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Abstract

Dust generated in JET with the ITER-Like Wall (ILWgas collected from the divertor by
vacuum cleaning and examined with ion and eledbeam methods. From totally 1 g
retrieved after the third ILW campaign (2015-20a6)umber of specimens were prepared
using sticky (adhesive) carbon tabs. The aim waketermine the distribution and amounts of
constituents: from deuterium (D) to W with part@uemphasis on the concentration ratio of
D to other species. Two classes of particles cointgideuterium were identified: (i) rich in
Be and (ii) low-Z matrix without Be, that show lar@ concentrations with some O
contribution and minor contributions from heaviéreents. The D content in Be-based
particles has been at the level not exceedihgt %, whereas in the C-rich particles, both in
small (10-100 pm) and large conglomerates (> 109 ttra D contribution at the level of
about 15 to 20 at % has been detected. W-richgiestare often accompanied by Ni, Cr and
Fe and occasionally with Mo. The results clearlji¢gate that fuel retention in the ILW dust
is predominantly associated with residual C, appnately 10-20 times greater retention was
found in C-rich objects than in metal-based paeticl

Keywords: JET tokamak, Dust, lon beam analysis,t@&uwm, Beryllium, Tungsten

detailed research has been carried out in existikgmaks
1. Introduction with particular emphasis on dust generation in rimeshwith
metallic plasma-facing components such as ASDE Xrbighey
(\;Nith tungsten-coated wall tiles [2] and JET opedtatéth the
ITER-Like Wall (JET-ILW), i.e. material configurath that
will be used in ITER: beryllium limiters in the nmachamber
and tungsten in the divertor [3,4]. All results aibed until
now have consistently shown small amounts of lothsst
formed in JET-ILW. About 1 g retrieved from the eitor
after each of the three experimental campaigns csmg

Wall components in controlled fusion devices under
modification by a range of plasma-wall interacti@@WI)
processes including material erosion and re-ddpasiome
eroded material is converted into dust particlethefdiverse
composition and size. Dust generation is a serissige for
ITER [1]. In dust studies one needs to assessrttwiat and
type of particles and the fuel content. For thadsom a
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19 — 23 h of plasma operation [5-9], i.e. approxahal50
times less than after JET operation with carborisMdl0]. performed separately in the inner and in the odteertor.
Particles collected from JET-ILW consist of Be, Wiconel Such procedure is considered to be the best méthasisess
components from the vacuum vessel wall (Ni, Cr,, Fahe total amount of loose matter in the machinedéiled
carbon from tungsten-coated divertor tiles madecarbon in [9], there are disadvantages related to mixihgaoticles
fibre composites (W-CFC) and other materials caoitg from various locations and to a risk of materiaiatiegration
Cu, Mo and other elements (B, Mg, Al, Si) togetiagth N in the cyclone equipment. It is not possible toedily
(originating from N puffing for edge cooling), H isotopesassociate dust morphology with the exact placesobiigin
and O. The latter comes as plasma impurity andtdube and it is also rather difficult to find proper objs for
exposure of samples to air. detailed studies. In addition, exposure to air rrduence

All these species (elements and respective isofopms the chemical composition of particles: oxidationater
be detected using a set of lon Beam Analysis (IBA@pour adsorption and the D-H isotope exchange.
techniques. Their usefulness in studies of plasma§ Unfortunately, quantitative assessment of the impésuch
components (PFC) in general [11] and for specifialgsis processes on the D and O contents is not possikilegtinto
of micro-particles with micro-beams focused to sakgim account unavoidable air exposure of all types ofenms
[12] have been recently emphasized. (PFC, probes, dust) retrieved from fusion devices.

The composition and internal structure of the dust The dust collected in a pot of the vacuum clearees thien
collected on carbon stickers directly from varioagions of transferred to a Petri dish to allow for sampling two
the JET divertor were studied after venting JET-lidiing fractions: from the pot and from the dish. This wiase to
its first shutdown [6] and after the second JETegkpental check whether decanting from the pot was not lichdaly to
campaign with the ILW (2013-14) [7, 8, 12]. Directelatively bigger (heavier) particles. Sticky canbdabs

ILW campaign (ILW-3) in 2015-2016. Vacuuming was

sampling from the upper region of the inner diveri@. the
most critical area from a deposition point of viestvowed
the presence of two types of Be particles of caersidle
importance for ITER: flakes of co-deposited layansl small
droplets [7]. Two major particle classes of impoda to

pressed against the walls of the pot and dish wees to
immobilize particles and facilitate IBA and micropy of
four samples, as detailed in Table 1.

Table 1. Dust samples and their origin.

ITER were identified: (i) mixed deposits rich in Bad (i) Sample Origin
metal droplets (Be, W, and Ni) created in meltingras of 86 Outer divertor, sampled from vacuum pot
the wall materials [8]. In terms of elemental cemnirations, interior
two types of dust particles were found [12]: (i)ger Be-rich X1 Outer divertor, sampled from Petri dish
particles with Be content above 90 at % with a Bspnce of 87 Inner divertor, sampled from vacuum pot
up to 3.4 at % and containing also small amountilipfCr, Interior o

X3 Inner divertor, sampled from Petri dish

W, Fe, Cu, Ti; (ii) small particles rich in Al arat/ Si that
were in some cases accompanied by other elements,as
Fe, Cu, Ti, W, Mo.

The previous study was focused on particles irfdhm of
co-deposits sampled locally with a sticky carbdm daectly
from the High Field Gap Closure tile (top of theném
divertor) [12]. This work is focused on the exantioa of
dust retrieved by vacuum cleaning from 22 divertmdules

out of 24); the two remaining modules with ingtdll i e L
( . ) o . Hning E-SEM. To ensure proper identification of beryttiuwith
erosion-deposition diagnostics were removed fronT J

DS-SDD a test was performed on a pure Be reference

intact for ex-situ studies of tiles and probes. & ®f ) _
complementary electron and ion beam methods has b(ranatenal. The spectrum, apart from thecBkne (108.5 ev),

used with the aim to determine the composition dfeuh ano contained traces of carbon and oxygen. Tier labuld

material and to assess fuel retention in varioysegyof stick to the Be target during the sample transfemf the .
particles vacuum sealed package to the microscopy chamber via

atmosphere, thus leading to surface oxidation. Some
contamination by O upon the sample production ctiveo
fully excluded. The presence of carbon could bdeast
partly associated with the electron beam-inducqubsi#on

of C-containing species in the microscope chamber.

2.2 Measurements and data analysis

2.2.1 Electron microscopy. Studies conducted at the
Warsaw University of Technology (WUT) comprised Irig
resolution scanning electron microscopy (SEM) andrgy
dispersive X-ray spectroscopy (EDS) using Hitachi-®

2. Experimental

2.1 Samples

The study was carried out for particles retrieveihf the
divertor using a cyclone-type vacuum cleaner dtfterthird
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2.2.2 lon Beam Analysis. IBA measurements wereEBS maps were processed by the PyMCA software gacka
performed with particle induced x-ray emission (B)}®He- [27, 28] to obtain 2D RGB (red-green-blue) maps. i.
based Nuclear Reaction Analysis (NRA) and Elaséck distributions of selected elements/isotopes.

scattering Spectroscopy (EBS) [13] at the lon Micobe

end-station of the Rier Bogkowé Institute Tandem 3- Results

Accelerator Facility using a 3 MefHe ion beam focused to ] ] ]
approximately 5-6 ym spot. Details about the lon3-1 Electron Microscopy: general overview of particles

Microprobe and a general description of the expental  Figyre 1 is a survey of particles sampled fromgtheused
setup for dust measurements are in [12,14]. Somenty i, cleaning the outer divertor. Individual partiglef various
accomplished modifications dealt with the detectsgatem. shape and size can be distinguished. Micrograptisxaray
A segmented Ortec annular detector with an actrea ® gspectra in Figures 2-4 show details of individuattizles
400 mni and the thickness of 300n was introduced at thefrom the outer and inner divertor. Their origin cée
backward angle of 1630 measure elastically backscatteregiscussed based on the image and spectra analyses.
®*He ions [15]. A standard PIXE detector was placedaver
a solid angle of 0.0118 sr, as estimated from t
measurements on thick targets of Al, Ti, Mo and Wie
same samples were used to determine the PIXE argl
detectors solid angle rati®@gpdQpxe = 16.7 with the
estimated relative uncertainty of about 10%. To ly@@a
PIXE spectra the software package GUPIXWIN [16, &@s
used. In front of the NRA detector, positioned lire tsame
geometry Qnra/Qpixe = 39.2) as described in [12], a 110 p
thick Mylar foil was placed to absorb the low-energ;
elastically backscattered primary particles and vheal
components of nuclear reactions from the target tnd ;
reduce pile-up background. All NRA spectra werewated
using SIMNRA program [18,19] using cross-section
available at the IAEA IBANDL data base [20]. For Bfi\:.
analysis following cross-sections have been usg
°BeCHe,p)'B and °BeCHe,p)"'B [21,22], for “BelHe,
P)"B and “Be(He,p)"'B [21,23], and for’BeCHe,p)"'B A small Be droplet (approx. 300 um in diameterpasked
(i=4,6,7) [23]. For carbon reactidfiC("He )N the cross- during limiter melt events (see for instance [28]Figure 2
sections were taken from [24,25]. is partly coated by a deposited layer of W erodedhie

The focused’He ion beam was scanned over selectgflertor. The X-ray spectra recorded under the same
areas to create 2D PIXE, NRA and EBS intensity m&psg conditions (accelerating voltage 10 keV, emissios [LA,

our in-house data acquisition software package SRET jiegration time 30 s) in Points 1 and 2 differrsfigantly.
[26]. Fortunately, all four analysed samples hawe $ame \yhjle a clear Be feature is recorded in Point & spectrum
basic structure, i.e. dust particles on the baakgioof a from point 2 shows only heavier constituents indaposited
carbon sticky tab. This feature was used to detexmelative layer, namely W accompanied by C, N, O and Niufgests
beam fluences for each recorded 2D map for whice 0f certain residence time of the droplet in the dorewhere it

could find a sub-region free of dust particles. F@Ch \yas then coated by W. This also indicates thatdituplet
elemental map, total PIXE, NRA and EBS intensifi€sn |anded there not in the last discharges of ILW-3ieT

such sub-regions were compared. The correspon@iey tgetection of Be in a mixed matter and co-depositsh as
intensities normalized to the same number of pae qyst from JET, is extremely difficult because of thw X-
proportional to the accumulated charge. On onehef2D ray energy of Be K As a consequence, even a few nm thick
maps a relatively large W particle was found anddut |ayer of high-Z metal attenuates the Be signal wethe
estimate the absolute ion fluences by EBS and PlXfgtection capabilities of the detector. One alsugiees that
analysis. Using PIXE and EBS simultaneously andking@ he \v coating cracks and peels-off exposing thgimai. The
QepdQpixe solid angle ratio, the absolute accumulated chargg,cked layer and peeled-off particles are inditatey
for this particular particle and consequently foth& 5yows. The same has been noticed on several simila
analysed regions could be estimated. As a resbk, Hroplets in the analysed matter Be surface. Thetmos

accumulated charge for any region could be asseaséd robaple reason for detachment of the W-rich coainthe
used for the quantification. The recorded NRA, PIX&d jniernal stress  (mechanical or  thermo-mechanical

S
T —

gure 1. A survey image of the outer divertor particles ptd
m the pot.
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incompatibility) thus making the layer brittle. Hewer, it is The object in Figure 3(c) is a re-solidified piecE W
not possible to state with full confidence whettiez layer coating. Ni or rather Inconel droplets shown Fegut
broke already in the tokamak, during the vacuurartleg or originate most probably from the melt damage togtiks of
in the last phase of dust preparation for analyBaking into antenna for ion cyclotron resonance heating (ICHR).
account the presence of clean Be surfaces (e.gt poat
Figure 2) the latter is the most probable.

4

B¢ Point1
0.4

Cc Al

Energy (keV)

Figure 4. Inconel droplets associated most probably withtmel
damage to the ICRH grills.

Intensity (10% counts/min)
B

Intensity (inJ counts/min)

Iyl w flw

PV A A

d A collection of Be-rich objects from the inner dit@ is
- : e Eneray (kel) shown in Figure 5. A droplet in Figure 5(a) consaalso a
Figure 2. Be droplet coated with a layer of W eroded from thﬁe1in C layer as inferred X-ray spectra in Figuré)50ther
divertor. X-ray spectra from points 1 and 2 are g@eesented. . . .
particles are various flakes of peeled-off co-dépos
containing a mix of low-Z and high-Z elements. Bel & are

Particles in Figure 3 are different forms of W_misethe main constituents. The flakes are 100-200 pgnhhit it

objects. In Figure 3(a) and (b) there are aggloteerais not possible to conclude whether this was thoeiginal
composed of tiny flakes detached from the W-codieertor size when they detached from the inner divertastilA

tiles. The possible mechanism underlying the foromabf A )
such mostly empty (ball-like) spheres has beenudsed in brok'en structure' N F'.gure. 5(0) prowdgs a cleamaple of a
fragile co-deposit easily disintegrated into smalleagments.

[9].

B =

50 pm " 4 Sl

an g

Figure 5. Be droplet () and a corrpohding X-ray spectriojn (
Be containing co-deposits of various structure: (&).

Particles isolated from the pots to a Petri dish fairly
large, as demonstrated in Figure 6. These are md@e
pieces, either already partly by co-deposit, FigG(a) or

Intensity (103 counts/min)

N Ni W Mo pure metal like in Figure 6(b). The object of shadges in

0 T T T T — Figure 6(c) represents a piece broken-off fromBedimiter
0 1 2 during in vessel operations by remotely handled )RH

Energy (keV) equipment used for in-vessel operation during stowtns.

Figure 3. Various forms of W-rich particles: (a) and (b)The origin Qf the (?arbon fibre composite (CF(F) freemt
agglomerates; (c) molten objects and (d) repretieataX-ray With W coating in Figure 6(d) is also most probaliiked to
spectrum of particle shown in frame (b). the RH operation.
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Table 1) prove that most particles are medium-Z [Gr Fe)
and high-Z elements with W being the dominant one.

Figure 6. Be and W-CFC patrticles from the inner (X1) and outq

divertor (X3) isolated from the pots to respec®etri dishes.

3.2 lon Beam Analysis

Figure 7 shows PIXE and NRA spectra from the nedu
(reference) sticky carbon tab. The highest peakhernPIXE
spectrum are from S and Na, while minor contritngidrom
P and K are also present. In the low energy rangkear
peak is recorded at the energy corresponding tdKdO
However, the escape peak from S overlaps With of
oxygen. In this particular spectrum the intensityhe line is

spectrum there is only a clear C feature.
g 6o il Is  a| 350 En ¢
'g 50 ;“ Il . F g‘l
£ a0 | | s I
p | (|
& ‘ ‘
=l Fe=loaA /)
§20 )‘ \\ Si p; i 100 J;‘i f‘ !4’1% !Jl |
10 f | WA Al EhY ) { |
i Eale b, O X 5;) TR,
0 1 2 3 50 150 250 350
Energy (keV) Channel

Figure 7. (a) PIXE and (b) NRA spectra of the carbon stitkly.

The spectra were collected with a total accumul&edcharge of
39 nC. In case of PIXE, count rate per nC is presente

the outer

3.2.1 Dust particles collected from

divertor.

Si+Wy,

Figure 8. 2D RGB elemental image of sample 86 area with sbme
large enough to assume the presence of O. In th& Nfetected. Scan size is 880 x §80. Image analysis was performed

Beyra Wi;  Beypa Al S+Mo,

by PyMCA.

In some cases W is associated with Mo, as infefinad
the areal coincidence of the related X-ray signaldy weak
contribution from Be and C has been detected. ifclsides
clear identification of three small (approximat&9-50 pum
in diameter) particles containing Be. Trace D fesguhave
been found. Their location is not necessarily assed with
Be, as can be perceived in Figure 8(a). The olvBrgield
from this area is about 3.3 counts/nC and modtadrnot be
associated with any other visible element, excepivere
most of the C detected is the background from tickystab.
Si originates most probably from ceramics
diagnostic tools. Si X-ray line (gicoincides with the
X-ray line. Therefore, in addition to W the other line (W)
is recorded to properly identify and distinguish ttho
elements. The S K X-ray line (pcoincides with Mg and
those two signals are recorded together. Fortunatedce

The main goal of the IBA measurement was to identifyantities of S in the sticky carbon tape do nstuib the

particles containing D and to associate its presenith
other elements. In the following, elemental disitibns in
the form of 2D maps are presented for several avaasach
sample with proven D presence. The legends praxodizeur-
coded information on the element or isotope and,tfan
method by which individual species was analysed.

Mo identification in particles with significant Moontent.
There are also Al-based particles found all-over tib but
their presence is not associated with the plasnesatipn; it
is a contaminant from the RH equipment; the armasle of
aluminium [30].

For sample X1, containing in general a small numddfer

Elemental maps at Figure 8 (a-d) from one of the Rticles, the measurements were done in six diffeareas.

measured areas on sample 86 (outer divertor, paion, see

Most objects are irregularly shaped W particleslyQraces
of D have been detected on a large Be (200 pmicfeaih

in some
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the central part of the tab (D rate of about 1.unte/nC) and 3) with distinctly different compositions and ddest D are
at the edge of the nearby large W and Mo contaipamgicle presented. Quantitative data are in Table 2. Mapg3gure 9

from the Mo side (D rate of about 1.1 counts/nC). (a-h) are from the Area 1 with a number of smallriéfr
particles, Figure 9 (c-e) and (h). In addition there a few
2.2.1 Dust particles collected from the inner divertor. Al-based objects and a single Mo-dominated partitie

One may perceive that Be flakes are associated thih
presence of Ni, Cr, Fe and, to some extent, witlo¥dted at
the flakes’ edges. D coincides with C and only samaally
with Be (a-b). It is detected only in some smaéaa of 40-
60 um. In this case the concentration ratio of Dotber
elements (Be, C, W) cannot be determined with aemtec
level of confidence.

60 F C+Be Be

50
%0 }

L D
30 .

Intensity

20
10 F

50 250 450 650 850
Channel

S+Mo, Si+W,, Al
Figure 9. Elemental maps on sample 87, Area 1, rich withiga bFigure 10. (a-d) Elemental maps on sample 87, Area 2, witheth
number of W-based particles with other elements:N\d, Al, Be different regions rich respectively with Be, W andes or Inconel
and D. Scan size is 800 x 800 pum. Table 2 showsnastd components. Scan size is 120 x 12@; (e) the NRA spectrum
concentrations from the area within the white slii@t the figure d. related to the selected region with Be and D (figa)re

For sample 87 elemental maps were recorded in tenWe could perform guantitative concentration estémat
different areas. Details for three areas (named Are2 and only from the small region marked at Figure 9(dywvhite

Dypa Niyq Beyga
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ellipse, with the results given in Table 2 (Area Eyjrther area is about 400 counts/nC which is about 10 tigneater

measurement with higher resolution showed rathiman the sum of all rates from all other areas mreason the

inhomogeneous distribution of elements within teimall four analysed pads. D is detected predominantigdifonly)

region, where D could be associated with Be andl'l@® with a C particle: C-rich deposit or a debris frahe W-

overall D detection rate from the 800 x 800 um &ddarea coated CFC divertor tile, see details of the diwert

is about 6.2 counts/nC. construction in [3,4]. No D can be perceived in theo
Two clearly separated Be-rich and W-based objerts particle composed of Ni, Cr and Fe. No Be-contajnin

found in Area 2 shown in Figure 10 (a-d). The congman of objects have been detected in the entire regioprasen by

maps in Figure 10 (a) and (c) and quantitative lteftom the NRA spectrum in Figure 11(e).

Table 2 prove that no D is traced in the W richtipke. The

presence of D coincides with Be, as seen in Fig0fa) and Table 2. Semi-quantitative elemental atomic corredion

(b). From Figure 10(d) one infers the traces oflster estimate for different regions in 2D areas showifr@jures

Inconel components: Fe, Ni, Cr. 9-11. Relative uncertainty is estimated at aroudfh2

Values for some species are not given if the camnaton is

below the quantification limit.

Species Areal | Area2 | Area2 | Area3

marked | region | region | region
region | withD | withW | with D
(at%) | (at%) | (at %) | (at %)

D 1 2.1 15.8

Be 48 60.4

C 48.9 25.9 13 81.9

0 10.3 1.8

Cr 0.12 0.025 0.01

Fe 0.11 0.044

Ni 0.46 0.11 0.034

Mo 0.23 9.9

W 0.86 90.1

Na, Al, Si, | 0.32 1.12 0.46

S, Cl, Ca

C is the surface layer, thickness given in uni®8™%at/cnf

300
_I region outside deuterium
250 [l region inside deuterium
thin —difference spectrum
| oxygen
200 |

i layer

150

100

Mormalized intensities (counts)

Intensity

50

50 250 450 650 850
50 | Channel
0 Figure 12. EBS spectra from the area on sample 87, as iméigL,
200 400 600 800 for regions with D and without that isotope.

Channel
Figure 11. (a-d) Maps for Area 3 on Pad 87 with the highest D
content among all studied regions; (e) a related NRéctrum from
the region rich in D.
Figure 11 (a-d) shows distribution of species irea\r3
with a high D count rate. The overall rate from tlbole
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The amount of O reported in Table 2 is assessed by
GUPIXWIN, but it should be stressed that the pe@asare
close to the detection limit and below the limitr fo
guantification. The presence of oxygen in relatiorArea 2
is confirmed by the EB spectra in Figure 12 recdrioethe
D-rich region (orange line) and on the not useckgtcarbon
tab (blue line). The black line represents the wdated
normalized difference spectrum, which clearly shoive
presence of a low-Z component a bit heavier tham £thin
layer. SIMNRA analysis shows that the position fitish the
presence of thin layer of surface O. The thicknesshis
layer with O can be roughly estimated to be noteribian
0.4 um, assuming the C matrix.

D and C concentrations have been obtained using NRA
cross sections fofH(*He,p)*He [31] and *C(*He,p)"N
[24] nuclear reactions. By far the highest D/C aortcation
ratio of 0.19 has been obtained for Area 3 D riegion.
Using the other set of data for cross-sections, [88¢ gets
related D/C concentration ratio of 0.23.

C+Be

20

15

Intensity

10

25 F

20 f

Intensity
(=Y
U

10 } c

Al SigtWpy Beyga Niyg Feyq Crya
Figure 13. Elemental maps from sample X3. 0
100 300 500 700 900

Concentrations of elements and D from the regioAreh Channel
3 rich with D is shown at Table 2. To summarizee tH:igure 14. (a) NRA spectrum from the_full area of_ _Figure _16) (
detected species presented at Table 2 belongde thajor ls\leZAn Zf'e:?;ﬁjrz Ig"(g)tgz ZT:CIJ ;%'ton with a deuteritioh particle
categories: (i) D, Be, C, Cr, Fe, Ni, Mo and W eo@nected '
with PWI processes in the tokamak plasma operatfibn;
Na, Al, Si, S, Cl, Ca are alien contaminants mostiyn the
C sticky tab or introduced to the machine by the ®Wétk
[30]. O is in the third category as a plasma commamt and
species coming from exposure of samples to air.

On sample X3 (from the Petri dish) seven areas were
studied. Figure 13 shows maps of D, Be, W, Si, @i, Fe
and Al. A number of Be particles is associated With Cr,
Fe and Ni. Only a few Si and one small Al partiele
visible. D is not associated with any of those ipl$. One
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may assume, however, that the D signal is assdciaitd a

The challenges met in studies of non-uniform mixed

C-based particle of about 100 pm in diameter thusaterials from a fusion reactor do not change ttgom

corresponding to the spot of the D signal. NRA spen
Figure 14(a) and (b) recorded respectively from dkierall
area and from the small region with the D-rich ictat
visible in Figure 13(a). The latter spectrum is lgatvely
similar to that in Figure 11(b), but with a loweyunt rate for
D: 11 counts/nC.

4. Discussion

Combination of high-resolution electron microscogyd a

result of this work: the fuel retention in dustfiQJET-ILW
is associated C, not with metals. This is fully sistent with
data for tritium determination in individual dusarticles
vacuum from JET after the first ILW campaign in 2eA012
[34]. The combined application of radiography atecton
micro-probe analysis has shown the T content bdidg
times greater in carbon particles than in Be offié current
line of study will be continued on other classegaifticles,
in particular those deposited on dust monitors.

set of*He-based micro-IBA enabled imaging, mapping and

guantification, from D to W, in particles contamied by Be

and also containing tritium in the MBqg range. Sfieci
activities determined by Ashikawet al. [33] for dust after

5. Concluding remarks

The contribution of this work to the reactor safetse is

the ILW-1 campaign were at the level: 6 MBq/g ariD 7 the determination of the D distribution and contentoose

MBqg/g for dust from the outer and inner
respectively. Specific activities for dust aftee th W-3 are
still not known but similar values are expected.

The previous work of that kind [12] dealt with cegbsits

collected locally from a specific divertor tile etlturrent one

provides the report on loose matter vacuumed frowm
divertor. The most important outcomes of this waie

related to: (i) the identification of respectiveesjes and their
distribution, (ii) the determination of deuteriurontent and
concentration ratios of D/C, D/Be, and D/W in loose

particles. The D content is in general small, nateeding
about 2 atomic %, except for particles rich withwere it is
noticed that the corresponding D/C ratio is digtingreater
than the values for D/Be in Be dominating particlesile
D/W in W dominating particles is even lower, andde is
close to the practical detection limit values.

While the qualitative aspects of micro-IBA are no&

guestionable, the quantitative side requires anitiaddl
comment. As addressed in Section 2.1.1 in conneatith
discussion of results for Area 3, the assessmetheoD/C
ratio provides two values: 0.23 and 0.19 dependenthe
reaction cross-sections used for spectra analySée
difference between the two D/C values is about 2B%#sed
on the discussion in [12] one estimates that treedainties
of the above reported concentration values arbeatetvel of
about 20% or more. This is because the availablé biess-

sections forHe reactions on Be and C are non-validated, a

they have been measured only for reaction angles56t

135 and 96 (Note: quite recently new cross sections data f

Be became available [34]). The quantification ofis0also
difficult because validated EB cross-sections foM&V *He
ions are not available. The additional difficultsises from

not homogeneous composition and irregular shapethef
studied objects, as clearly shown in Section J1lthé used

NRA setup the D presence in C matrix can be trdoettie

depth of about 11.4um, while the respective C and B

sensitive depths are 8.8 and 818 from related matrices.

divertor

t

€

matter, especially the relative fuel concentratiomdividual

particles of metals and carbon: D/C around 0.2 )enbiBe
below 0.04 and D/W on the level of the detectianitli It

clearly shows fuel retention being associated predantly
with C. The result, as discussed in Section 4, uby f
consistent with the very low tritium content in gbarticles
in comparison to the content in C-based particteslust
vacuumed-out from JET-ILW [35]. This proves tha tluel

retention in dust is not “averaged” (or mixed) eusnthe
cyclone-type vacuuming. It is associated with cetetypes
of particles.

These detailed results constitute an additional resetied
input to a bigger picture on dust-related issu@sv ketention
in metal particles, as shown above, together witarg small
amount of particles retrieved after each of theeg¢htLW
ampaigns (~1 g per campaign) [5,6,9] and a smaditibn
e-rich particles in the loose matter, below 5 %oif@licate
that the operation with metal PFC significantly uees risks
related to dust: generation rate and fuel retent@mly small
amount of loose Be dust is found despite melt erosind
splashing of Be from limiters [29]. As a result,eth
conversion rate of the eroded material to dusteis/ ow.
This is supported by the fact that splashed metapldts
stick firmly to surfaces where they were originallgposited
[29,36].

dTaking into account differences between JET-ILW and
ste foreseen in ITER in terms of energy inpuscldarge
gme and other operation parameters, it is nonihel here to
translate the results directly to ITER. Howevegythallow
for a dose of optimism regarding the reactor ojp@nadnd its
availability when the carbon source in the vacuwessel is
limited to intrinsic impurities in materials or P®f vacuum
accidents by air ingress. Such statement is jadtiiecause
results presented above are not isolated findimgisthey are
coherent with the entire evidence gather in studiedust
from JET-ILW.
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