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Background and Objectives

-

Irradiation
Environment for PFM
in D-T Burning
Condition

Suffer very strong
irradiation not only of

hydrogen isotopes but

also of helium at D-T
burning condition

~

In Metals:
Very strong He-Defects interaction

i

Heavy radiation damage
U

He irradiation is an important event
affecting functions, soundness, life

time of the metallic PFMs

J

Objectives

1.

To understand damage structure
and its formation mechanism in
W by low energy He ions
irradiation at divertor relevant
conditions (=1073K).

. To understand the effects on

other physical properties such
as optical reflectivity.




Comparison of Pulse Load of H, e*, He

572 P, % Cross section

1100°C—2700°C 1150°C—2700°C

5.0 x 1023 H/m?2 2.0sx100 S 3.3x 102 He/m?
2.0sx100S 34 keV, e 3.5s/30s( 145S)

23.6 keV, H 10 MW/m? 18.7 keV, He
PM-W(30x30x5mm) PM-W(30x30x5mm) WB-4(20x20x0.1mm)

¥ e beam & H*: very smooth surface, recrystallization,
very low damage <« simple heating effects

¥ He*: very odd surface morphology (sub-micron
projections), large cavities in/under the projections
& effects of He bubbles




Repetitive Pulse Heat Loading by He™

Tokunaga et al.

PM-W (20x20x0.1mm)

1 18.7 keV-He* (PBEF at JAERI)
3.7x1022 He/m?, 3.5s/30s ( 8S)
3.3x1023 He/m?, 3.5s/30s ( 145S)
<2600°C




Drastic Change of Surface by He™ Irr.

VPS-W@1250 K, 11.3 eV-He*, 3.5x102” m?2

S. Takamura et al.,
Plasma Fusion Res.
1(2006)051

¥ Irradiated Surface
is covered by
nano-size fine
projections with a

1l few 10 nmin
{Before He™ Irr. - | diameter

How they were
made?

g
TEM Observation




Nano Structure of
the Projections

Iwakiri et al.

B W crystal. No amorphous
and no oxide.

® He bubbles are formed in
the projections

M Heat load resistance is
extremely low.

M it seems He bubbles result
in such peculiar structure.

NAGDIS-II

(Takamura Lab.)

He irr: 10h@1250K,
3.5x10%"'m2,11.3eV
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In situ Obs. of Dynamical Damage Proc.

lon Injector T —
#Acc. Energy:0.1~10 keV |
#lon Species:H, D, He He lon Gun
#lon Current (on the specimen): |gmoe

2 1 A(@0.2keV) &1 A |
= Record:films, video

Beam Transport
, K %% '
I es0’ £ o © )
'*':‘ll? ceo | | & 1 i

lon Gun

=t

S Column (TEM)

lon Gun connected TEM
(@Kyushu U.)

Specimen | g




Development of I-Loops under He*-Irr.

Iwakiri et al.
PM-W, 8 keV-He*, In situ obs. under He ion irradiation

1.1x10"°He*/m? 2.6x10"°He*/m? |  5.0x10'°He*/m?

1.5x1 019I;Ie”/m2 1.68x10"°He*

1273K . .
._ | 4 ]
W‘f - " ‘.
A
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# Nucl. and growth of dislocation loops. = dis. network

# Such damage does not occur under H* irradiation at such
high temp < pinning of dislocation by He (He bubbles)



Simultaneous Formation of He Bubbles

Iwakiri et al.

PM-W@1273K, 8 keV-He*, In situ obs. under He* irradiation
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B Development of large bubbles by growth and coalescence.

® Holes and groove are formed at the surfa,c.e/once the large
bubbles arrive at the surface.—----"




Surface Morphology of He Irr. W

Sample: PM-W

lon energy: 8 keV
flux:1.5x1022He*/m?
Irradiation temp.:1273 K

H Large bubbles cause
local surface swelling
=»surface roughing

® Holes are formed by
arrival of bubbles at the




Damage by He* with sub-E ; Energy

6.0x10"°He*/m?

1.4x10"°He*/m?
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E He bubbles
E Less loops
F He platelets




Form. of He Bubbles at Grain Bounda

Iwakiri et al.

E>E, case: 8keV-He*= PM-W@1273 K

1273K

R

3.2 X 1019He*/m? 5.4 X 10"9He*/m? Preferential
formation of He
bubbles along
i N GB causes GB
o embrittlement.
50nm

E<E, case: 0.25keV-He*= PM-W@1073 K

1073 K
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1.8 X 1020He*/m?2 3.5 %X 1020He*/m?2 2.5 %x102'He*/m?2

10nm



Cross-Sectional View of Sub-Surface
Damage in He Irradiated Mo

8keV-He*, 1x1022 He/m?2 = Mo @ 873K

Incident (Corresponding 1111K of W)
surface

Q‘ 1-'\-

‘2% W Very dense fine He
*‘{J - bubbles are formed in
the sub-surface region
‘.1* of about 200nm-thick.
nano-size sponge-
structure

-|. '- % .‘f ";‘

¥ The sponge layer will
change the physical
properties of the
surface, such as
thermal conductivity
and optical properties.




Form. of Grooves at Surface by He™ Irr.

® Typical damage at high
temperatures ( 21273K)

B Deep grooves are formed by
the growth and aggregation
of He bubbles.

B Role of thermal vacancies.
B Similar damage in LHD

W at divertor position
LHD He plasma (1s)




Formation Process of
Sub-Micron Projections
under He™* Irradiation

Formation Processes

@ Arrival of bubbles to the bottom
surface of the grooves = grooves
become deeper and deeper by
repeating the process.

@ Projections are elongated by the
swelling due to He bubbles.

® Blanching.

Conditions for Projection Formation

1. thermal growth and thermal migration
of He bubbles,

2. supply of thermal vacancies
3. adequate surface diffusion
Possible Temp. Range (W)

0.3T_~0.5T

4. Sputtering erosion may reduce
elongation speed.




Role of Dislocations on Bubble Formation

PM-W, 5keV-He*,1x102lions/m2 Specimen thickness ~100nm

-

® He bubbles exist along dislocations = mutual trapping =
stabilization of bubbles

m At 1673K, bubble density decreases, because the
dislocations annihilate actively at the surface.

B But, large bubbles with low migration rate exist in deeper
region. =» see next view graph



Cross Sectional TEM Image of He™
Irradiated Fe-9Cr Alloy

8keV-He*, 8x10%2" He/m? = Fe-9Cr Alloy @ 873K
(Corresponding 1800K of W)

e lons Al t no bubbl th
B B Almost no bubble near the
| —_ ‘ surface.
v" e, r"-*l . W ¥ Large bubbles are formed
" ST ol T e bt ) in the area beyond the
ERSLC Y ”q,:l' & . projection range of He
| A ions (40nm).

Diffusion Coef. of Bubbles
D, = D_(3Q*®)I(2mr*)

(2 : atomic volume

r: bubble radius

D.: coefficient of
surface diffusion




Studies on He Irr. Effects in Japan

Materials: PM-W, VPS-W, UFG W-TiC, etc

Subjects: surface and internal damage, He retention, effects
on H retention, thermal shock resistance, mechanical
properties, optical reflectivity etc.

E, (=0.4keV)
/ : :
1026+l g Tokunaga et al.
‘Ueda et al. Pulse (800-2300K),
1025) 500-1100K, lon__
o Takamura et al. _—
102417 1000-2600K, Plasma Muto et al.

300K, lon

Fluence of He (He/m?)
=

1022 Wi | A e
1021 \ , = Twakiri et al. Sakakida et Ia|.
1020 _ ______________ [Tfli-(lga&iait al, ;300-1500K, lon | Pulse fgﬁmo:")’
10| | L NG a |

1 10 100 103 104 10°

Energy of He (eV)



Summary (1/2)

¥ In case of He ion irradiation of W above 1273K
(1000°C), which is divertor relevant temperatures,
remarkable surface roughening occurs. At high dose,
dense nano-size projections are formed. It leads to
serious reduction of heat load resistance.

® The first step of the projection formation is the
formation grooves at the surface due to the arrival of
grown up He bubbles to the surface.

B With increasing He dose, grooves are getting deeper
and deeper, and the tops elevate due to formation of
He bubbles inside (swelling). This results in the
formation of nano-size long projection at high dose.



Summary (2/2)

®For the formation of the projection, appropriate
migration of bubbles and surface atoms are
necessary. In case of W, these condition are satisfied
above 1000°C.

m Upper limit of the temperature is strongly depend on
the energy and flux of the helium ions.

HIn case of keV range He ion irradiation, dislocations
formed by the irradiation will shift the formation
temperature range to the higher temperature side.
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Concerning Damage in Ports of LHD

¥ In order to estimate the damage
in ports by plasma particles, Mo
and SUS were exposed to He
plasmas heated by ICRF or NBI
at the position of 0cm (wall
position), -5cm and -25cm by
using retractable material probe.

¥ Internal damage and optical
reflectivity were observed.
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holder of the 8N\
material o s

probe




Discharge Conditions (ICRF)

position | No. of | Discharge |lon tome. o density | ot
(A) Ocm 13 408 0.5~2.0 |0.25~3.6 No.68705~68717
(B) -5cm 81 349.1 0.2~2.0 | 0.25~2.25 | No.68299~68379
(C) -25cm 86 351.5 0.5~2.0 | 0.25~3.6 No.68618 ~68703
(A)+(B)}+(C) | 185 | 11382 | 0.1~2.5 [0.23~3.85 | > 200000
5 N averaged electron density #0803 1o ras e
‘ ‘ ‘ FIR |

- Hl(H+He)
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Damage in Mo Exposed to ICRF-He Plasma

B Even at the position of -25cm, serious damage (He bubbles, dislocation
loops) occurred like wall position. (exposure time~350s, T,~2keV,
n ~2x10"°m-3). Similar damage was also observed in NBI case.

® This is the damage caused by CX-He with energy of about 1keV. The
flux is estimated to be 10'8~107°He%m?s.

(A) @0cm | (C) @-25cm | (A)+(B)+(C)




Studies on He Irr. Effects on Optical Reflec.

1st Wall Relevant Conditions

Divertor Relevant Conditions

Research G. Yoshida Lab. (Kyushu U.) Takamura Lab. (Nagoya Univ.)
Material Mo w
Irr. Temps. R.Temp.~873K 1250K~3000K
lon Energy 1.2keV, 8keV, 14keV 10eV~100eV
lon Fluence < 3x1022He*/m? < 4x102’"He*/m?
*Blistering *Fine projections (a few 10nm¢) at
Mechanism | «Porous structure by nm-size He 1250K
of Blacking | bubbles Projections (a few 100nm¢) and
pin holes (~1um¢) above 1500K
Cross sectlonal view rFlpe prOJectlon at 1250K . % i
Micro-
structure

Porous structure
at 573K




Studies on He Irr. Effects on Optical Reflec.

1st Wall Relevant Conditions Divertor Relevant Conditions

Research G. Yoshida Lab. (Kyushu U.) Takamura Lab. (Nagoya Univ.)
Material Mo W
Irr. Temps. R.Temp.~873K 1250K~3000K
lon Energy 1.2keV, 8keV, 14keV 10eV~100eV
lon Fluence < 3x10%2He*/m? < 4x10%"He*/m?
*Blistering *Fine projections (a few 10nm¢) at

Mechanism | «Porous structure by nm-size He 1250K
of Blacking | bubbles *Projections (a few 100nm¢) and

pin holes (~1um¢) above 1500K

Cross sect|onal view

FFIQG prolectlon at 1250K

Micro-
structure

Porous structure
at 573K

Behavior of He bubbles determines these variety of microstructures
and resulting optical properties.







Preferential Growth of Bubbles at G.B.

PM-W@1273K. 8 keV-He*, 5.4x101° He*/m?

A

.A: : -‘ A .. S ¥ ';'ﬁl-j.-,,‘

O Aggregatioh' of He atdrﬁs and acanies at grain boundary
=dpreferential formation of He bubbles at G.B.

B Aggregation of He bubbles =» deep groves along GB



Heavy Irr. with He* with sub-E  Energy
Iwakiri et al.

PM-W@1273K, 0.25keV-He*, 2.4x102'He*/m?
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= Deep groves along G.B., Surface holes

= Spherical bubbles =» very high gas pressure < less supply
of vacancies.



Plasma Exp. at Divertor Eq. Position

Connection length L _ (Z-axis) % Cross section
of LHD
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Effects of He Plasma Exposure

Irradiation Conditions (at divertor equivalent position)

Energy ., : Heat & gas Heating
(Maxwell DI)S. ) Lo IO injection Power Me (core)
Damage (20~50 eV) 1 s (1 shot) | NBI & gas-puff | 1.6 MW 3.0x10"°*m3
He retention (20~50 eV) | 30 s (1 shot) | NBI & gas-puff | 0.5 MW 2.0x10""m?"3

70mm

, Foot print He retention Ex

C Wl oi-a

Omm

i e YT Private side e—

i
= =

L] Surfac: SEM a AFM, Internal damage: TEM
B Metallic Impurity: RBS, He: ERD




He Plasma Irradiation Damage of W at
Divertor Position in LHD

M % Foot prlnt _
Discharge LS
time=1s by

He bubbles Blisters Grooves

_ _ cracks
B These are damage at erosion dominant area.

B We should know the phenomena at deposition dominant
area.



Hydrogen Plasma Irradiation Damage of
W at Divertor Position in LHD

30s Irra.(1shot) Repeated irr.(26s, 19 shots)
Exfoliation of blisters, formation of

Formation of blisters

Fine blister formation is new phenomenon
=» Surface erosion, dust formation, retention of H



Depth Distribution of He in W at Divertor
Equivalent Position

W at Div. eq. position
He plasma (30s. 1 shot)

ERD

Parameters of core plasma

Electron lon temp.| Input
density (n,) (T) power

1.3x10¥ m-3 | 1.6 keV | 0.5 MW

AF

ERD(160%+)

Peak of He: ~3nm

= He ion energy 2200eV
= accelerated by

sheath potential L
(T, T, at divertor region=20~50¢eV) Depth [nm]

He cocentration [a.u.]




Damage by He Plasma at the Wall Posi.

Irradiation time = 87 s (total), Temp. ~ R. Temp

Bright field image (s20) Dark field image(s20) | Bright field image (s>>0)

SUS316L

dense I Ioops tangled dislocations and He bubbles

L (e BT R o e S Wl T L T |




Characters of He Causing Wall Damage

From the detailed He ion
irradiation experiments
(functions of ion energy,
fluence, temperature)
followings are concluded

L1

Characters of He Particles
Causing Damage at the
Wall Surface

e charge: neutral

e energy”: keV order
* Fluence: ~102'"He/m?
e Flux: ~10"°He/m?s

T:: 0.37~1.71keV

n,: 0.28x10"9~8.7x10'%/m3

Irr. Time: 87 s

Shot. No: 40048~40092, 40101~40119
Specimen: W




Formation of Defects under He* Irra.

8keV-He* (E>E,)

0.25keV-He*(E<E,)

He + vacancy + interstitial

l I+He He+V
l 1020~21

I-loops Bubbles

RT.” ™. HighT
Absorp. of S “
Interstitials | Saturation  growth

[ mig. + coalescence

He |

A B

He-platelets

+(imp)
bubbles
«

1020~21
* ‘0

I-loops

high density growth

rpﬁm |mig. + coaleﬁ%’

® Due to strong binding of He with vacancies and bubbles, He
bubbles are formed even if the energy is very low (10eV
range) and at very high temperatures (>2500K).

H At high temperatures (>0.3T, ), thermal vacancies may
enhance the formation of bubbles.
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BFHEIRFDEBZE > 20 K
He[R F D # I F2 El >120 K
EAHeDH (&HRETEF) > 300 K
[RFZEF 0D RMEE > 700 K
HeE D% He-V & &K DM EH > 700-800 K
He V, h5DHeDfE R 1000-1500 K
HeE®M % \He-VES A DAL E) >1500-1700 K
Hisa > 1600 K
KEX He V. AWK (/T )L) HhSDHe D iR B > 2100 K
. He DW7\5 D 8 i E_=0.054 eV
s E ..=0.3eV
5 E_ =17eV
§ | E.=3.6 eV

0.5T T (3683K)
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He S XTIZIRLTI=W (LHD. #1/3—%-L %)
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Very Low Energy He Plasma Bombardment

B He form bubbles once they get in the martial due to high migration
rate and strong binding with cavities (E > ~5eV).

B Migration of bubbles and supply of thermal vacancies may assist
the growth of the bubbles.

10eV He plasma, 32eV He plasma,
about 1027He*/m2, 2600K about 1027He*/m2, 2300K

D. Nishijima et al., Nagoya University



Irr. Temp. Depend. of Damage at High Dose

1073K, 14keV, 1273K, 0.25keV,
3. 3x1 023He"lm2 1.0x102'"He*/m?2

2873K, 14keV 3.3x10%3He*/m?




sub-E, Hef A > I= & 21815 (& MBS

W. 0.25keV He* /174>,
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Sub-Surface Structure in Fe-9Cr Alloy

8keV He*=Fe-9Cr Alloy
300K, 3.0x10%22 He*/m?

surface

LSy g

Cross secC. | mmm
view

.?_';

Cross sectional view iy

B Sponge-structure, deep distribution of bubbles along
grain boundaries and dislocations

B =reduction of thermal conductivity



