity is to be calculated. This is a very time consuming
process. If the difference in the behavior of the tritium concentration is small when time resolved
reactivity values are used compared to when one average reactivity value is used for the entire
pulse, then using the average value is a good approximation. Also, for most pulses, time resolved
information on, e.g., rotational velocity is not available, which leads to uncertainty also in the time
resolved calculation.
In Figure 21, a comparison between the tritium concentration results from the two approaches for
pulse 61097, a tritium puff pulse with deuterium NBI heating only, is shown. As can be seen, the
curves follow each other closely except at the peak, where they differ by about 2.5%. The large
uncertainties associated with the reactivity calculation as described in section 5.11 and the small
difference in the produced results illustrated here lead to the conclusion that the detailed reactivity
calculation is not, at this stage, worthwhile. It is however important to keep this issue in mind as a
source of error in the present version of the model.
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Figure 21 Tritium concentration calculated using time resolved reactivity compared to concentration calculated using a
constant average value for the reactivity, pulse 61097.

7.1.5 Applicability of the expression for the slowing down time
If the velocity of the injected neutral beam particles, vb, is smaller than the thermal velocity of the
electrons, ve, then eq. (5.2), section 5.1, is a valid representation of the slowing down time [3]. The
condition for applicability of this expression is consequently ve>vb. When is this condition fulfilled?
Using the kinetic energy expression E=mv2/2 for a rough estimate of the velocity transforms the
condition as in equation (7.3):
ve > vb

⇒

2 Ee
2 Eb
>
me
mb

⇒ Eb < Ee

mb
me

(7.3)

With the masses mb=md≈1900 MeV and me≈0.51 MeV, respectively, Eb has to be smaller than 3700
times Ee. This condition is fulfilled for all TTE pulses analyzed in this thesis.

7.2

Data selection

Data produced for JET pulses are not unambiguous. All diagnostics produce measurement data
subject to errors. Data on the same quantity can be produced by more than one diagnostic system.
Values for the same parameter from different diagnostics may give different results. An example of
this was given in section 6.1.1 where the total 14 MeV neutron yield from the silicon diodes (KM7)
was shown to give a peak tritium concentration result 10% lower than the 14 MeV neutron yield
from the neutron camera (KN3). Another example is the electron temperature, which for many
pulses is produced both by the Michelson Interferometer and the LIDAR Thomson scattering
diagnostic system, with different results. The ion temperature, the electron density and Zeff are all
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produced by more than one diagnostic system. Though the data selected for use in this thesis are
believed to be good measurements of the respective quantities (see sections 5.10 and 5.11), the fact
that different diagnostics give different results is still an important indication that no single
measurement is definite. This should be kept in mind when assessing the results.
As discussed in section 5.10, volume-averaged parameter values are used for the calculations in this
thesis. The methods could, in theory, be applied also to values for a specific point in space, for
example the magnetic axis. The magnetic axis is the toroidal axis describing the centre of the
magnetic flux surfaces. A comparison between calculations for pulse 61097 using volume-averaged
data from different diagnostic systems and magnetic axis data, respectively, (see Table 15) is
illustrated in Figure 22.
Table 15 Data from different diagnostic systems and results using these data, pulse 61097
reference
2.002

Ti (keV)
Te (keV)

2.135

-3

ne (m )
Zeff
1/2-frac
low
1/3-frac
high
1/2-frac
high
1/3-frac
vrot (km/s)
mbg (amu)
110

<σv>dt

80

<σv>dt

3

(m /s)
3

(m /s)

thermal
3
<σv>dt
(m /s)
110
3
<σv>dd (m /s)
80
3
<σv>dd (m /s)
bt
tpeak (%)
bt/thermal
tpeak
(%)
yield ratio
tpeak
(%)
estimate
tpeak
(%)

2.135

diode Y magn axis
2.002
5.513

0.951

2.135

3.707

4.07E+19 4.07E+19 4.07E+19

4.07E+19

4.96E+19

2.513

2.513

2.501

0.142
0.142
0.142
0.088
0.088
0.088
0.141
0.141
0.141
0.136
0.136
0.136
1.43E+05 1.43E+05 1.43E+05

0.142
0.088
0.141
0.136
1.43E+05

0.142
0.088
0.141
0.136
2.96E+05

2.513
low

xcs ti
ecm1 te
3.254
2.002

2.513

2.673

2.673

2.673

2.673

2.667

3.72E-22

3.89E-22

2.73E-22

3.72E-22

5.20E-22

2.50E-22

2.71E-22

1.79E-22

2.50E-22

3.96E-22

2.72E-25

2.44E-24

2.72E-25

2.72E-25

1.83E-23

1.23E-24

1.35E-24

9.08E-25

1.23E-24

1.98E-24

8.05E-25

9.13E-25

5.92E-25

8.05E-25

1.42E-24

3.07

2.90

22.28

2.79

0.70

2.98

2.30

19.26

2.71

0.47

4.16

4.35

4.21

3.68

4.70

4.41

4.41

4.41

3.89

4.41

For the calculation on the magnetic axis, data from the PPF LIDX/TE0 has been used for the
electron temperature Te, LIDX/NE0 for the electron density ne, CXFM/TIMX for the ion
temperature Ti and CXFM/ANMX for the rotation velocity vrot. The reference parameters presented
in Table 6, with Te from LIDX/TEVL, Ti from CXFM/TIAV, vrot from CXFM/ANGF and yield
from the neutron camera, KN3, were used in the other cases, except for the specific quantities under
investigation in the respective calculations.
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Figure 22 Comparison, tritium concentration calculated with the beam-thermal method using data from different
diagnostic systems, pulse 61097.

Note that x-ray crystal spectroscopy (XCS) gives a higher Ti value than charge exchange
spectroscopy (CXFM) for pulse 61097, contrary to expectation [18] (see section 5.11.1.1). This
leads to the conclusion that the ion temperature values for this pulse are not reliable. The Michelson
interferometer (ECM1) Te is much lower than Te from LIDAR Thomson scattering. The former
gives unrealistically high results for the tritium concentration (peak value 22.28%). As discussed in
section 5.10.3, Michelson interferometer data is not always reliable. In Figure 22 is also shown a
comparison using the fission chamber/diode neutron yield instead of the camera yield used in the
reference case. The resulting difference in the tritium concentration calculated using the beamthermal method is, as can be seen, similar to the difference for pulse 61357 (section 6.1.1), i.e.,
about 10%.
7.3

Error estimate

Assessing the total error in the tritium concentration calculations discussed in this thesis is difficult.
All parameters used are subject to uncertainties that contribute to the error. Some diagnostic groups
include an estimate of the error in the produced data in the PPF description. Such supplied errors for
parameters used in this thesis are presented in Table 16.
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Table 16 Error in the parameters as presented in the respective PPFs
Te LIDX/TEVL
Te ECM1/TEAV

10%
5% relative, 10% absolute

ne LIDX/NEVL

10%

NBI flux
NBI energy
NBI energy fractions

10%
3%
15%

For other data types, the uncertainty has to be estimated based on comparison between different
diagnostic results for the same parameter or calculations performed for different scenarios. Such
estimated errors are listed in Table 17. The uncertainty given for the rotation velocity is high
because for most pulses (see Table 6), the value used for this parameter was simply the
recommended average [19,22] 300 km/s.
Table 17 Estimated errors for parameters with no given accuracy
Zeff (KS3/ZEFH)

30%

mbg

5-25%

vrot (appr.)

70%

Ti

30%

The different methods discussed suffer from different problems. A common source of error is the
uncertainty in the reactivity calculation. This uncertainty will be estimated first, followed by an
assessment of the method specific problems.
7.3.1 Error in the reactivity
The errors in the beam-thermal reactivity due to uncertainty in the neutral beam injection energy
and the neutral beam energy fractions are discussed in section 5.11.1, the uncertainty due to the
rotation velocity, ion temperature and co/counter ratio in section 5.11.2. In section 7.1.1.1, the
background mass effect is assessed. Other factors with an effect on the reactivity are the electron
temperature, Te, and Zeff. From Table 15, it can be concluded that a 55% decrease in Te results in a
27% decrease in the reactivity. Assuming that the uncertainty in the electron temperature is 10% for
that case, an estimate of the error in the reactivity would be ±5%. Changing Zeff from 2.513 to
3.267 (30%) in the normal/kn3 (Table 15) calculation for pulse 61097, leads to a change in the 110
keV deuterium beam on cold tritium reactivity from 3.72⋅1022 to 3.82⋅1022, i.e., a 3% change. The
uncertainties from the discussed parameters are summarised in Table 18.
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Table 18 Effect of uncertainty in variables on reactivity results

Parameter

Error

From PPF

From PPF

NBI energy
NBI energy fractions
Electron temperature

±3%
±15%
±10%

±5%
±10%
±5%

Zeff

±30%

±3%

Ion temperature

±30%

±5%

±70%
±5-25%
varying from 1.6-3.0

±20%
±0.5-2%
±10%

From PPF or MPR

Induced reactivity uncertainty

Estimated

Estimated

Estimated

Rotation velocity
Background mass
Co/counter ratio

An estimate of the resulting total uncertainty in the reactivity, based on the individual errors
presented in Table 18, is 26%. Note, however, that this estimate includes contributions from both
well-established errors, as taken from PPF descriptions (Table 16), and assumed errors in data, the
validity of which are harder to assess (Table 17).
7.3.2 Error in the beam-thermal method
What is the total uncertainty in the tritium concentration value calculated by the beam-thermal
method? In section 7.1.1, the uncertainty in the tritium concentration resulting from the assumption
that the only impurity in the plasma is carbon was discussed. It was concluded that the total effect
of this assumption, combined with the uncertainty in Zeff, could be estimated to be approximately
±10%. The uncertainty in the reactivity, derived in section 7.3.1 to be about 26%, results in an
uncertainty in the tritium concentration of ±35%, since the concentration is inversely proportional
to the reactivity (eq. (5.6)). In Table 16, the errors in the electron temperature, Te, and the beam
flux, S, are given to be about 10%. Since the tritium concentration is also inversely proportional to
S, the error in this component results in an ±11% uncertainty in the final value, while Te causes a
final uncertainty of ±17%. The tritium concentration is directly dependent on the yield, which
means the error in this component has a direct effect on the uncertainty of the result. Assuming the
uncertainty in the yield component is ±10% (compare section 6.1.1), this uncertainty in the result
will also be ±10%. The mentioned uncertainties are summarised in Table 19.
Table 19 Effect of error in different variables on uncertainty in tritium concentration

Variable
Impurity assumption/Zeff
Reactivity
Electron temperature (Te)
Beam flux (S)
Yield (Y)

Error
±26%
±10%
±10%
±10%

Effect on tconc
±10%
±35%
±17%
±11%
±10%

This results in a total uncertainty in the tritium concentration as calculated with the beam-thermal
method of 43%.
7.3.3 Error in the beam-thermal/thermal method
The combined beam-thermal/thermal method suffers from the same uncertainty as the beamthermal method with the added error from the uncertainty in the electron density and the plasma
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volume (see eq. (5.12) and section 5.10.6). The effect of changes in these parameters depends on
the temperature of the bulk plasma. A low temperature means the thermal reactivity and,
consequently, the contribution to the total neutron yield from thermal reactions, is low. With a low
contribution from thermal reactions, changes in the electron density and plasma volume, variables
that only affect the thermal yield calculation, have little effect on the result.
Table 20 Peak tritium concentration calculated using the total (85 m3) and effective (KN31/COVS) plasma volume
3
Pulse nr V=85m Veffective
61065
1.60%
1.60%
61097
2.98%
3.05%
61140
0.59%
0.66%
61174
0.71%
0.80%
61249
0.79%
0.90%
61357
1.04%
1.10%
61366
3.17%
3.48%
61543
1.59%
1.69%

The choice of the total plasma volume for use in the calculation was discussed in section 5.10.6. In
Table 20, the results from calculations using the effective plasma volume from the PPF
KN31/COVS are listed along with the results from the total plasma volume calculation to facilitate
comparison between the respective choices. The differences are, as can be seen, rather small.
Calculations with the RF method are more heavily affected by the volume used.
7.3.4 Error in the yield ratio method
The assumption that there is no hydrogen in the plasma leads to an error in the tritium concentration
as calculated with the yield ratio method for pulses from the TTE campaign of up to 5%. Note that
the tritium concentration would be lower if the hydrogen concentration was taken into account,
which means that, in general, this assumption leads to an overestimate of the tritium concentration.
The errors in the reactivity and the beam flux, discussed in section 7.3.2 for the beam-thermal
method, should not have an effect on the yield ratio method result, since any errors in these
components would cancel out (see eq. (5.9), section 5.3).
During a deuterium-tritium campaign, the d-d neutron yield measurements suffer, as has been
mentioned (see e.g. section 6.1.2), from problems with distinguishing the d-d neutrons from the d-t
neutrons. Since the reactivity for d-t reactions is around 300 times higher than the reactivity for d-d
reactions, many more d-t neutrons will be emitted. This means the correction factors needed in this
case are large, leading to a large induced uncertainty. For the TTE campaign, this is not the only
problem with the camera (KN3) d-d neutron yield measurement. The data also seem to be
systematically about 20% lower than expected [19]. The source of this error is currently under
investigation. However, for now, the recommendation [19] is not to use the d-d data if the ratio of dt to d-d neutrons is larger than 2:1.
The normal random errors in the d-t and d-d measurements are about 5% and 10%, respectively.
However, since changing the variable used for the d-t yield led to a 10% change in the tritium
concentration for pulse 61357 in section 6.1.1, the error in the d-t yield is assumed to be 10%. The
effect of the 20% systematic uncertainty in the d-d yield is that the tritium concentration value is
expected to be about 16% lower than the calculated result. The random errors, contributing to the
uncertainty in the tritium concentration with ±10% (d-t) and ±11% (d-d), lead to a total random
error in the tritium concentration of 15%. The errors are summarised in Table 21.
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Table 21 Errors in tritium concentration as calculated with the yield ratio method

Parameter
No hydrogen-assumption
Systematic yield error
Random yield errors

7.4

Effect
tconc overestimated by <5%
tconc overestimated by about 16%
Uncertainty ±15%

Applicability of methods

As has been mentioned (section 6.1), deuterium NB heated tritium puff pulses presented a
significant scientific contribution to the TTE campaign by offering an ideal scenario for plasma
transport studies. Consequently, it is important to be able to determine the tritium concentration for
pulses like this. How useful are these methods in a wider context? Neutral beam heating is thought
to make a significant contribution to the heating of ITER [25], which means ability to make use of
the information available in this specific situation will be important in the future. However, the
methods presented in this thesis would be more useful if they could be extended to work for the
case of mixed deuterium-tritium beam and for RF heating. The mixed beam scenario would be
especially interesting to analyse since the tritium puff/tritium blip scenarios complement each other,
making study of different transport situations possible.
The necessity of access to results from MPR spectral analysis for calculations on RF pulses was
demonstrated in section 6.2. Such results are believed to be of equally high importance for making
the mixed beam scenario calculation possible. In the simple deuterium beam case discussed for this
thesis, calculations can be performed also without access to MPR data. However, as has been
shown, with the rotation velocity and the ion temperature as well as the neutron spectrum
composition given from high resolution MPR data, the calculations can be significantly improved.
8

SUMMARY AND OUTLOOK

This thesis describes the implementation of four different methods, i.e., the beam-thermal, beamthermal/thermal, yield ratio and estimate methods, for tritium concentration calculations for pulses
from the TTE campaign staged at JET in October 2003. Time resolved tritium concentrations for
nine TTE pulses with deuterium neutral beam heating and tritium injected through gas puffs were
determined. Discussion of the validity of the results led to the conclusion that calculations with the
yield ratio method, due to low values of the d-d neutron yield, resulted in unrealistically high
concentration values. Results from the beam-thermal and beam-thermal/thermal methods, while
reliable, were determined to be subject to an error caused mainly by uncertainties in the reactivity
calculations and insufficient knowledge of plasma impurities. For the general case, the assumption
that carbon is the main plasma impurity was concluded to be acceptable. However, as demonstrated
in section 7.1.1.2 using pulse 61526 as an example, this approximation is not always valid. Reliable
information about plasma impurities would dramatically improve the validity of the beam-thermal
and beam-thermal/thermal method results. If both d-d and d-t neutron yields could be accurately
measured, the impurity content assumption could be avoided by using the yield ratio method.
Information about the hydrogen content in the plasma would be needed in this case.
Calculations were shown to depend heavily on the availability of data. An example of this was the
rotation velocity, the limited access to data for which was shown to induce a large uncertainty in the
reactivity calculation. Values of the rotation velocity, and of the ion temperature, derived from
MPR results could be used to significantly improve the reactivity calculation. MPR yield
contribution fractions from different spectral components could simplify the calculation. Results
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from the preliminary tritium concentration calculation for the radio frequency heated pulse 61280
were also presented in this thesis. MPR data was seen to be essential to this type of calculation.
However, it should be noted that MPR results would be more reliable for pulses with a higher
tritium content. The increased neutron production in this case would dramatically improve MPR
statistics and allow for fitting of all contributing components to the energy spectrum.
An interesting next step to be taken in the development of the calculations described here is to add
spatial resolution, i.e., to improve the models and adapt the data used for the calculations so that
geometrically resolved concentrations could be determined. If the reactivity calculation could be
automated, time and space resolved values of this parameter could also be used, which would
further improve the accuracy and applicability of the described models. The artificial spikes and
dips in the tritium concentration as a function of time, resulting from steady-state application of the
models (see e.g. section 6.1.4), could be avoided if the situation at previous times was included in
the calculations. Another area in need of further work is the mixed neutral beam scenario, i.e., the
situation where both tritium and deuterium is injected through the neutral beam system.
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