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ABSTRACT

The 14MeV neutron emission from JET deuterium dischargesisanalyzed on the basisof all neutron
diagnosticsinformation available on JET. Thisemission isdueto the d+t!i++n reaction, mainly the
triton burn-up process and is used to determine the fast triton confinement. A simplified model for
triton burn-up neutron emission has been used and provides an adequate description of the 14MeV
emission. First orbit triton losses are found to amount to 50, 20 and 10% at |,=1, 2 and 3MA,
respectively. Neutron emission spectroscopy measurementswith the Magnetic Proton Recoil Neutron
spectrometer have detected a contribution to the 14MeV emission due to residual tritium. For the
selected (low impurity) discharges analyzed in this paper 15% of the 14MeV emission comesfrom
the residua tritium reactions. It is aso found that residual tritium concentration tends to increase
with increasing impurity content.

1. INTRODUCTION

The study of fast charged fusion reaction productsin high temperature plasmasisof intrinsic interest
and has an important bearing on the physics of fusion a-particles. In particular, IMeV tritonsfrom
thed+d— t+preaction havesimilar orbitsto 3.5MeV a’s, which makesthem suitablefor ssimulation
of certain o particle confinement properties, e.g. prompt losses. For this reason Triton Burn up
Neutrons (TBN) have long been used to infer the confinement properties of a particlesin tokamaks
[1-5]. Only confined tritons can contribute to the TBN emission. Hence triton losses will lead to a
reduction in the TBN emission, which can be observed experimentally.

For agiven plasmadevice, triton |osses depend mainly on the plasma current. The TBN studies
carried out on JET in the ‘80s [4] explored mainly the plasma current range 3-6MA, representing
very high confinement conditions compared to those of previous studies on smaller devices[6-9].
In more recent years, new plasma regimes have been investigated on JET with plasma currentsin
the range 1-3MA. This provides a new plasma operation range where fast ion confinement can be
investigated experimentally, e.g. by TBN studies. A further motivation for TBN studieson JET is
the general improvement of the neutron emission and other plasmadiagnostic measurements|eading
to more accurate TBN analysis than previous studies could attain.

Inthis paper theresults of analysisof TBN measurementsin aset of low current H-mode plasmas
of JET are presented. These plasmas provide a benchmark for TBN studies at low plasma currents
in so far asthey indicate the accuracy that these studies can achievein termsof comparison between
experiment and theory, and the required plasma conditions. A unique circumstance at JET is that
residual tritium from previous DT-experiments is present, which contributes to the total 14MeV
neutron emission. This was regularly monitored using neutron spectrometry to ensure a correct
interpretation of the TBN results.

2. THE TRITON BURN-UP MODEL
The triton burn-up process has been extensively described in the past so it will only be briefly



reviewed here. It isimportant to point out some approximations underlying the so-called “ classical”
TBN model.

2.1. OVERVIEW OF THE TBN PROCESS

TheTBN emission isthe combined result of triton production, confinement, slowing down process
and burn-up. Triton burn-up is manifested in the 14MeV TBN emission intensity and its time
evolution. Comparison of measured and theoretical time-resolved TBN emission isperformed here
with the help of amodel describing the TBN process.

Tritons of 1.01MeV average energy are created in the reaction d+d — t + p at nearly the same
rate as the routinely measured 2.5MeV neutronsfromthed+d — ®He+ n reaction. The fraction of
thesetritonsthat islost promptly depends on the plasmageometry, the triton birth profile and on the
plasma current, and can be calculated by simulating the particle orbit motion in the plasma.

Thetritons describe orbiting trajectories with aLarmor radius (L ;) determined by LR = p/gB) =
./ 2E- m/(g/B) where, p isthe momentum, E isthe particle energy, q isthe particle chargeand mis
the particle mass. This gives 7.4cm for a B-field of 3.4T. As usual orbits can be circulating or
trapped and their width increases in inverse proportion to the poloidal magnetic field; therefore the
orbits are better confined in a high-current plasma. Some tritons hit the plasma first wall during
their first orbit and are lost. Thiskind of lossisreferred to as “prompt” since it takes place on the
time scale of the orbit period, which is of the order of microseconds.

A useful quantity describing the confining properties of plasmas is the triton confined fraction
f.. Thisisthe fraction of tritonsthat is not lost due to prompt losses. For fixed plasma geometry, f,
increases with current and decreases with increasing width of the triton emissivity profile. On JET,
f.is close to unity for plasma currents above 3SMA. The calculation procedure of f_is outlined in
Section 2.3.

The fast tritons confined in the plasma are slowed down to thermal energies through Coulomb
collisions. The slowing down equation for fast ionsis[10]

W=—% +BW

W

where W isthe triton energy and the coefficients are determined from the general expressions for
the slowing down due to ions and electrons. These are




where Z, A arethetriton charge and mass number, N, Z;, A arethe density, charge and mass number
of each ion speciesin the plasma, geisthe electron charge, meisthe electron mass, mp isthe proton
mass and InA and InA,; are the electron and ion Coulomb logarithm, respectively.

For the special case of constant coefficients the slowing down equation can be integrated to
determine the time, t, at which the triton energy is reduced from itsinitial energy W, to a chosen
energy W;:
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The triton slowing down time is defined as the time T, at which t,=t (W, = T,). For these energies
o/B >>W;, hence T « In (B)/B which resultsin a practical scaling of the slowing down time T,
~T/n,. The slowing down timeis not used in the TBN analysis but its value and scaling are useful
for error estimates. IMeV tritons are slowed down on the time scale 0.1-3s for typical JET plasma
conditions.

During the slowing down, a fraction of the confined tritons undergo nuclear fusion (burn-up)
reactionst+d — a + n, resulting in the 14MeV TBN emission. The effective dtC]cross section is
peaked at atriton energy of 170-200keV depending on the deuteron temperature [11]. As aresult,
the burn-up probability peaks with a time delay (relative to the birth time) of the order of the
slowing down time. This s reflected in a characteristic delay of the TBN emission relative to the
2.5MeV neutron emission. Thisdelay isan important observableto be reproduced in the ssimulations.
The 14 to 2.5MeV neutron production ratio, which is the triton burn-up fraction p, is afunction of
thedlowing down of thetritonsaswell asof their containment. The compari son between the measured
burn-up fraction, p,,,, and the theoretical burn-up fraction, p,,, provides meansto test the classicel
TBN model. Thiswasthe main objective of early TBN studies. Since the 14MeV neutron emission
can be measured with adequate time resolution on JET, a more detailed comparison of measured
and simulated time-resolved TBN emission is also possible and is performed here to provide a
more accuratetest of the classical TBN model. Finally, the TBN has acharacteristic neutron emission
spectrum [12,13]; this is essential in order to identify the TBN emission unambiguously and
distinguish it from other 14MeV neutron emission processes due to residual tritium contamination
of JET (see below).

Thelevel of detail for modeling the TBN process depends on the desired accuracy level. Since
the TBN data have uncertainties at the 10% level and, furthermore, the TBN model depends on
plasma parameters with uncertainties at the 10-20% accuracy level, we set at the 10% level the
accuracy of the TBN model. In this way many details of the TBN process can be simplified or
completely disregarded.

Itisinteresting to observethat acoarse scaling of the burn-up fractionisp ~ f_-T-ny/n,. Thusthe
uncertainties in T, and in the density ratio ny/n, will propagate linearly to the result of any TBN
model simulation, no matter how accurate the model is. On the other hand, the characteristic time



delay of the TBN emission scalesas T /n,.. The combined availability of observableswith different
parametric dependencies is sometimes useful for validating the accuracy of the input plasma
parameters used in the simulations.

2.2. MODEL ASSUMPTIONS

The starting point of the triton burn-up model calculation is the time-resolved “birth” distribution
of tritonsin the available phase space. It is assumed that the triton vel ocity distribution isisotropic;
this is not true for plasmas with NBI and/or ICRH heating but the resulting error in the TBN
emission is small [14]. Thetriton energy spectrum is broadened due to the kinetic energy of the
reacting deuterons, but this has little consequence for the TBN process. There is also a small
spectral shift [15], which isdisregarded here. Thetriton birth profile isassumed to be constant on
amagnetic flux surface.

Since the two dominant branches of the dd-fusion reaction have nearly equal probability, the
2.5MeV neutrons and the 1.01MeV tritons have the same birth profile. Therefore the 2.5MeV
neutrons provide means to determine the triton birth profile experimentally using time-resolved
data from the neutron camera system (see below).

Individual tritons orbits are cal culated without any approximation to determinethetriton confined
fractionf_. Inprinciplef _ varieswith timefor transient plasmaconditions but for the purpose of this
work f_ is determined once per plasma discharge.

The slowing down of tritonsis cal culated taking into account the time dependence of T, and n,
asprovided by diagnostic measurements. Thereisalso aspatial dependence of the T, and n, values,
which vary along each triton orbit. The approximation made here is to model the effect of the
varying plasma parameters along the triton orbit by broadening the triton birth profile (i.e., by
redistributing the tritons over a radia width chosen here to be 10% of the plasma minor radius)
after which the tritons are assumed to slow down at this new location.

An effect that is not included in the present TBN model is the occurrence of triton losses during
the slowing down process. These are referred to as delayed losses. An example is the so-called
neoclassical losses due to triton deflections by Coulomb collisions resulting in a change of orbit.
Theselosses have been investigated numerically especially in relation to alphaparticle confinement
in plasmaequilibriawith a current hole [17]. The actual triton burn-up (where the triton undergoes
afusion reaction and emits a 14MeV neutron) occurs with a probability given by the expression:

dp/dt = o Ny v

where o is the dt cross section, n; is the deuterium density and v is the triton velocity. The time
dependence of o, N and v asthetriton slows down istaken into account without any approximation,
but o is calculated assuming the deuterons are at rest. The spatial dependence of nyisdealt within
the same way asis done for T, and n, in the slowing down.

Since the density ratio n/n, is not a directly measured quantity it must be derived from other



experimental data. Here we determine n/n, from Z 4, as provided by visible bremsstrahlung. It is
further assumed that Z 4 and n /n, are uniform and that one impurity species (usually carbon) of
charge number Z is dominant. Under these assumptions the density ratio is related to Z by

NgdNe= (Zgs = 2)I(1 - 2)
From this the uncertainty can be cal cul ated:

A(nd/ne) _ AZygr
ng [ e T 7- Zeﬁf

The uncertainty in Z from the visible brenmstrahlung is estimated to be 20-30%.This gives a
15%-20% uncertainty in the deuterium concentration and hence in the triton burnup fraction for a
Zy=2.5.

A fixed 5% correction for the presence of small admixtures of hydrogen and beryllium is also
included.

2.3. NUMERICAL CODES

The simplified TBN model used for the data analysis is implemented by two separate simulation
codes. The triton confined fraction, f_, is determined once per plasma discharge from first-orbit
simulations performed with the Monte Carlo code M cOrbit. The code usesthe experimental magnetic
equilibrium and neutron emissivity profile to calculate the triton orbits. Examples of McOrbit
calculations are shown in Figuresl and 2.

Theseareso-called “fat banana” orbitsof tritonsin plasmaswith different currents. For comparison
o-particleorbitsare also shown. Notethat M cOrbit cal cul atesthe exact trajectory and not itsguiding
centre approximation. One can seethat these orbits are very wide and indeed are not confined in the
low current case (see Fig.2).

By generating a large number of these orbits the triton confined fraction, f_, is determined.
Typically 30,000 orbits are launched. The code can be used for more detailed studies, an example
being shown in Fig.3, which features the computed radial distribution of the tritonsthat are lost to
thewall.

The second code used for TBN simulation is called TRAP-T. It was developed in the late 80's
[5] andisstill inuse. It calculatesthe time evolution of the TBN emission assuming no triton losses
using the assumptions described earlier. Each triton slows down and reacts at its birth point; i.e. no
orbit effect isincluded in the simulation, but the 2.5-MeV emissivity and other plasma parameter
profiles affecting thetriton slowing down are taken into account. For this purpose the model divides
the plasmain anumber of toroidal shellswith T, n, and neutron emissivity specified by diagnostic
measurements (usually the LIDAR Thomson scattering system and the neutron cameras). The
deuterium density is derived from Z .. The model is time dependent and allows one to determine
the TBN yield as afunction of time. The model was used extensively for the high current (above 3



MA) plasmas of JET [5] where triton losses could hardly be observed. Here we extend its use to
currents as low as 1 MA by combining it with independent calculations of the triton confined
fraction, which, however, must not vary in time and space. The systematic error introduced by
neglecting the spatial variation of the losses (see Fig.3) is further addressed in Chapter 5.

4. EXPERIMENT

The measurements analyzed in this paper were carried out in the period October 2000-May 2002.
During this period JET was operated in different modes and here we analyze discharges, most of
which were intended to achieve H-mode conditions. These discharges have long periods of nearly
steady-state conditions. Time traces of atypical discharge are shown in Fig.4.

All data have uncertainties at the 10-20% level except for the NBI power. Some of the data
shown are subsets of the data used as an input for the TRAP-T simulations. Thisincludes the total
(2.5MeV and 14MeV) neutron yield measured by a set of fission chambers, which in practice
coincideswiththe2.5MeV yield sincethe 14MeV contributionisat the 1% level. Neutron emissivity
profiles (not shown) where also measured routinely with the two JET neutron cameras and used in
the ssimulations. The 14MeV neutron yield was measured with a silicon detector working on the
following principle. The (n, o) and (n, p) reactionsin silicon can be used for monitoring the 14MeV
neutron flux from JET discharges because the reaction thresholds are above the 2.5MeV neutron
energy from dd-reactions. The energetic reaction products are retained within the silicon and produce
signals much greater than those from simple scattering of neutrons and those due to gamma rays.
Silicon diodes are therefore suitable for monitoring the 14MeV neutron emission at all intensities
[18], from triton burn-up to full DT-plasma experiments, with limitations due to radiation damage.
At JET for D-plasmaoperation aSi detector with 450mm? active areaand 1mm sensitivity depthis
usually in use for TBN measurements.

All neutron measurement systems are calibrated by comparison with absolute, time-integrated
neutron measurements performed with an activation system [19]. An example of calibrated 2.5MeV
and 14MeV timetracesisshownin Fig.5, which also showstheresult of aTRAP-T simulation. The
agreement between data and simulation is very closein this particular example.

Theyield and emissivity measurements are complemented by neutron spectrometry measurements
of 14MeV neutrons performed with the MPR spectrometer [20]. These measurements have the
important task of establishing the presence of 14MeV neutron emission processes different from
TBN. The MPR rates are very low in deuterium plasmas and datafrom many (of order 100) plasma
discharges need to be added to achieve adequate statistics. Under these conditions the MPR is set
so that the spectrum of the Analogue to Digital Converter (ADC) for each hodoscope detector is
recorded. An example of an ADC spectrum is shown in Fig.6 (left). It features a high-energy peak
above channel 400 due to np scattering from a CH,-conversion foil depositing their full energy in
the scintillator. The intensity of this peak and similar peaks in ADC spectra of other hodoscope
detectorsis plotted in the form of a position histogram in Fig.6b.



This histogram is finally analyzed by folding the detector response with model neutron energy
spectra. Thismethod has been used previously for low rate observations of TBN [12] and isknown
to provide data with accuracy at the 5% level. However for some of the channels the data were of
too poor quality and they could not be included in the analysis.

5.MEASUREMENTSAND ANALYSIS

5.1. DATA SELECTION

A set of 112 discharges was selected from atotal of hundreds by applying the following selection
criteria. First, a practical threshold of 2:10™ in the total neutron yield was imposed in order to
achieve sufficient statisticsin the 14MeV neutron measurements. Second, only plasmaswith Z <2.5
were included in the analysis. The reason for this threshold in Z; is the uncertainty in the ny/n,
ratio. Higher Z . values mean larger uncertaintiesin ny/n,, which propagate linearly to the smulated
burn-up fraction. Finally, some discharges had to be rejected because of the poor quality of some
diagnostic data required for the analysis.

The data set selected for analysis covers the range of plasma currents 1-3MA. The data show
some variability inthisrange asillustrated by the measured burn-up fraction values, pg,, = Ny/Nyq,
where N and N, arethetotal (timeintegrated) 14 and 2.5MeV yields. The p,,, values are plotted
in Fig.7 as afunction of plasma current. The data show atrend given approximately by pg, [%] =
I [IMA]/2 with a large scatter around this trend. The current dependence of p,,, is mainly a
manifestation of awell-known correlation between plasma current and electron temperature.

52 RESULTSOF DATAANALYSIS

Code simulations were run for all plasma discharges in the data base. An example where the
agreement between simulation and dataisremarkableisshownin Fig.5. Thiswasa2.6MA discharge
for which we expect most of the triton to be confined. Another example of ahigh current discharge
is shown in Fig.8. The agreement is very good regardiess of the detailed shape of the 2.5MeV
neutron time trace. In particularly the transients in the TBN trace are well reproduced, indicating
that the relevant input data and the model assumption have adequate accuracy.

At lower plasma currents the TRAP-T simulation is systematically above the experiment. This
isnot surprising and we expect it to be explained in termsof triton losses not included inthe TRAP-
T simulation. An example is shown in Fig.9 where the plasma current is rather low. The log scale
plot shows that a scale factor can account for the mismatch between simulation and data; however,
the statistics is too low to provide conclusive evidence in the rise and fall phases of the 14MeV
neutron emission, which would be most sensitive to deviations from the model assumptions.

Evidence of triton losses manifestsitself in the TBN data by taking the ratiop,,,/ pgy, between
the experimental p,,, valuesand corresponding simulated value p,, from TRAP-T, which assumes
no losses. Theratio isplotted in Fig.10 versus plasma current for the same plasmadischarges asin
Fig.7. Thedashed line marksthe unity ratio expected under conditions of perfect triton confinement.



Open and full triangles are for total 2.5MeV neutron yields below and above 10 neutrons,
respectively. No obvious correlation of the ratio with the neutron yield is observed, but a clear
current dependence is seen.

A similar current dependence is found (Fig.11) in the confined fraction, f_, determined from
orbit simulations using the McOrbit code. Losses at the 50% level are found to be typical of IMA
plasmas; at 2 and 3M A thelosses are about 20% and 10%, respectively. Thereis some scatter of the
f. values about the average current dependence, which can be attributed to various causesincluding
different neutron emissivity profilesfor the sametotal plasma current. Before drawing conclusions
from the dataof Fig.10 and 11 we must however consider the contamination of the 14MeV neutron

data by residual tritium.

5. THE ROLE OF RESIDUAL TRITIUM

Neutron spectrometry provides evidence of a non-negligible amount of 14MeV neutrons emitted
by residual tritium. Fig.12 shows the analysis of an intensity histogram in terms of components of
the neutron spectrum obtained by adding data from a large number (over 300) discharges for the
present study for which data are available. The fitted line is the sum of a broad component of
known shape [13] from triton burn up (TBN) and a narrow component (labeled Thermal) that is
assumed to be of thermonuclear shape (i.e., Gaussian [15]). There is also a third low energy
component. Thethermal component isattributed to residual tritium from previous DT-experimental
campaigns[20].

Thethermal component has been observed to decrease with time over the 6-year period following
the DT-experiments in 1997 (see Fig 13). The trend is in agreement with results from the residual
gas analyzer [16]. The TBN/(Therma+TBN) ratio for this data set is ) = 0.68. In other words,
about one third of the 14MeV neutron emission was not due to triton burn-up in the time period of
these measurements.

Thisthermal component isan important contribution to thetotal 14MeV rate. Therefore adetailed
Investigation isundertaken and presented in Fig.14, where the neutron spectrum obtained by adding
up data from discharges belonging to the data set of the TBN analysis is shown. The statistics is
worse but sufficient to prove that the residual tritium emission is about 15%. Thisis about afactor
of two lower than the average value for that period, which could be explained if we assume that
plasmaswith higher Z ; have also ahigher content of residual tritium. The TBN dataset hasZ <2.5
and a 15% neutron yield from residual tritium, whereas higher average values of both Z; and
residual tritium are found in the enlarged data set. No other evidence of acorrelation of the residual
tritium content with plasma operation and conditions has previously been reported.

The 15% average contamination level of the 14MeV yield from residual tritium must beincluded
inthe TBN analysis of the previous section. Actually one wonders how a 15% contribution can go
undetected in the time trace analysis. Indeed the TBN (from burn-up) and thermal (from residual
tritium) 14MeV vyields have different time traces. The TBN is delayed relative to the 2.5MeV



emission whereas the thermal 14-MeV emission should more or less follow the 2.5MeV neutron
time trace. This should provide away, independent from neutron spectrometry, to separate the two
neutron emission components. It turns out that the sensitivity level of the time trace analysisis not
good enough. Fig.15 shows an expanded view of the measured and simulated 14MeV yield for JET
plasma Pulse No: 52958 (from Fig.5). Also shown isthe simulated 14MeV time trace for amodel
case where 30% of the total 14MeV neutron emission is assumed to be thermal. As one can see, a
30% admixture would be detectable, whereas a 15% admixture gives atime trace (not shown) that
is practically undistinguishable from the pure TBN case.

The effect of an average 15% residual tritium contribution to the 14MeV yield is to raise the
“perfect agreement” line in Fig.7 to the level marked by a full line. With this effect taken into
account the data show that the experimental TBN yield isroughly half of what is expected at | =1
MA and approaches the expected value at the highest currents. Thisisin fair agreement with thef
trend of Fig.11.

A more quantitative comparison of the current dependences seenin Fig. 10 and 11 is obtained by
introducing acorrected burn-up fraction Pexp = (Ng/Ngy - m and the corresponding simulated quantity
Psm = Psim " fe: Theratio pe'/pgy’ isshownin Fig. 16. Theratio is convincingly close to unity at
high current. At lower currents the data are scattered but suggest Pexp < Psim by 10-20% (although
Pexp Ipgm =1 isnot incompatible with the data given the large uncertainties). Neoclassical triton
losses[17] arealikely mechanism for additional reduction of TBN at low currents. Isit also possible
that some additional losses of tritonsat low current could be dueto MHD activity such as described
in[21]. One should a so bear in mind the limitationsintroduced by the model assumptions. Especially
the assumption of uniform triton losses across the plasma seems questionable with a 50% loss
level. This, however, cannot explain APexp <Psm’ result because the burn-up probability islargerin
the (hotter) plasma core. Hence the model tends to underestimate the TBN emission, which leads
usto believe that there may indeed be additional triton losses at alevel that is best investigated by
amore sophisticated model than the one used in the present analysis.

The uncertainty associated to py,,, is dominated by the uncertainty in the input parametersin the
model calculations. Besides the 15-20% uncertainty due to Z;, the determination of T, also gives
an 10 % uncertainty. Pexp is dominated by the 10% systematic uncertainty in the calibration of the
silicon diodes.

6. DISCUSSION

The work has shown that there are significant losses of tritons at low currents. At currents of 3MA
about 10% of thetritonsarelost and losses of 60% were observed at IMA current. Thislossreduces
the plasma heating with the same amount indicating that operations at low currentswill effectively
reduce the alpha heating. At currents > 2.2MA, there is no evidence for non-prompt losses; for
smaller currents other loss-mechanisms could not be excluded. Mechanisms responsible for such
losses could be, for example, field ripplediffusion, MHD activity or large angle Coulomb scattering.



The non-prompt loss-levelsat JET are small in comparison to what has been observed at TFTR [3].

In general, the uncertainties associated with the TBN method are to alarge degree given by the
uncertaintiesin theinput parameters. One major uncertainty contributor isthe difficulty to determine
the deuterium density, due to large uncertainties in Z ;. Previously, experiments have shown that
the deuterium density can be determined using neutron spectroscopy [22].

CONCLUSION

The 14MeV neutron emission from H-mode deuterium dischargeswith Z ,<2.5 and plasmacurrents
1<1,<3MA has been studied on the basis of all neutron diagnostics available on JET. A simplified
model for Triton Burn-up Neutron (TBN) emission has been used and provides an adequate
description of the 14MeV emission. Prompt (first orbit) triton losses are found to amount to typically
50, 20 and 10% at 1,= 1, 2 and 3MA, respectively. Below 2MA additional |osses (such as due to
“neoclassical” Coulomb collisions) could also play arole and should be investigated theoretically.
Neutron emission spectroscopy measurements with the MPR spectrometer have detected a
contribution to the 14MeV emission dueto residual tritium. Its concentration tendsto increase with
increasing impurity content being at the 15% level for the selected (low Z 4) dischargesanalyzedin
this paper. Thislevel does not preclude auseful TBN analysis. For the higher Z 4, values frequently
observed in JET the TBN analysis faces a number of difficulties and more direct approaches for
fast ion studies should be considered, that are not dependent on detailed knowledge of the tritium
contamination of the plasma and the deuterium density ratio.
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Figure 1. Example of “ fat banana” orbitsof a IMeV triton (left) and a 3.5MeV a-particle (right) with the sameinitial
position (x= 0cm, z= 3cm) and pitch angle (q= 75°). The magnetic equilibrium used in the simulation is taken from
JET Pulse No: 52958 at time t=21.86s. The plasma current was 2.6MA. The x and y coordinates are the distance in
cm from the geometrical centre of the vacuum vessel.
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Figure 2: SameasFig.1 but for a 1.6MA discharge (Pulse No: 52771, t=18s). The particles are no longer confined.
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Figure 3: Examples of radial profiles of simulated tritons in JET plasmas at (a) low current (Pulse No: 52771 at t=
18s, 1,= 1.6MA, total losses 29%) and (b) mediumcurrent (Pulse No: 52958 at t = 22 s, 1,= 2.6MA, total losses 15%).
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Figure 4: Time traces of some plasma parameters for JET Pulse No: 52958, which was an H-mode discharge with
plasma current | ,= 02.6MA and toroidal magnetic field By=2.6T. Shown fromthe top are the traces of Neutral Beam
I njection power, total neutron yield, peak electron temperature from LIDAR and ECE, peak density from LIDAR and
interferometry, and Z from visible bremsstrahlung.
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Figure5: Timeresolved 2.5MeV (left scale) and 14MeV (right scale) neutron yields for JET plasma Pulse No: 52958
(I,= 2.6MA) plotted on log scale. The dashed lineisthe simulated 14MeV yield fromtriton burn up. Thetime difference
between the 2.5MeV and 14MeV tracesis due to the slowing down time of the tritons.
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(right scale) neutron yields for JET plasma Pulse No:
53718 (1,= 2.5MA,) plotted on log scale. The dashed line
isthe simulated 14MeV yield from triton burn up.
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Figure 9: Same as Fig.8 but for JET plasma Pulse No:
52771 (1,= 1.6MA).

Figure 10: Ratio of experimental and simulated burn up
fractions for the same plasma discharges as in Fig.7
plotted vs plasma current. Open and full triangles are for
total 2.5MeV neutron yields below and above 10%
neutrons, respectively. The circles mark the three
discharges used as examples throughout the present paper.
The dashed line marks the unity ratio expected under
conditions of perfect triton confinement. The full line
marks the level expected due to contamination from
residual tritium (see text).
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Figure 11: Confined fraction of tritonsaccording to First
orbit simulationsfor the same plasma dischargesof Fig.7
plotted vs plasma current. The symbols have the same
meaning asin Fig.10.

Figure 12: Analysis of the neutron spectrum for an
inclusive set of plasma discharges (see text). The fitted
lineisthe sumof a broad component from Triton Burn up
(TBN) and a narrow component due to residual tritium
(Thermal). There is also a third low energy component.
The TBN/(Thermal+TBN) ratio is n = 0.68.

15



http://figures.jet.efda.org/JG07.205-17c.eps
http://figures.jet.efda.org/JG07.205-10c.eps
http://figures.jet.efda.org/JG07.205-11c.eps
http://figures.jet.efda.org/JG07.205-12c.eps

100 120
® Measured[
+ ——=-Thermall
ioo-- I - TBNO
............. InscatterD
— Fit
10~ 801~
&
% é 60—
£ g
2 ¢
=
1L ﬂ { 40~
{ 20
0.1 \ \ \ \ \ \ \ g 0 : | . g0
jun-97 jan-98 jul-98 feb-99 aug-99 mar-00 oct-00 apr-01 nov-01 12 13 14 15 16 17
E. (MeV)

Figure 13: Thetime evolution of the JET residual tritium
(thermal) concentration after DTE1.

Figure 14: SameasFig.13 but for a set of selected plasma
discharges with Z4 < 2.5 (see text). The TBN/
(thermal+TBN) ratioisn = 0.85.
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Figure 15: Expanded view of the measured and simulated
14MeV yield for JET plasma Pulse No: 52958 (from
Fig.5). Also shown isthe simulated 14MeV timetrace for
a model case where 30% of the total 14MeV neutron
emissionisduetoresidual tritium. Thetotal 14MeVyield
is the same in both simulations.
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Figure 16: Ratio pep'/psim for the same plasma
dischargesof Fig.7 plotted vsplasma current. Here pe ' =
Pexp+ M and pgy' = Pgm- fc where Pexp= Nt /Ngq and pgm,
are the (uncorrected) experimental and simulated burn
up fractions, respectively, n= 0.85 is a correction factor
for residual tritium, and f; is the confined fraction of
tritons from MCOrbit simulation.
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