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ABSTRACT

In ITER, magnetic fusion will explore the burning plasma regime. Because such burning plasma
is sustained by its own fusion reactions, alpha particles need to be confined [1]. New experiments
using d(3He,p)oc and d(d,p)t fusion reaction products were performed in JET. Fusion product loss
was measured from MHD-quiescent plasmas with a charged particle activation probe installed at a
position opposite to the magnetic field ion gradient drift (see in figure 1) - 1.77m above mid-plane
- in the ceiling of JET tokamak. This new kind of escaping ion detector [6] provides for absolutely
calibrated measurements. Both the mechanism and the magnitude of the loss are dealt with by this
research. Careful analysis shows measured loss is in quantitative agreement with predictions from
the classical orbit loss model. However, the comparison with simulated loss radial profile, although
improved compared to previous studies in TFTR, Princeton, US, [2] is not fully satisfactory and

potential explanations for this discrepancy are examined.

1. INTRODUCTION

One fundamental issue for fusion reactors and future large scale fusion experiments in ITER is the
behaviour of the large alpha particle population (3.5MeV). These alpha particles produced in D-T
fusion reactions must be confined. A crucial aspect of alpha particle physics is the fraction of alphas
lost to the first wall. First, loss of alpha particles prior to their thermalization causes a significant
decrease of the self heating power available to achieve ignition. Second, it is necessary to predict
alpha particle loss to the first wall and divertor plates since it may cause damage and reduce their
lifetime. Finally, studies of alpha particle loss mechanism could also prove valuable in developing
methods of helium ash removal, burn control and alpha channelling[1].

Research progress in the field of alpha particles and energetic particle physics [48,49] has
traditionally been driven by theory. In recent years, progress was accomplished in the area of
energetic particle simulations. State-of-the art calculations of fast ion fluxes and power loads to the
plasma-facing components in ITER are now readily available [10]. By contrast, few experimental
investigations have attempted to validate the theoretical model predictions, essentially because of
the lack of accurate measurement techniques. Diagnosing alpha particles in reactor-scale fusion
plasmas remain challenging[11]. Detectors capable of operating in the harsh environment of the
ITER first wall need further development and a range of measurement techniques may be necessary
to meet the demands of ITER[12] and future fusion devices.

Orbit loss of alpha particles is generally well understood. It was investigated in many previous
experiments [2-4, 55-58] such as in alpha particle physics experiments in TFTR. The results from
these remarkable experiments present, however, a complex pattern which is not fully understood.
Anomalous results were reported from a detector 90° below the mid-plane and radial profile results
from the mid-plane detector were found inconsistent with modeling [2]. Note in these TFTR
experiments[4], absolute calibration of the lost alpha scintillators was not a routine procedure.

Similarly, accurate comparisons between model and experiments have so far not yet been performed



in JET because of these aforementioned difficulties of 1) performing such measurements in large
tokamaks and ii) calibrating the measurements.

This paper presents new experimental evidence pertaining to d(3He,p)oc and d(d,p)t fusion
reaction products and, to the authors knowledge, the first attempt in JET to validate first loss models
with accurate flux measurements at the wall. During these JET experiments, fusion product loss
was measured from MHD-quiescent plasmas using a charged particle activation probe that was
operated at a position - 1.77m above mid-plane - in the JET ceiling. This new kind of escaping ion
detector[6] provides for well calibrated data at a new measuring point (see in figure 1), where no
previous experimental data are available.

The paper is organized, as follows, the measurement techniques are discussed in section 2.
Section 3 presents the model used to calculate alpha loss. In section 4, the results are examined.
Experimental data are compared with the orbit alpha loss model, the results are discussed and, in

section 5, summary and conclusions are given.

2. DIAGNOSTICS
2.1 MEASUREMENT TECHNIQUES
Direct charged particle detection in the fusion product energy range (e.g 3.6MeV for alpha particle)
relies only on two fundamental interaction processes [18,19]: i) inelastic scattering on atomic
electrons and ii) nuclear reactions. Conventional detection methods — semiconductor detectors, gas
detectors, scintillation detectors - are based on the first process, interaction with electrons.

In the environment of a fusion reactor - ITER expected numbers[20,53] for alpha particles and

*s'and 10" m*s™! respectively, plasma radiation: 500kWm ™

neutron flux densities are up to 10" m
- the performance and reliability of the former techniques are questionable. Shielding space is limited
due to particle orbit constraints and detector saturation is likely to arise from the huge background
radiation. Detector background in the neutron gamma n/y radiation field is mainly due to Compton
electrons absorption which is weakly dependent on the detector and shield cover material chosen.
Most of the results presented in this paper are obtained using a charged particle activation probe,
a new kind of escaping ion detector that is based on the above mentioned second fundamental
process [6]. The primary advantages of this technique which is described in section 2.2 are:
(i) Due to its absolute calibration and accuracy, it provides a valuable cross calibration for
the other lost alpha detectors and validation of alpha loss models
(i) Its improved particle identification and energy resolution capability
(iii) Its immunity to electromagnetic, mechanical noise, to heat and high radiation flux and a
high signal to noise ratio.
The latter may prove particularly useful in view of applications to ITER[36] and future
fusion reactors.
In the JET tokamak, fast ion loss is also measured with a 20 micron thin scintillator plate of
the P56 type (Y203:Eu3+) [35], see in figure 1 for the position. The temporal evolution of 2-D



distributions as function of Larmor radius and pitch angle of co-circulating fast particles can be
measured with this technique (see in figure 7). More details on this diagnostic are given in [9].
Indirect measurement methods have been developed including current Faraday Cups (FC) [21],
mass [22] or heat measurements [23,24] . FC is the most developed one so far. A set of ten faraday
cup detectors with a 1 millisecond time resolution is mounted inside the JET vacuum-vessel (see
in figure 1 for the position). This instrument is described in [50, 7] and the most recent progress in
the faraday cups are reported in [39, 40]. Finally, gammaray [25, 26] and neutron diagnostics [27]
are important diagnostic tools in these experiments in order to monitor the confined fusion products

and the D-D neutron emission.

2.2 ACTIVATION PROBE

Based on nuclear reactions, the charged particle activation method is a novel concept recently
tested in JET [6]. It consists of an activation probe made of a holder and activation samples. For
this experiment, 45 samples in total were placed in a holder made of Boron-Nitride (BN) with a
hexagonal cross section (see figure 2). The holder was mounted at the lower end of a manipulator
arm system located in the JET ceiling (See in figure 1). On each of the six sides, the holder has a
slot in which to place the samples. The distribution of the samples in the BN probe, together with
their thickness and length is presented in Table 1. The notation of the samples consists of a letter
indicating the compound, followed by a number indicating the slot, and therefore the orientation
(see in figure 2), and a second number indicating the row.

For the samples that were placed in stacks, the third number indicates the position of the sample
in the stack (1 corresponds to the top surface-level sample). All the slots were 10mm wide. The
vanadium surface foils were 10x50mm and covered almost an entire slot, apart from the rounded
tip of the TVA samples. The upper part of the holder was covered by a carbon tube.

All samples were of natural isotopic abundance. The sample responses were studied in details
and calculated with the FISPACT code [29]. Activation coefficients calculated with FISPACT for
several of the sample materials irradiated by protons at different proton energies are plotted in figure
3. The position of 3MeV D-D protons and 14.7MeV D-He protons is indicated by an arrow on the

energy axis.

2.3 ULTRA LOW LEVEL GAMMA RAY SPECTROMETRY
Ultra Low level Gamma ray Spectrometry (ULGS) is required in order to analyze the activation
probe samples because of the low sample activity in the milli-Becquerel range [30]. ULGS is best
performed in underground laboratories. The background measured in underground laboratories is
up to 105 lower compared to a standard above-ground detector. A detailed gamma-ray spectrometry
analysis of each individual sample was performed at the following facilities:
1) IRMM (Institute for Reference Materials and Measurements) in the 225m deep underground
laboratory HADES located at the Belgian nuclear centre SCK*CEN in Mol, Belgium [31],



2) PTB in the underground laboratory UDO located at a depth of 490 m in the ASSE salt
mine close to Braunschweig, Germany [32]
3) Laboratori Nazionali del Gran Sasso (LNGS) in the 3800 water meter equivalent (mwe)

low background counting facility located in the Gran Sasso nearby Assergi in Italy[33].

Previous experience with activation technique[18,28] shows the presence of impurities may
explain unexpected radionuclides in the samples, and may interfere with the actual measurements.
For this reason, the impurities of one sample of each type were carefully determined by neutron
activation analysis (k,-NAA) [34] at SCK*CEN in Mol. For details on the results, see in [47, 54].
This experimentally determined composition is taken into account in the FISPACT calculation in

order to provide the most accurate value for the activation coefficients.

3. FIRST ORBIT LOSS MODEL
First orbit loss is the loss associated with particles born on orbits that intersect the wall on their
first poloidal transit. These particles are lost with their birth energy since the time for one bounce
(<10microseconds) and their loss is much less than the collisional slowing down time of several
hundreds milliseconds. The global fraction of fast particles that are first orbit lost decreases with
increasing plasma current. This is due to the reduced banana width of trapped particles at higher current,

resulting in a particle staying closer to a given flux surface and thus further away from the walls.

Two methods to determine the first orbit losses at a detector wall location are usually followed:
1) In the first one, a forward method, forward propagation of a packet of initial conditions
is performed using adequate Monte Carlo techniques [10, 41]. The particles are then
followed by numerically integrating their equation of motion, assuming a steady state
plasma background. In order to obtain the most accurate results, 3-dimensionnal vacuum
magnetic field and 3-dimensionnal wall maps must be used in these simulations. In this
method, many particles are followed (typically ~105 particles) but few of them reach the
desired wall location. Because of the need to follow a large number of particles to reach
sufficient statistical accuracy, these simulations do not take into account the full 3-D
(Larmor) orbits. Instead, particles are followed by numerically integrating their guiding-

centre equation of motion.
2) This difficulty may be removed by setting initial conditions of virtual particles at the
detector wall location and by following their full Larmor orbits, backward into the plasma.
This second method, which is followed in this paper, is more efficient to determine the

response of a wall detector to the first orbit losses.

The ASCOT code [41] is one of the most powerful tool developed to perform guiding—center
following Monte Carlo simulations in fusion devices. It was used recently to predict alpha particle
wall loads for ITER[10]. More information about the ASCOT code can be found in the latter two

references.



3.1 DETECTION EFFICIENCY
The method followed in this paper was originally developed for experiments at the PLT tokamak
[43]. This method is based on phase space volume conservation due to an invariant property of the

equation: the motion of collisionless fast ions in the plasma is Hamiltonian.
dv (1)

The detection efficiency is defined as the ratio of the number of detected particles to the total
number of particles emitted by the source. It is the product of the detector intrinsic efficiency and
the geometric etendue. The detector intrinsic efficiency is given in previous section 2.2. Let us now
consider the geometric efficiency which depends on the position of the detector and the geometry
and position of the particle source Sg (r, @) and the trajectories of particles from the plasma to
the detector.

The ratio of the number of detected particles to the total number of particles emitted by the

source, referred here as the efficiency ¢, is expressed as [43]:

J‘dAD J'dQDT(G)cos(G) J‘Sgo(?,é)dl

€= Sp A[? Orbit (2)

JdA,, dl de SEo(r Q)

where the subscript ‘orbit’” in the integral in equation (2) means that the integration has to be
calculated along the full orbit of the particle and along all possible paths to the detector. T(0) is the
transmission function of the detector aperture. Expression (2) above is calculated numerically with a
full orbit code for each relevant particle momentum and magnetic field. For all the initial velocities
allowed by the detector aperture geometry, trajectories are followed from the detector to the plasma.
In this work, the trajectories are calculated using an adapted version of Gourdon Code [44] for JET
geometry and EFIT equilibrium [45]. These trajectories explore a four-dimensionnal phase space

e (r,z, ¢, B) where  is the absolute value of the pitch angle expressed as:

while (r, z, ¢) are the space coordinates in the plasma: major radius, vertical coordinate and toroidal
angle respectively. The detection efficiency distribution is plotted in figure 6 for 14.6MeV protons
and JET Pulse No: 72624 with time-integration from 6 to 13s. Because of the detector position -
opposite to the magnetic field ion gradient drift- (figure 1), most of the plasma is invisible to the

detector and only particles emitted in the plasma periphery as shown in figure 6 reach the detector.

3.2 SOURCE PROFILE MODEL
The main fusion reactions in the plasma are the following:
D + °He — p (14.7MeV) + a (3.7MeV) 3)



D+D — p(3.0MeV)+T (1.0MeV) (4)
D+D — n(2.5MeV) + “He (0.8MeV) (5)
D+T — n(14.1MeV) + o (3.6MeV) (6)

The Larmor radii of the charged fusion products are given in the table 2 at the minimum and

maximum toroidal field values in these experiments.

4. RESULTS

The activation probe was exposed to a total of 10 JET plasma pulses (see in table 3). All plasmas
were in D-"He fuel mixture upton (He)/ n.~20% in *He concentration except for the first reference
plasma in pure deuterium. In these plasmas, the toroidal magnetic fields were 2.2 to 3.45T and
plasma currents were 1.5 to 2.2MA.. Plasmas were heated with deuterium Neutral Beam Injection
NBI (D) only with up to 1I9MW heating power and with total cuamulated duration of 100s for the 10
pulses. Plasmas conditions were carefully controlled to avoid any strong MHD activity. The total
number of neutrons measured by the fission chambers and summed over all plasmas was 3.2x 10"
(with an uncertainty of +£10%). The D-D emission in each individual pulse is given in table 3 (see
in 5th column) as well as the relative intensity of 16.6MeV emission (see in last column) from the
weak branch of the D-3He fusion reaction.

The conditions for this new experiment are much improved compared to the previous study. In
the previous experiment[6], the samples were exposed for four consecutive days and were irradiated
in a total of 63 JET plasma pulses. They were exposed to a wide range of plasma heating schemes
while in the here reported experiment the samples were exposed to pure deuterium neutral beam
injection NBI (D) heating which simplify the study. Furthermore, there was less variation in the
fuel mixture and the plasma current: 1.5 to 2.5MA in the previous experiment compared to 1.5 to
2.2MA in this experiment. The total number of neutrons measured by the fission chambers [27] and
summed over all plasmas was 5.08x 10" (with an uncertainty of £10%) for the previous experiment

compared to 3.2x10"7 (with an uncertainty of +10%) in this experiment.

4.1 MEASURED ACTIVITIES

Results, presented in this section, are given for all the measured activities of charged particle induced
products found in the 45 samples. As expected, a few activation products induced by 2.5MeV and
14MeV neutrons from fusion reactions (5) and (6), see in section 3, are also found. These activation
products are not included in the table 5 below as the paper scope is limited to the analysis of charged
fusion products. Proton activation observed in the first JET experiment [6] with D-’He plasmas
was largely confirmed in this second experiment. The comparison to the previous results shows

the following improvements:



1)  Detection of seven radionuclides produced by proton interactions compared to two in the
former experiment.

i1)  Protons were detected in 28 samples compared to 8 samples in the former experiment.
111) the irradiation duration of only 6.5 hours (time between first and last pulse) is short in
comparison to the shortest half-live measured (78h) such that timing of each individual

pulse can be neglected.

4.2 MEASURED FUSION PRODUCT LOSS FROM D(*He ,P)A REACTION

As mentioned in section 2, several diagnostics were available to measure the fusion product loss
during this JET experiment. Due to some noise issue during the experiment, however, no reliable
data could be obtained from the faraday cups. Data is available from the scintillator for each pulse
(see in table 3). This data confirms the loss of charged fusion products from these plasmas. Morover,
the measured Larmor radius and pitch angle distributions are typical of prompt losses (see in figure
4). The accumulated (time-integrated) scintillator light which is roughly proportional to the alpha
loss is given in the fourth column of table 4. Note the large drop of the scintillator light for Pulse
No: 72634 is not fully understood. In the lowest toroidal field case, part of the signal was missing
because of the Larmor radius exceeding the maximum value for the scintillator. Data for Pulse No:
72624 (B¢=3.0T,Ip = 1.8MA) is shown in figure 7 time-integrated between 6.025s and 13.025s.

In the following, D-D fusion emission profile and D-’He fusion emission are assumed to have quasi
similar profile shape. This assumption is confirmed by calculations and reported in [46]. Using the
detector responses of section 2.1, the 14.6MeV proton flux is unfolded assuming a mono-energetic
spectrum for the protons. Our analysis showed the width of the experimental D-He spectrum due
to beam-plasma reactions has a small effect on the activation distribution in the 5 sample stacks[47]
and the assumption of a mono-energetic spectrum for the protons is justified.

The values obtained are reported in the table 5 below. In the first column, the detector for which
the flux is calculated is specified, see table 1 and figure 2 for identification and position of the
detector. In the second column, the product is given with its half-life. The main pathway for the
radionuclide production is given in the third and the 14.6MeV energy proton fluence is given in the
fourth column.

The highest proton flux is for the TV111 detector. It is the detector that is radially the nearest
to the plasma. The same result was found in the first experiment. The maximum detected loss of
fusion product is about 3 times higher in this experiment: (1.43 + 0.11) 10° cm™ compared to
4.10° cm™ in the first experiment.

Note, '*Pd, a proton induced product was initially inferred from the observation of X-ray peaks at
20 and 22keV on two rhodium detectors. However, these results could not be confirmed [47] and
were not included in the following analysis.

In figure 8, the simulation of pitch angle distribution of orbit loss is plotted and compared to

experimental data (see in figure 1 and figure 2 for yy, the orientation of the activation detectors with



respect to the tokamak). The data from the activation probe include a complete angular distribution
of 48V(t1 /= 15.984) activation as well as data from single angular position from other proton produced
products. A strong anisotropy is clearly seen with a maximum at the sample facing the inboard
radial direction as expected from the proton trajectories. Note also, about 50% more protons hit
sample 2 (protons travelling toroidally in the direction of the plasma current) compared to sample
6 (protons travelling toroidally in the direction opposite of the plasma current). Note the good
agreement between the orbit loss model and experimental data.

The radial profile of proton orbit loss is simulated and compared with the experimental data in
figure 9. An ASCOT source profile shape and a detection efficiency as detailed in section 3 are
used in the simulation. The experimental data show a sharp decrease by a factor of ~50 for a radial
shift of 4 cm. The tip of the probe is 15 cm away from the plasma and slightly behind mushroom
limiters (see in figure 5b). Note the model over-predicts the number of particles at the detectors
which are located further away from the plasma. We found that points at 4cm and 5cm away from
the tip of the probe could not be modelled correctly even with significant alteration of the source
profile shape. This suggests that the particles may be stopped before actually reaching the detectors
further away from the plasma. Note, in this initial study, a 2-D poloidal wall boundary was used
without taking into account the details of limiters.

The total d(3He ,;p)a fusion reaction yield is estimated using the measured absolute value of the
detected flux of 14.6MeV protons, given the ASCOT source profile and the detection efficiency
calculated in section 3. The total d(3He ,p)a fusion reaction yield summed over all pulses (see table
4)is 2.5+ 0.5 10" and the average fuel ratio n(CHe)/n(p) is 8.6 + —1.8% which is acceptable,

bearing in mind the measurement values of the same order obtained with the CXRS diagnostic

4.3 ALPHA PARTICLES

As mentioned above , the 3.7 MeV alpha particle, the second charged particle product of the d(3He )
a fusion reaction is, in favourable cases, detected by the mid-plane scintillator. Unfortunately,
detection of the 14.6 MeV proton is not possible due to its huge Larmor radius (see in table 3 for
typical Larmor radii of charged fusion products). By contrast, the activation probe is an instrument
that may in principle detect a very large range of Larmor radii. For consistency of the results, the
3.7MeV alpha particle loss measured by the activation probe is now examined. It is entirely possible
that some alpha particles are registered through the reaction Ti(a,n)Cr-51 on titanium-vanadium
sample (see in table 5). However, Cr-51 is also produced through the V(p,n)Cr-51 reaction which
has a higher cross section than the Ti(a,n)Cr-51. The most suitable activation probe sample that
detects unambiguously alpha particle is the vanadium foil V1 through the V(o,n)Mn-54 nuclear
reaction. The observation of Mn-54 in the vanadium foil V1 would give direct information on the
loss of 3.7MeV alpha particles. The yield of this reaction is rather low, however, several factors
are favourable for detecting this radionuclide: 1) the high isotopic abundance of V-51 : 99.76%,
i1) the half-life of Mn-54 is 312 days, ii1) the g-ray energy of 835 keV is in a favourable spectrum



region with low background and iv) the y-ray emission probability of the 835keV line is 99.975%.
The V1 sample was measured in the HADES underground laboratory (see in chapter 2) for 2
weeks and the value obtained for the decision threshold is 190 microBecquerels. Therefore, the
3.7MeV alpha particle flux must be below a corresponding threshold value of ~ 3.6 10’ cm™. The
calculations of the 3.7MeV alpha particle detection efficiency give values at best ~ 19 times smaller
than detection efficiency for 14.6MeV protons. This lower efficiency is easily understood because
of the smaller Larmor radius of the 3.7MeV alpha particle compared to 14.6MeV protons (see
table 3) . Consequently, given orbit loss simulation and given experimental data obtained in this
experiment for the 14.6MeV high energy protons, the simulated flux of alpha particles is below the
detectable limit (see table 7). Note however that if the activation probe position was near mid-plane
poloidal position of the scintillator where the loss of fusion product is larger by about 2 orders of
magnitude, alpha particle loss could be detected directly and quantified together with the 14.6MeV
high energy protons.

4.4 d(d,p)t FUSION REACTION PRODUCTS

Activation data for the 19 samples placed in sample stacks at five locations of the activation
probe — see in figure 2 — were carefully anayzed and the results were reported recently [47]. These
results demonstrates both protons from the d(3He,p)oc and d(d,p)t fusion reactions are detected
simultaneously and measured separately using a stack of thin layered detectors. The detection
efficiency for the 3.024MeV proton is ~ 39 times lower than for the 14.6MeV high energy protons.
The measured flux of 3.024MeV protons is shown in table 7 and is compared with the calculated
flux from orbit loss, using the D-D fusion reaction profile shape from ASCOT and the total measured
D-D neutron yield. The results demonstrate the good quantitative agreement between the orbit loss

model and experimental data.

CONCLUSIONS

New measurements of the loss of d(3He,p)a and d(d,p)t fusion reaction products were performed
in a JET experiment in plasmas with D-3He fuel mixture with up to 20% in He concentration
n(3He)/n(D). Plasmas conditions were carefully controlled to avoid any strong MHD activity.
Promptly lost 14.6 MeV high energy protons produced in dC’He ,p)a fusion reaction were detected.
Absolute values for the loss of these energetic particles was measured with better than 10% accuracy.
The pitch angle distribution and the radial profile of the loss were measured as well.

Loss of these energetic particles was calculated using the classical orbit loss mechanism at detector
location. The measured flux of unconfined 14.6MeV high energy protons time - integrated over 100
seconds of plasma operation with high power NBI (D) heated plasmas does not exceed the level
expected from classical orbit loss. Furthermore, the measured pitch angle distribution was found in
good agreement with simulation. Loss of 3.024MeV protons from the d(d,p)t fusion reaction was

measured as well and found in agreement with the orbit loss prediction.



Previous research on magnetic fusion product confinement has usually shown transport of energetic
particles, unlike thermal transport, is not strongly determined by diffusion or turbulence. This new
research corroborates this broad picture and suggests that in the case of MHD-quiescent plasmas,
straightforward energetic particle orbit following simulation methods are sufficiently adequate to
reproduce the measurements and to predict the fraction of fusion product loss.

In this initial study, a 2-D poloidal wall boundary was used without taking into account the details
of limiters and this limitation may be the main cause for the discrepancy between the measured and
simulated radial profile. The 3.7MeV alpha particles produced in the d(SHe,p)OL fusion reactions
could not be directly detected by the activation probe. However, an upper limit for the unconfined
alpha particle flux was determined from ultra low level gamma ray spectrometry and was found
consistent with the simulated alpha loss. Finally, alpha particle loss would be better quantified if the

activation probe was installed near the mid-plane as the flux would be above the detection threshold.
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Slot
Row 1 2 3 4 5 6
Theeht (0°) (60°) (120°) (180°) (240°) (300°)
6 (44 mm)
T16(1.0) T26(10) T36(10) T46(10) T56(10)  T66(1.0)
Top
5 (10 mm) L25(10) B35(1.0) W 45(1.0)
4 (10 mm) B24(10) B34(1.0) W 44(10)
3 (10 mm) Co stack L stack Y stack
» Rh stack
C121 (02) |EEaARCE Y621(0.15)
U 533010)  L43(10) AU
C122(02) |EEEEASE Y622(0.15)
R522 (0.1)
L 233 (0.4)
210 mm) C123002) R k523 0.1 Y623(0.15)
C124 02) [AUSIS k524 0.1) Y624(0.15)
B32(10) B42(10) D fers015)
B 222 (0.2) 0.
B 223 (0.5)
1(10 mm) TVAII TVA31  TVA4l  TVAS5L  TVA6I
Tip (1.1)
Surface
V3(002)  V4(0.02)  V5(0.02)
(50 mm)

Table 1: Overview of samples as they were positioned on the BN sample holder at JET. The shading refers to which
laboratory analysed the sample — see in section 2.2 .2 - (dark grey- LNGS, light grey-PTB and black-IRMM). The numbers
in parenthesis correspond to the thickness of the samples in mm. B: B4C, L: LiF, C: cobalt based alloy (Havar), W:
tungsten, V: vanadium, R: rhodium, Y: yttrium, T: titanium and TVA Titanium Aluminium Vanadium: Ti, 4V 0,Aly os-
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Max. Larmor radius at 2.2T Max. Larmor radius at 3.4T
(cm) (cm)
Helium 3 (0.82MeV) 5 33
Tritons (1.01MeV) 11 74
Proton (3.03MeV) 11 74
Alpha (3.67MeV) 12 8
Proton (14.68MeV) 25 16.7

Table 2: Larmor radii of charged fusion products

JET Toroidal field ~ Plasma current Scintillator light D-Dyield® D-He yield"
Pulse No: (T) (MA) (a.u) (aw) (a.u)
72622 345 1.8 031 0.068 0.086
72624 3.0 1.8 927 0.115 0.134
72626 3.0 22 1.73 0.066 0.075
72628 3.0 15 7.67 0.083 0.082
72629 2.5 15 9.73 0.097 0.123
72631 25 1.8 7.1 0.112 0.142
72632 25 22 1.81 0.098 0.127
72633 22 1.8 9.08 0.138 0.127
72634 22 1.8 0.67 0.105 0.067
72635 22 1.8 4.80 0.118 0.037

. fraction of the total 2.5 MeV D-D absolute neutron emission
®: relative 16.6 MeV gamma emission

Table 3: List of plasma pulses with 'He gas puffing and including values for the toroidal magnetic field, plasma current,
scintillator light, D-D and D-He fusion reaction yield. Measurements of the charged particle activation probe are
time integrated over the 10 JET pulses.
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s? RN® PR® Thr Activity Samples
(MeV) (Max-
mBq/g)
TiVAL ™Vt 1508, BTi(pn) 4.9 840 = 65 TVIL,TV21,TV31,TV41,TV61
SOty 0= 27.70) Sy (p,n) 1.5 50 +25 TV11,TV21
“Ti(o,n) 29
Vv 1Cr 0= 2770) V(p,n) 15 673 +47 Vi
B.C  "Betys-s33q) B (p,00) 0 914+ 14 B221, B222, B223, B241
LiIF  "Beti-sssq "Li(p,n) 1.9 162+ 24 L231,.232, 1233, L251
Y  PZrtipe s ®Y(p,n) 3.7 2751 + 184 Y621,Y622, Y623, Y624,Y625
Rh 103Pd<t1/2= 16.99d) IOSRh(P,U) 1.3 725 +59 Rh522, Rh524
Co-  Mnt ;s s0q) *Cr(p,n) 5.6 97 + 12 Col,Co2
alloy  Cot, - 777q) *Fe(p,n) 54 31+6 Col,Co2
*S: Sample

® RN: Radionuclide found
¢ PR: Production reaction
4 Thr: Energy threshold for the reaction

Table 4: Overview of the measured charged particle induced radionuclides.

Sample R PR 14.6 MeV proton (10° cm?)
TVI111 BV t112= 15 984) ®Ti(p.n) 143+0.11
B223,1.233, "Betin=s3za | "B(p,o) 0.38 +0.06%
B241,L251 "Li(p,n)
Vi Slcr(tm: 27.7d) 51V(p,n) 0.94 £0.08
C121 56C0(t1/2: 77.7d) 56Fe(p,n) 0.83+0.15
C121 *Mntip=5500) | “>Cr(p.n) 0.82+0.1
Y621 89Zf (t1/2=78 h) 89Y(p ’n) 0.28+0.02

Table 5: Values for the 14.6 MeV proton flux measured at several samples, the activation product used and the main
production reaction (see in table 2 for detector label). (*) indicates a sum of four detectors.

Table 6: Results for alpha particles and d(d,p)t fusion reaction products, respectively comparing simulated and

experimental data.
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Charged particle | Simulated flux | Measured flux
(10°cm™) (10°cm™)

o (3.7 MeV) 0.08 <36

p (3.0 MeV) 0.17 0.15+-04
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Yy
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Figure 1: Poloidal cross section across JET tokamak showing the poloidal positions of the three energetic ion loss
diagnostics: 1) Scintillator at octant 4 (z= —-0.28m, R = 3.80m), 2) Faraday cup array in octant 7 (z = -0.22mto z =
-0.80m), 3) activation probe, at octant 5, (R = 3.28m, z= +1.77m). Right, reference coordinate system used to indicate
the position and orientation of the charge particle activation probe (see in section 2.2).

=

y

Length of V-foil 5cm

JG11.192-2¢

(b)

Figure 2. Layout for the charged particle activation probe for JET. a) Six slots for measurement of the activation
angular distribution. b) several samples per slot for measurement of the radial profile. c) Five stacks shown in grey
for measurement of the depth distribution, providing information on energy. d) Sample position with respect to the
tokamak is given in the inset coordinate system (see also in figure 1).
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Figure 3: Activation coefficients calculated with FISPACT [29] for several materials irradiated by protons at different
energies. The position on the energy axis for D-D and D-’He protons is indicated by an arrow

~——— GC / near-wall gyro orbit
——— Guiding Centre (GC) orbit
Pure gyro orbit

JG11.192-5¢

Figure 4 : Left: A schematic drawing of a particle trajectory reaching close to the wall. If the guiding center is followed
in the simulation, the particle hits the plasma facing component when the guiding center trajectory intersects the
wall (green circle). If the full orbit is followed, the particle hits at a different location (blue circle) and in the ‘near
wall’ mode ASCOT simulation the particle hits at a location (red circle) much nearer to the full orbit simulation[51 ]
(compare green and red circle).
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Figure 5: Schematic diagram of the differential volume
in phase-space that emits ions into the differential phase-
space volume measured by the detector [43].

JET Pulse No: 72624, t=6.025s - 13.025s, field: 2.31426T
CCD-Intensity scale

0 10 20 30 40 50
[ Nr——— beim e L

JG11.192-4b

Figure 7: CCD image of the JET scintillator plate[9].
The bi-dimensional grid defines the repective ranges in
gyroradius r; — 3cm to 12cm — and pitch angle € — 350 to
800. A typical alpha particle orbit loss signal is plotted
for JET Pulse No: 72624.

Figure 6: Detection efficiency distribution epsilon e
(r, z) plotted in arbitrary units. The 4-D distribution is
integrated over the ¢ and 3 variables for Pulse No: 72624
for 14.6MeV protons.
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Figure 8: Angular distribution (pitch angle) of fusion
product loss. Comparison between simulation and
activation data from several proton induced products. A
strongly anisotropic distribution is observed.
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Figure 9: Radial profile of fusion reaction product d( j‘He,p Jo.. Comparison between ASCOT simulations (square symbols)
and experimental data (diamond symbols). The experimental data are the absolute values for the 14.6MeV proton flux
obtained from the slot number 2 samples atp,, = 60°. See in figure 1 and figure 2 for \p,, the orientation of the activation
detectors with respect to the tokamak. Note the values for the calculated data are relative.
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