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General background

Post mortem analysis of wall tiles has been shown to
be the most important tool to diagnose material
erosion, deposition , fuel retention and wall situation

in general, but

A

- Needs physical removal of tiles Can hardly be done in
" ITER and future reactors

- Integrates over long term operation

4

new program has been initiated in FZJ

Develop methods to characterise in situ material
deposition and fuel retention in fusion devices based
on laser techniques
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Laser-based diagnostics

FORSCHUNGSZENTRUNM

QQH@H]

Three laser methods have been selected for detailed analysis

in Lab- experiments (if needed) and TEXTOR application , with
the qoal to develop a prototype ITER- like system

Laser beam (ms)
Laser beam (ns)
Laser beam (ns)

»
H,™} f,-*'c °W.Be ‘
i Deposited layer

Laser spot wall Laserplasma  wall Laser plasma  wall

LIDS: Fuel desorption by LIAS: Material ablation by LIBS: Material ablation by

S MiACH,) Deposited layer

smooth spot laser desorption intense spot laser heating intense spot laser heating with
(no ablation) with with spectroscopic detection spectroscopic detection in laser
spectroscopic H detection with tokamak plasma plasma

with tokamak plasma (ns and ps laser ) (ns and ps laser)

(ms laser) (no tokamak plasma)
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@ Experimental Setup for LID in Jiilich f) JULlCH
35 m light guide 2 .
d =420 pm - .
1 i
f=31cm %-
3

TEXTO e

Nd:YAG Laser
1064 nm

N\

projection of
magnetic
fieldline

for graphite EK98:
1.5 ms laser pulse

700 :Aggém}( ALT Limiter
> 90% desorption Hoao-filter
Samples
on Limiter 104 ...102 Pa
10 ...104 Pa
30 cm g
|LIDS LID-QMS ex-situ

A.Huber Sino-German Workshop on Plasma-Wall Interactions - Garching - 06.-08.12.2010 No 4



® LIDS on TEXTOR ) jiLicH

H-alpha light: background During Laser pulse

integration=
#112139 000240.png 2.40 s smoothed t|me 10 mS

before background subtraction
after background subtraction
= Laser parameters:
eraa—— 3ms,7.9J, spot size: 5.3 mm?
é’ 0 WY VAVVAVA,AVAVW\PWW__M
3 Detection limit:
NBI
: 2 - ; -  NBIphase: 3-10%'H/m?
. time /'s H . . 20 2
Integration time: 10 ms * ohmic phase: 4-10“°H/m
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@[ Laser-induced desorption in TEXTOR

JULICH
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T

S

uf Up 1o 1800 K is achieved by absorption of laser
radiation with P .,~70 kW/cm? for about 1.5 ms.
More than 95 % of hydrogen in thin (<1um) a-C:D
layers is released in a single laser pulse.

“r=50.0m

Sepot= 0.16 cm?

Oms 1 rlns <«— time
Graphite _EK98 targeft W|tr_| 1000+ laser power denity
a-C:D coatings for calibration 800 2
] IMW/m
2.5 ® Imeaser(lament 600
NE 20of — fit y=(4.87+0.79)10""+ x (3.07£0.51)10" ] 400_'
O |
o 15 2001
5 10[ . ¢ 4 FCalibrated image without plasmarbackgroundr. W f ° 4 E
+ asfH, o AT et o Vb ®
L 05 _ “ 2 5
N S |l [1C o T e N e b e e 0o 8
0 50 100 150 200 250 300 | - 47} P
coating thickness / nm 48 ; ) o
Graphite EK98 target with — = e : : e
a-C:D coatings for calibration 2 1x[2m]1 2 |'2 1x[3m] 2 ,[ﬁm] ,[2,,,]1 2
LIDS has been qualified in TEXTOR to measure fuel
retention in C materials, in situ and shot by shot.
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@ | LiDS: Result on TEXTOR vs Lab | ¥ ULICH

51.0 50.5 50.0 495 49.0 485 48.0 47.5

radial position
of laser spots

8 . T~ Fluence
H, D inventory /10°'m?/T ™\ — N \ °,./
Y spot6 \ o/
a LY o P
t4 :
\Sp" ‘ Yy Good agreement of the

N . ;“:/y’ [ data measured by LIDS in
wotsa L L , TEXTOR and LID-QMA in
TS A the laboratory
voo=1.2cm  HYH ratio /10* N\
51 50 49 48 47

Plasma radius /cm
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@ Laser spot heating in Lab experiments (LID-QMS) 0 JULICH
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top view pOlOidaI

> 6.E+21
O LID-QMS
N'E 5.E+21 T mNRA
8
c 4.E+21
o
5
% "é‘ 3.E+21
o~
o €
- S
‘= 2.E+21
9
— 2
g Q 1.E+21
(@)
15 e
S 0.E+00 -
3 v = = 15.4 cm 1 EK98 N11 DMS780 NB31 NB41
side view

Comparison of LID with
NRA on graphites
exposed to TEXTOR
Good agreement with TDS and (150sec)

NRA

Laser mapping of H inventory
(LID- QMS) of TEXTOR limiter tile
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@ | Status of LIDS at FZJ  4))iLicH
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4 N
(Work performed: 1\ | With increasing temperature
Investigation of a-C:H layer release of:

Hard layers (<1000 nm) Eydroclzarblon <1O_%.t
15 ms (<4ms) , molecules majority

H-atoms <5%

2

70 kW/cm Sensitivity 1017/cm?
T<1800 K i 2
% J |\ Spotsize 0.1 cm

fOngoing work: Investigation of tungsten h
Measurements of D content in W layers
target temperature dependence

flux density or fluence dependence

plasma temperature dependence (deposition depth)
Laser effects

Reflection coefficient (surf. temperature)
KH/D release efficiency / temperature dependence
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@ Laser-induced ablation (LIA) < JTL'CH

Q-switch Ruby laser:
TEXTOR: E<15 J, t,,5c<10 ns, 1,5 <GW, A=694 nm, 1 pulse /s
Laboratory: E< 1 J, 1 pulse /s

Method:
1. Absorption of power
Breaking of C bonds, few eV

2. Production of dense plasma

but fast neutralization of ions

Majority are neutrals
Production of jet beam £10° with particle energies of a few eV
. Determination of the composition of the residual gas by quadrupole

mass spectrometer (QMS)

»ow

TEXTOR: ablation of a-C:H layers on graphite and tungsten limiter
Laboratory work:

Energy distribution (ToF), species distribution, ion fraction of the beam,
formation of cluster, reproducibility (particles/pulse)

Wavelength dependence for ablation (Nd:YAG, Ruby, Excimer)
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@ Lab experiments for LIAS and LIBS #) J0LICH

FORSCHUNGSZENTRUM

1 Ruby laser, 1J, 20ns

movable
sample holder

e

Quadrupole
(Balzers QMA311)

. N collection
Fibre to cross oulles

dispersion spectrometer
2=363 nm - 715 nin
2 AN = 20000 Mirrorl

Ruby laser
694 nm, 1J ,15ns
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ICH
@_IAS Laser induced Ablation Spectrosgggﬁmw

100 The ablation rates: were in
Material: Graphite EK98 the range of
80 | 1 ~0.3+0.6um/shot in the
o energy density range of
60 { < ~2.6+7J/cm2 and saturates
g at about ~0.6um/shot for
40173 Ruby laser 2=694,3 nm | | higher energies.
% Average 20 laser shots
20| <
0 Laser energy quence/(J cm?)
goo — 0535 0735 100y 0| the ablated carbon mass
£ 2 normalized to an area of 1cm?
87 u“uu saturates at about 10J/cm?.
Lateral distance (mm)
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@ Laser ablation of C layers ongoing O JULICH

reduced threshold for ablation

Ablation of a-C:D on W in
TEXTOR at 0.25 J/cm? (!)

crater

lﬂmm

Bulk Graphlte

z(um)

2000 4000
X (um)

Crater profile of a a-C:D layer in one
Single Iaser ShOt at 1 chm2 — 1% laser pulse 0.25J/cm? spot No2, #96692

. —— 2"laser pulse O.25J/cm,23pot No2, #96693
Below threshold for bulk C ablation

— 3 laser pulse 0.25J/cm,23pot No2, #96694
CII(658nm)
\( |

Cli(589nm)  HX6

low ablation threshold (=0.25J/cm2)
for a C layer of 140 nm thickness on
tungsten subtract

intensity / a.u.

N W b

-
o
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@ Angle distribution, mass loss and gain

Carbon sample (EK98)
a
®
Distance: 40 mm
o

| Aluminum Plate M assS gal n 65“9

Mass loss 80 ug \

EPMA results (angle distribution)

Late! aldls noe(u'n

NFE 507 carbon deposition on Aluminum
o " o _
e 40 R ¥ Angle distribution:
= e i
F ~ .
: 30_ .; N g
.Z\‘ ] . " .l. — n +
G200 o . I(p) =A(cos @) + cos ¢
1 .- -
S10{ | n>= 24
£ :
S 01 _ Dllstan(I:e aclross,lb\l-pllatellmml _ oo
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i i , [ 1]
& Time of flight measurements < JuLicH
2;: laser pulse, monitored by (@) - :”m“;j Z::g_“f
05 PIN photo diode ’ )

C.8

Signal /A. U.
signal au])

QMms

0.0+

\quadrupole signal
(here: mass 12)

5 50 - " — . e

Time of flight /us 2 o ] 2S00 2850 2600
ime ps

+ 3 [

C*ions C atoms

* First peak (energy 10 eV ) attributed to C,*

» Second peak is due to neutral carbon atoms (only with emission on)

» C, neutral energy = 6 eV, (depends somewhat on the energy fluence).

 C, signal intensity about a factor of 1000 larger than the C, and C,
values
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%aser-induced breakdown spectroscopy (LIBS)

Release process identical to LIAS

But spectroscopic observation of laser-induced plasma
(between discharges)

Established method in material analysis, but in gaseous
atmospheres

Application under UHV conditions

Small detection volumes but no other background light
Influence of permanent magnetic field?

FZJ activities:
will be included in LIA work
At laboratory: comparison spectroscopy and QMS results

development of spectroscopic lines conversion factors
At TEXTOR: influence of toroidal magnetic field
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Laser-induced breakdown spectroscopy | #, ('
(LIBS) - JULICH

@

3 _ <, C,
e £ c, Av=0(516.5nm) Av=-1(563.6nm) H - h I t
c Av=1 (473.7nm) ,/ /e |g resoliution
4,0x10° g Y A2 .
5 (619.tm) spectral line

20x10°4 2N\ . -
S © emission
© 0,0 foneemn o T S -t
—_— =
> @ .
£ g E eeE ¢ More ions appear at
o) n E TS E 2 ewg o hiah .
B0 Es g| o 3 828 S igher energlies
—_— B -— ~

60x10'| & g c3§ E e 8 5 8 3

) = | e = O 5 ‘5 =

40x10'4 B ;; \3 © o9 ©

20a0' 4 N\ O \ 1 J=15.3Jicm?

! i \‘ Ty 1 J

0,0 - ___,J_LJJWM[ il _~LL A1 ”

', Cll-emission (426.8nm)

350 400 450 500 550 600 650 700 o .
: * . Fluctuation level

Wavelength [nm]

-~
o
1

(2]
o
| -

The operation at a laser fluence

below 8J/cm? is not meaningful for

analysis of the ablated layer in a

single laser pulse and is not

recommended for ITER operation. SRR
A.Huber Sino-German Workshop on Plasma-Wall Interactions - Garching - 06.-08.12.2010 No 17

o
o

PR
L]

w
o
| -

relative fluctuation to mean value [%]
N 4
o o
P
[

=]
¢
O'

o
P

fluence [J/em’]




@

Intensity [a.u.]

(LIBS)

Laser-induced breakdown spectroscopy

#) )0LICH

FORSCHUNGSZENTRUM

3_ Gz C.
6,0x10 Av=0 (516.5nm) Av=-1 (563.6nm)

£ C,;
c Av=1 {473.7nm) / c
aoxto’ @ l Av=2
- {619_1nm)
2,0x10° - 8 \\
: S 'J=6.5J/cm?
0,0 ... W T i S RURAS RS AS A  atin sed
=
®
(-]
g E Eg E £
. £ 5 E % © 5 @ <
80x10'Y E & g c 3 8 a B 8
| £8ct| § ©® F% B 5
soxio' B g e | I - ) 5;8 8
4 = o = — o — '= ="
aoxto’4 B g |3 © bl o
20x10] N\ © Y J=15.3pfcm?
\ \
0_0; S \ \__.AdJ' J-l _L;L S

350 400 450 500 550 600 650 700
Wavelength [nm]

5.5x10"

T T
5.0x10'4 ®
4.5x10" \

2.0x10° \

C atoms / photons

High resolution
spectral line
emission

More ions appear at
higher energies

o0\
2 4 6 8 10 12 14 16 18 20 22

Fluence (J / cmz)

For energy fluences
above 10J/cm? on fine
grain graphite (EK98), a
ratio of the ablated
atoms to the number of
Cll line photons,
C~=NC/I(photons)=10°
was found.
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Member of the Helmholtz Association

(LiBs) #) )0LICH

TRILATERAL
EUREGIO CLUSTER FORSCHUNGSZENTRUM
1.5 .
::r:gl.(;OI?J | —m—C 11426.72 nm Hydrogen IS
2 rater B I & Cris2088 nm reduced after
U) ot size = 0. cm? . nm .
c S 775 et 1 —Y— 1890269 first laser shot
9 1.0+ I
£
®
N | Carbon stays
@M 0.5 . :
£ until layer is
o | removed
Z
0.0 - */vé‘:——'\\
) ) ) ) ! ) ) ) ) ) )
0 1 2 3 4 I 5 6 7 8 9 10

Nurn ber of shots

interlayer

LIBS spectra from a 3.2 ym thick a-C:H layer on W
substrate with a Cr interlayer
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Laser-induced breakdown spectroscopy

(LIBS)

#) )0LICH

FORSCHUNGSZENTRUM

104 CIllA=426.72nm

ne = 3.501 E15 cm™

FWHM =0.113 nm

Crater A6
shot 1
Egqy =1.12J

Area = 0.062 cm2

Fluence: 18.0 J/cm2

C Il A=426.72nm

ng =3.140 E15 cm’

Crater A6

3

shot 2
Egy =1.12J

Area = 0.062 cm2

FWHM = 0.105 nm

Fluence: 18.0 J/cm

2

1 CllA=426.72nm

N = 2.861 E15 cm™

FWHM =0.099 nm

Crater A6
shot 3
Egy=1.12J

Area = 0.062 r:m2

Fluence: 18.0 J/cm2

ng =2.470 E15cm’

FWHM =0.091 nm

1 CllA=426.72nm

3

Crater A6
shot 4
Egqy=1.12J

Area = 0.062 cm2

Fluence: 18.0 J/cm

2

104 ClA=426.72nm

@

c

>

o

K2

T o054

N

©

1S

3

o

z
0.0
10

0

c

>

o

o

T 054

N

©

1S

£

o

z
0.0

@

c

>

o

o

o 0.5

Q

N

©

£

o

z

ng =1.934 E15cm’

3

Crater A6
shot 5
Egy =1.12J

Area = 0.062 cm2

Fluence: 18.0 J/cm2

FWHM =0.081 nm

ng =1.632 E15cm’

FWHM =0.076 nm

C I A=426.72nm

3

%

Crater A6
shot 6
Egqy =1.12J

Area = 0.062 cm2

Fluence: 18.0 J/cm

2

Laser-induced
plasma parameters
strongly depend on
the composition of
the ablated layers

Electron density
variation

for different laser
shot numbers

T M T
426.4 426.6

T
427.0

T M T
426.4 426.6
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@ Application to ITER  #. J[]Llcm

/ \\\ N Biological shield

- First wall \\;\\

Beryllium

Accessible
range

low divergence lasers (<0.5mrad)
are needed to transport the light
by reflective optics (mirror
systems) over long distances
(>50m) to the focusing mirror in
ITER.
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@ B2-Eirene modelling for LIDS in ITER: LIDS signal O JULICH
versus background plasma

Main Chamber

Assumptions:
- Laser spot size: A=1cm?
- /”I = H density: n,=3-10"%/cm2nm
i N R NS Layer thickness: 100nm (3x1027/cm?)
_ N AN NAN Pulse duration: t=1ms
AN Maxwellian source: T=0.2 eV
- ' > SN H- Flux [gpo=3-102/s
{jj‘ » Reference ITER scenario, Pso; =100 MW, f,.q =2/3,
l{;'_j‘ _ (partially) detached divertor
! e 4 » Kotov V. et al. Contrib. Plasma Phys, 46, 635 (2006)
f’ ' K‘Q\) » Ly-lines opacity is taken into account
- L g J,O@ » High Density Case: pprr=11 Pa, qpeak= 5 MW /m?
. — *“ 7 <</’\\;> » Low Density Case: pprr=6 Pa, qpeak= 8 MW /m?
P Performed for ITER low and high density
L _.‘ \t‘\h L] L] reference scenarios
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@ LIDS signal versus background plasma in ITER 0 JULICH
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target could be achieved only for
distances more than 0.4m away
from the strike point.

1.E+23 -
1E422 \Dweﬂor 1Laser spot | | S/N ratio above 10 at the divertor
region ;
T 1 E+21

rs)i

S
-
m
+
N
o

N
m
+
=N
©
|
|
|
|

‘ ‘ ‘ ‘ A To be able to determine the H

Distoance grgm stcl)’i?(e o(i)ﬁt anr(;.4 se g?atrix?&] SOUSRES FEEIe U e Wl

P 9 5EP of the strike point the thickness of

1.E+20 Inner wall the co-deposited layer should be
more than 100um.

1.E+18

Line integrated Ho. [Photons/(m?

1E419 4+ — — — — — N -
A
1E+18 }— — — — A CE S/N ratio above 10 for a laser
' spot of 1cm? at the inner wall
et Lasi(//gp"tl close to the equatorial plane
2 6

Distance from strike pomt along separatrix [m]
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@ [ Sensitivity of LIBS method #) J0LICH

FORSCHUNGSZENTRUM

For energies > 10 J/cm? on carbon (EK98) , a ratio of 10° was found of
9bLa_ted atoms / number of C|| line photons

/
\ Biological shield _ C ] A_Q
A “x Ng =|N®/C, |xT 425

Rotation axis

] Window

. AQ=2x10° sr is the solid angle
B T=0.1 is the transmission factor
of the optical system

n=10% is the quantum yield of
the detector.

To obtain a good photoelectron statistic 1/VN_<3% to resolve
the LIBS signal, about 10'8C atoms must be ablated. This
corresponds to the content of carbon atoms in a 100 nm
layer.
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FORSCHUNGSZENTRUM

@ [ Sensitivity of LIAS method ‘ A J0LICH

ng Ng =|NC/(sIXB)|xT 427
. \\\ Rotation axis ‘

] Window

. AQ=2x10° sr is the solid angle
M. T=0.1 is the transmission factor
| of the optical system
n=10% is the quantum yield of

, I
é'r& ~,/ | the detector.
W (% i
‘.::}fwf:b“':l u'{_/ﬁﬂ

St

S/XB=2 for Cll emission line for n,=102'm-3 and T,=3eV in the ITER divertor.

an excellent photoelectron statistic 1/YN,<<1%
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@ New lasers will be used from middle of December 2010 JULICH

7ns-pulse laser 35ps-pulse laser
ht 2000-10 TOPAG L2241/SH/TH

Wavelengths: 1064_nm, 532nm, 355 Wavelengths: 1064 nm, 532nm, 355

Pulse width: 7ns Pulse width: 35ps

Repetition rate 10Hz Repetition rate 10Hz

Pulse energy 2,5 J at 1064 nm; Pulse energy 100mJ at 1064 nm;
1,2 J at 532 nm; 50md at 532 nm;
940 md at 355nm. 30 mJ at 355nm.

Divergence <0.5mrad Divergence <0.5mrad

Mirror based light guide into TEXTOR and alternatively in target
chamber under construction
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light

_ Laser beam
Observation

= = e e e e e = =

INTRUM

An ITER like coaxial
observation system has
been designed and
procured for TEXTOR
application
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' oo
@ Details of the optical arrangement o JULICH

Observation endoscope
For LIDS, LIAS and LIB

Focussing mirror with hole

Rotation axis? ‘
v Laser beam (ns, ms)
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@{ Summary status and future wo

LIDS is qualified to a high degree for ITER application, with some
remaining issues

LIBS and LIAS have been intensively analysed in lab experiments
amount of ablation
composition, angular and energy distribution
reproducibility
on C bulk and C deposits up to 20 microns

LIBS data have been analysed depending on laser energy, for C
bulk and thick C deposits ( but only for 15 ns RUBY laser
conditions )

An ITER like coaxial observation system has been designed and
procured for TEXTOR application in 2011

B2-Eirene modelling has been performed for LIDS under ITER
standard conditions
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& { To be done 4))0 ucﬂj

LIDS:

use of the ITER like coaxial observation
laser desorption physics from W,Be deposits

LIBS and LIAS:

Lab: Compare ns versus ps laser with respect to signal stability

Tokamak:

Demonstrate systematically LIBS and LIAS in a tokamak environment with
an ITER like laser injection and observation system

Quantify both the amount of hydrogen and composition and amount of
deposits with LIBS and LIAS under tokamak like conditions (distances,
magnetic field,..) on well characterised samples, including mixed layers with
the ITER material mixes, to replace Be by a Be like substitute, like Al or Mg.

Evaluate both the limitations of the measurement both with respect to the
lower detection limit and the systematic scatters

Design, based on the gained experiences, a prototype like ITER system.
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FORSCHUNGSZENTRUM

Two new lasers have been procured by FZJ to perform LIDS in
Magnum PSI and FZJ PSI-2 linear plasma device for hydrogen
retention detection in PWI studies (= 200 kE )

Work will start in 2011
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