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Fundamental studies of He irradiation

He has a strong interaction with lattice
defects such as vacancies or dislocation
loops.

ﬁ)perty of He in metal (e.g. W) \
= High mobility (EM~0.24eV)
# Low solubility (E,2>0)

# High binding energy with vacancy (E, 2~ 4.7eV)

He
L

0.24 eV ~Ei’

5.5eV ~E&i

vacancy
surface

So injected helium in metals are difficult to
desorbs from the matrix.

(a)He irrad. @ 0.25 keV

R.T. 1073K
15.0x10%"He/m? 9.2x102°He/m?

k> i <Ny
5 .lt
- "

’ L

(b) Dirrad. @ R.T. (Room temperature)

0.5keV 2.0keV 3.0keV
[5:4x102'D/m? | [1.5x1072D/m? | %] 2.3x10%2D/m?
- sl TG ¥
o ol
: '5‘ =
*“E’“ &
i Ve
&% ?5" . it 50nm

TEM images of W irradiated with (a) 0.25keV-
He* in different temperature and (b) various
energy of D*in room temperature.

Special feature of the He irradiation effects to metals would be lead to
change of the surface properties of the plasma facing component.

(e.g. H retention or Degradation of the material)



Damages by He on the LHD W divertor

Some kinds of tungsten experiments exposed to
the divertor plasma has been conducted.

(

> T, ~T,~10-20 eV

> n,~108 m3

» Particle flux ~ 1022 He/m?s
\_ > Av. heat flux ~ 3 MW/m?

Typical parameters of divertor plasma

\

/

[ W exposed to divertor plasma

(He discharge)

/777777777 Bty

[ W-helical divertor }

Cross-sectional TEM image

Bubble layer

Divertor array < @& “ 7



New PWI study “W-Fuzz expose to LHD divertor plasma”

Recently, the most intensive damages by helium on tungsten surface
(W-fuzz) have been energetically reported in laboratory device.

Back ground

» W-fuzz structure is easily formed when the
temperature is in the range 1000-2000 K, and the
incident energy of helium is higher than 20 eV. Such
a structure might be also formed in "steady state
plasma operations" with helium gas puffing in LHD
divertor armour in the near future.

Fig. 1. Growth process of W-fuzz irradiated with
» The results from the NAGDIS have revealed that such low energy He ion (up to 5.5x102°He/m?) [1].

fine fiberform structure could make it significantly
easier to trigger a unipolar arcing and exfoliate some
areas of the W-fuzz structure itself. The initiation of
arc could lead to a large scale exfoliation, which must
be the serious impurity sources for fusion plasmas.
However, irradiation tests of the W-fuzz in the large-
sized, high-field plasma confinement devices have
been scarcely conducted so far.

Fig. 2. ctur‘of the arc tails on W-fuzz
specimen in NAGDIS [2].

[1] S. Kajita et al., Nucl. Fusion 49 (2009) 095005
[2] S. Kajita et al., J. Phys. Lett. A373 (2009) 4273-4277




Exfoliation of the tungsten fiberform nano-structure
by unipolar arcing in the LHD divertor plasma

M. Tokitani, Nucl. Fusion 51 (2011) 102001

Objective

W-fuzz layer produced in the NAGDIS was exposed to the LHD Vachum vessel |
hydrogen divertor plasma to investigate erosion of the W-fuzz

due to the generation of the unipolar arcing on the fuzzy surface.

After the exposure, surface analyses of the eroded/exfoliated

area were performed by using SEM and laser microscope.

NAGDIS
He discharge
-Temp.: 1460K X .
*Flux:1.21x1022 He/m?3s S
-Fluence:2.17x1025 He/m? Scrafih N
*Irrad. energy:57eV %
R LS N
W i,, Wty -4\{. % 4.5LPoTt_‘
A\
Exfoliation of LHD
the W-fuzz H discharge

-#103812 (1 shot only)
-NBI#1~5 (2s injection)



SEM and laser microscope image

Stréfdhéd ine ‘

Return

€ Very fine and randomly moved unipolar arc trails
were clearly observed. Spot size: 8um (W) x 1um (D).

€ The fuzzy surface was exfoliated by continuously
moving arc spots even for the very short exposure
time (< 2s).

@ This is the first observation of unipolar arcing and
exfoliation of some areas of the W-fuzz structure
itself in a large plasma confinement device with
high-magnetic field.

€ Their motion was almost equal to Brownian motion
(Fractal analysis).

€ Arc spots cannot go inside of the scratched line.

W-fuzz can lead to the initiation of arcing and subsequently cause a
large scale exfoliation of W and provision of a significant W source.




Influence of the incidence angle
for the moving direction

Linear motion

Direction of the magnetic field
line is important for the motion

of the arc spots.

B direction

A

>

W-Fuzz

(t;,,,=1.4um)

Fuzz

-JxB
direction
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Identification of WI emission

NBI [MW]

n (FIR) [10"°m"]

3.9-4.8s (Time integration)
<>

—— #1[MW]
—— #2[MW]
—— #3[MW]
—— #4[MW]
—— #5[MW]

C-pellet
injection

Time [s]

~107W/m2s L _E T T gE by M. Goto
0.6 0.6 gymrrre e

WI (400.9 nm) éﬂ! i

0.4 043 ]

020 ]

&
| | [ f

1

400.0 4005 401.0 401.5 402.0 T00 200
|nten5|ty (counts)
#102241 wavelength (nm)
T,~6keV

3.95-4.8s (Time integration)

€ Emission of WI line was clearly observed from the W-tile by
visible spectrometer with the integration time between
3.9-4.8s.

€ Spatial distribution of the WI emission does not show broader.
This means that emitted W atoms not so deeply injected into

the bulk plasma.

€ Starting time of the WI emission seems to be close to the timing
of the C pellet injection.

€ Relationship of the C pellet injection and WI emission should be
considered in subsequent analysis.




“Transport” and “Deposition” of W

W areal density [W/m®] W areal density [W/m?] W areal density [W/m’]

W areal density [W/m?]
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& Distribution distance
of the sputtered W
atoms were not so
far.

€ Deposited W atoms
were mostly located
on the private
region.
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TEM images of W irradiated with LHD divertor plasmas.
100-200eV, ~10%%23 jons/m?s.



H irradiation effects in LHD

0.5keV ___2.0keV 3.0keV
4 5.4x1021l.2‘)lm2 &ﬂ 1.5x1022D‘Im2 2.3x1022D/m?

Cavities are difficult to form in the H irradiation

> In the hydrogen irradiation, no defects clusters are formed if R ? 25
the incident energy of the ion is less than 2keV [2]. In that > £ g{‘ ot
case, injected hydrogen atoms can easily desorbed up to the Shaks

800 K [3,4]. Even if the energy is higher than the threshold
value, formation of dense cavities has not been observed for
the irradiations up to the order of ~10%22 ions/m? [5].

o R

e

T\EM images pf "'} irr_adiated With various
Large size cavities were densely observed in LHD ~ ©nergy of D"in room temperature.

» Unexpected damages such as formation of fine cavities were
observed in the LHD experiments

» Synergistic effects of high-heat and -particle loads would cause
the undesired extensive damages for tungsten, and such
damages change the retention property of the hydrogen
isotope.

Systematic experiment of high-heat and -hydrogen
loading in W
» Systematic experiment of high-heat and -hydrogen particle
loading in tungsten focused on the microstructure change has
never been done so far.

» Change of the microstructure due to the high flux hydrogen
plasma irradiation will be observed as a function of the flux,
energy and temperature in MAGNUM-PSI. (TEXTOR TEM images of W irradiated with LHD divertor
collaboration) plasmas. 100-200eV, ~10%%23 jons/m?s.
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H areal profile

Mixed-material deposition layer

If we would want to suppress the hydrogen co-deposition with carbon,
full W divertor system would be effective!!



H areal density Divertor and Dome

/ \ .
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0O S 10 1 200 29 300 0 50 100 150 200 250
® Dome

High H retention was located at the Lower and top region.

© Divertor

Hi§hest H retention ~1.5x10%? H/m? was observed near the strike point. The
value was about two times higher than that of the open divertor tile.



Mixed-material flakes on the “DOME”

Firstly, Fe impurities were
deposited, and then, majority of
the impurity element was changed
to the C at the late stage.

Fe deposition layer act as the
initiator of the exfoliation of the
whole deposition layer! [1]

[1] M. Tokitani et al., J. Nucl. Mater. 417 (2011) 668
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Mixed-material flakes on the “WALL”

Mixed-material of C and Fe

Fine scratched like structures were formed.

Such scratched structures would have been caused by the SUS o 1w 0 o w0 50 o0 7w om ow
substrate. Because SUS wall surface has the original scratched e
structures due to the mechanical polish.

Top side / A /
. 2 ok

-/
W 97




W-coated IG tiles were installed

VPS-W coating will be prepared for 3 pairs of divertor tile.
H inventory and dust generation would be suppressed by VPS-W.

The VPS-W layer with 125um thickness

will be coated on the IG tile.

VPS-W layer

Divertor tile

(Isotropic graphite)

$t=125um

l\

W-Re
multi layer

Replacement
position



LHD LB T RATFUF A 1\—3D )k

RROEBHEEENICESMEBRIIA) YRIKEL.
FIZ,
= KFREELEI) T ar QAN
== 5 R R D HIH

H—ARF AL 1\—4 TIVRIG ATIEALI1\—4

Mixed-material 5= EEM P DHeIEH



N—ROADERPLI=VFVIDRE

(14 .
A o
4 W ANl

WG WAt

TEM image of virgin 1G-430U After the grain growth
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