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= Brief recap of the Laser-Induced Breakdown spectroscopy technique

= The LIBS device developed for JET

= Depht profiling analysis of different materials inside the JET VV

= Depth profiling analysis of the JET divertor

= (ongoing) quantification of the hydrogen isotopes through the calibration free (CF) technique

=  Conclusions
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Brief recap of the LIBS technique O

LIBS is a rapid technique of chemical analysis using a focused short laser pulse (typical z,,, < 10°s)
which induces a micro-plasma on the sample surface (e.g. PFCs) that can be spectrally analyzed giving
the chemical composition of the sample. Laser and optics can be close to or several meters away from

the target.
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Brief recap of the LIBS technique (@)

LIBS is a rapid technique of chemical analysis using a focused short laser pulse (typical z

< 10385s)

pulse

which induces a micro-plasma on the sample surface (e.g. PFCs) that can be spectrally analyzed giving
the chemical composition of the sample. Laser and optics can be close to or several meters away from

the target.

>
>
>

YV V.V V V VY V

All chemical elements can be detected simultaneously even at trace level
Hydrogen isotopes detection

Microdistructivity, only few ug of sample are needed: further analyses with other
techniques can be done

No sample preparation is necessary
Depth profiling and stratigraphy capabilities
Remote detection, either from optical ports or through robotic probes

Suitable for hostile environments, hard Rad compatibility
Semi quantitative and quantitative analysis demonstrated
Data acquisition in real time (seconds)

Data analysis can be automatized
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The LIBS device developed for JET ®)

> JET was the first tokamak capable of carrying
out experiments using deuterium-tritium (D-T)
fuel and it is equipped with a beryllium first
wall (FW), a tungsten divertor, tritium and
beryllium handling facilities, and a_highly
proficient remote-handling system.

- ", -
b

~ Beryllium B CFC tungsten coated Inconel tungsten coated
M Tungsten M Inconel beryllium coated
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The LIBS device developed for JET (®

The MASCOT telemanipulator robot is a two-armed machine
remotely operated from a control room, where a kinematically
similar master manipulator is used to control motions, and
provide high-fidelity force feedback systems. In addition to a
CCTV viewing system, JET uses synthetic views created by a
real-time virtual reality (VR) system, constantly updated with
position data relating to the robotic systems. MASCOT has
generally been used for maintenance operations of the JET
first wall such as replacement of worn components of the first
wall or of the divertor.

In the case of the LIBS project, MASCOT has been used to deploy
inside the JET VV a LIBS tool able to sample the FW and the
divertor with the main task to detect the residual D-T and the
eroded and redeposited materials on the whole surface of the
VV accessible to the tool

Main requirements of the LIBS tool:
1) compact system
2) weight £ 10 kg
3) No water cooling tubes for the laser head

B
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The LIBS device developed for JET (®)

* The LIBS head includes a compact Nd:Yag laser head carried inside the VV together with some optical components.

* A hollow Aluminium cone houses the final focusing lens, to ensure the correct focusing distance between the lens and the JET-PFC.

* Ar gas is fluxed (2I/min) on the target during the LIBS measurements, to reduce the interference of the environmental hydrogen to the
LIBS signal and increase the signal-to-background ratio, according to literature data.

e The laser power cable, the laser-PC communication cable,
the optical fiber and a fluxing tube for Ar gas connected the -
LIBS head inside the VV with the rest of the system
(spectrometers, control PC, electronics, etc) outside the VV. 1) Compact Nd:Yag — laser ( A = 1064

nm)

2) Circular diaphgram

3) 1”” dia. HR-IR 45° mirror (45°)

a) 2"’ dia. HR-IR HT-VIS dielectric mirror
(45°)

5) 2” dia. lens (f = 75 mm ) inside the
cone

6) 2"’ dia . Lens (f = 100 mm) collecting

the LIBS light on the optical fiber
7) Optical fiber (20 m)
9) Ar Gas tube

=) .
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The LIBS device developed for JET

LIBS system

380-635nm, 380—-471nm,
467-541nm, 587-635 nm,
620-960 nm,

long gate (> 1.1ms)

J4d

AvaSpec-ULS2048L-USB2-RM

* The LIBS signal from the laser-induced plasma was
carried out of the JET VV through a 20 m long
optical fiber, connected to a 2 m long multibranch
fiber whose terminations were used for different
devices and spectroscopic system.

2 mlong multlbranch fiber

¢ Co—————— -

20 m long optical fiber

f
(8]

Photomultipier 1 with interference

- filter A= 656.1nm AAL=3.0nm

' Photomultipier 2 with interference
! filter A= 656.1nm A%=1.5nm

Photomultipier 2

Aryelle 200

Littrow spectrometer 1
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The LIBS device developed for JET ©
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The LIBS device developed for JET

winel Nnumber
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= Depth profiling data analysis: procedure

(@
{
N

The depth profiling analysis consists in consecutively ablating the sample on the same points
with multiple laser pulses and subsequently analyzing the emitted spectrum of each pulse to
gather information about elemental concentration with respect to depth.

The typical depth resolution for LIBS depth profiling falls between 100 and 500 nm per laser
shot

Given the large number of LIBS spectra acquired during the experimental campaign at JET
the depth profiling analysis has been performed through the development of scripts capable
of processing the large number of spectra automatically, in a short time.

For each spectrum the intensity trend of peculiar and characteristic emission lines of the
most meaningful chemical elements in the VV (e.g. W, Be, C, Mo, Ni, Cr, T-D-H etc) was
monitored and reported as a function of the number of applied laser shots.
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= Depth profiling data analysis: procedure g‘;f?})

—

The procedure has been developed to perform multiple depht profiling analyses of the acquired
spectra looking at intense and free of interference emission lines of the elements.

tic;
clear
d=dir(
1= 1e
ind_PC
for i
na

if

en
end
delete
figure
X_axis
plot(x
legend
xlabel
ylabel
figure
X_axis
semilo
legend
xlabel
ylabel
fclose
toc;
elapse

%tungsten lines

indices = find( x > 400.75 & x <= 401.85);

% figure(2)

% plot(file_appoggio(min(indices):max(indices),1),file_appoggio(min(indices|):max(indices),2))
% title("W 4€@.87 nm");

% hold on

W_I_4e0_87nm(ind_PCA,1) = sum(y(min(indices): max(indices)));

indices = find( x > 487.85 & x <= 487.25);

figure(3)

plot(file appoggio(min(indices):max(indices),1),file appoggio(min(indices):max(indices),2))

titl;le("w 107.06 nn"); ‘look’ for W lines at 409.%1Inm and 4?\7.0? nir(\:l
hold on
W_I_487 eenm(ind_PCA,1) = sum(y(min(indices): max(indices))); tXt I es In t e o er

%Chromium lines

indices = find( x > 425.4 & x <= 425.6);

% figure(4)

% plot(file_appoggio(min(indices):max(indices),1),file_appoggio(min(indices|):max(indices),2))

% title("Cr 425.44 nm"); ‘ U i

% hold on look’ for Cr lines at 425.44 nm and 428.97.nm,"
Cr_I_425_44nm(ind_PCA,1) = sum(y(min(indices): max(indices))); lo T 557.0
indices = find( x > 428.87 & x <= 429.87);

Cr_I 428 97nm(ind_PCA,1) = sum(y(min(indices): max(indices)));

%Beryllium lines
indices = find( x > 332.85 & x <= 332.35);

H_656nm, "
Be_I_332_13nm(ind_PCA,1) = sum(y(min(indices): max(indices))); [O_I 557.0
figure(4) :
plot(file_appoggio(min(indices):max(indices),1),file_appoggio(min(indices):max(indicgs),2)) .
title("Be 332.13 nm"); ‘look’ for ‘Be’ lines at 332.13 nm and 457.27 nm
hold on

indices = find( x > 457.25 & x <= 457.5);
Be_I_457_27nm(ind_PCA,1) = sum(y(min(indices): max(indices)));
figure(5)

nlat(file annnooinfmin{indirec) max(indirec) 1) file annnooinlmin{indire<) -maxl(indire<) 23})
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= Depth profiling data analysis: procedure o)

A list of the emission lines considered for each element is shown below. The rationale for choosing
these lines is that they should be intense and as free from spectral interference as possible.

e T
4000

Bel 332.12 Be deposits on the divertor Ex 1: Point of analysis
Be 45727 area 775_140NG8A_R2C2
; Be l line
Wi 400.87 W substrate and redeposited
material from erosion at332.12 nm
Wi 407.44
T,-D,-H, 656-656.3 Unburned (or implanted) fuel
Mol | 550.65 ‘ ‘
332.15 332.2

Mol | 553.3 Mo interlayer (if present)
Mol | 557.04 ‘,,r'\, N
cri 425.43 e |

Inconel structural material Ex 2: Point of analysis
Crl 428.97 1500

A 775_140NG8A_R2C2
Ni | 341.47 1000 1 .
Nil 345.85 Inconel structural material W line
! : at 400.87 nm

Ni | 346.16
He I 587_58 Reaction product 400.85 400.9 400.95 401 401.05
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Depht profiling of point 357 - Octl_VW - MIDDLE — (Inconel_reference) @)}

1

. & LIBS | Tile/ |Coords. Tentative Comments

OCTANT 1 vessel wall Bl )

) 5 shots
v, ' “.ﬂ
= BOTTOM 500
ocT1 MIDDLE s00 500
TOP 500
x10°
4 . 25
—e—C 11426.70m —e—C 11426.70m —o— ratio, /Cr | @ 42544 nm
Be 1457.27nm ] Be | 457.27 — i
3.5 e | 457.27nm ratio , /Ni | @ 310.16nm
Be | 332.13.89nm Be | 332.13nm ol 1©
——— W 1400.87nm ——— W 1400.87nm

3 ——— W 1407.06nm 1 | ——w1407.060m
5 —©— T-D-H alpha 656nm —~ —©— T-D-H alpha 656nm |
E Mo I 550.65nm 3 Mo | 550.65nm _
T2 Mo 1 553.3nm 2 Mo I 553.3nm Z 1.
Z Mo | 557.04nm £ Mo | 557.04nm S
5 2 = Cr 1 425.44nm 2 Cr1425.44nm =
£ Cr1429.00nm 2 ————Cr1429.00nm a
= Ni | 341.48nm = Ni | 341.48nm uy
g, 15 Ni1310.16nm > Ni1310.16nm =
£ Ni | 338.06nm £ Ni | 338.06nm

—©— He 1587.58nm

—©— He | 587.58nm

‘\ml"',l‘w ., '*"vxm"-

05
o 10! L L L L
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
number of laser shots number of laser shots number of laser shots
Ni 310.16 n| 425.44n W 407.
12000 Ni 310.16 nm 12000 Cr425.44 nm ‘ 10000 ‘ 07.06 nm
9000 - /’ -
10000 //\ / 4 10000 - /
8000 -
7000 -
. 8000 8000 - /
. 8D WPL beam /
for reference d 6000 - 6000 5000
—
4000
4000 - 4000
3000 -
2000 -
2000 2000 -
1000
0 - 0 0
310.1 310.15 310.2 310.25 310.3 31035 4254 425.45 4255 425.55 425.6 407.05 407.1 407.15 407.2
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Depht profiling of point 360 - 020NG8B - R4 C2 (W _reference)

/}??}\
{“;’&))

—

LiohE laser shots shots No residual signal from Ni, Cr and Be
00

R4CA1 ]

20N G8B R4C2 500 500

R4C3 500

~——8— C 11 426.7nm

25

5
%10 . 108 Be 1457.27nm
Be 1332.13nm
—0—2 III44255772n7m s \\/ | 400.87nM
e nm e W | 407.06nM

Be 1332.13.89nm
e \W 1 400.87nM
e \N/ | 407.06nM

Mo | 550.65nm
Mo 1 553.3nm

020NG8B 3 ©— T-D-H alpha 656nm = Mo | 557.04nm
] Mo | 550.65nm ]
o Mo 1553 30m e Crl1425.44nm
> - > Cr1429.00nm
8 - 8 Ni1310.16nm
Al = g‘r: ;j?fg:: £ Ni | 338.06nm
© 5 © =
rLx <3 Ni1310.16nm g —O— He | 587.58nm
X|X[X L Ni1338.06nm £
= £
- X[X|X
. = 10% Hd
C3|Cc2|C1
102 . . . .
0 100 200 300 400 500 0 100 200 300 400 500
nu lager shots number of lager shots
"ﬁ?&%?ﬁ nm "@r AEgii nm
6000 8000 :
7000
5000 -
20N G8B 6000 [
Y 4000 -
5000 [
3000 - 4000 [
P 3000
4 w2000
L o
2000 -
1000 -
1000 -
0 . 0 . . .
310.1 310.15 310.2 310.25 310.3 310.35 4254 425.45 4255 425.55 4256

—©— T-D-H alpha 656nm

I(T-D-H)W

—e—ratio_, /W | @ 407.06 nm

0
407.05

407.2
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Depht profiling of point 492 - 2X08 - R7 C3-C7 (Be reference) )

No residual signal from Ni and W

il
R7
&5
RS
e
”a
R2
1
o cres| [erferd cs cies| [c1]es a1
w1 M2 C3 (Centre) RM4 RWS
x10° 0.045
L ——Be | 457.27nm q 0.04 ]
———Be 1332.13.89nm
——— W 1400.87nm ] ]
——— W 1407.06nm 10°
—~ —©—T-D-H alpha 656nm -~ —e—C11426.70m
5 ] - |
: Mo I 550.65nm 3 ——sBelds727m 003
> Mo 1553.3nm = ———Be1332.130mg
H Mo I 557.04nm & —— W 1400870 0. ]
H g : :;g:g:: § 10t —_—wi 407.06nm;
E r1429. kS —©— T-D-H alpha 658n)
3 Ni341.480m 3 Mo I 550.65nmie ™
> Ni 1310.16nm S Mo | 553.3nm
2 Ni1338.06nm 2 :
= £ Mo | 557.04nm
= —©— He 1 587.580m = .
10° Cr1425.44nm
1 Cri429.000m  0[01
Ni | 341.48nm
L ] Ni I 310.16nm
: nit3agoenm  010°
102 . . 0 . . .
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
number of laser shots number of laser shots number of laser shots
Ni 310.16 nm W 407.06 nm M Be 457.27 nm
- : - - 6000 - - 25 K10 - : -
5000
1 4000 E
r 1 3000 b
2000 1
1000
o —— - _ 0 - _——— oL . . .
310.1 310.15 3102 31025 3103 310.35 407.05 407.1 407.15 407.2 457.3 457.35 457.4 457.45 457.5
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Depht profiling data analysis: divertor cross section ©

—

Additional pulse no.(relatively
Tile Initial Pulse no. same location)
HFGC (LH 14W) 59 — 63 777 — 780

808; 12 — 15;
Tile 1 (14IW G1B) 73-74 786 (a repeat of 74) fANGTs Lt
Tile 3 (14IW G3A) 809 — 811 Same as above
Tile 4 (14BW G4C)A 75 -77 787 — 788
]
Stack A 20 765
! ke 2 760
ac
Tile 5 StackD 29 769 HFGC_LH 13
LBSRP_14 Stack A 40 770
WLH Stack B 43 771
C21 |Stack B (C12) 34
Stack C 46 773
Stack D 49 - 14IWG3A
.
Tile 6 NO LIBS on T6 NO LIBS on T6
Tile 7 (140N G7A) 805 z 14BWG4A 140N G7A
Tile 8 (140N G8A) 802; 54; 57 775 (between 54 and 57)
Tile 8 (20N G8B) 360 & 368 No repeated pulses

Top of tile 8 (140N G8A) 51 -
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= Depth profiling data analysis for the divertor: procedure ((1; \})

the operating scheme of the procedure already illustrated has been implemented as follows

E
L
\ Steps illustrated Additional steps
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Read Aryelle txt file (sequentially)
Compute the average intensity of more lines of the anp
lyte (when available) for representative points of the
Look for representative emission lines of divertor

peculiar chemical elements

Normalize [0,1] the average intensity
Compute the integral intensities (lls.) of the
emission lines

Perform a surface map of the normalized intensity

Store and save the lls. of the lines

Display the lls. as a function of the laser shots
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Be profile on the divertor (normalized to the max intensity)
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= Results: Be profile on the divertor

relative intensity
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W profile on the divertor (normalized to the max intensity)

Results:

<
~
(U}
=
= =
= =
2 >
@
A -
©
(U]
g o |
i =]
3 5 [ g
T =t b 5
- > @] ™~ o
@ i -— © o
D r | - 1_ pulf
Qo o (1)) o~ 5
W S 2 @ o
N =
- ()]
o
= <
g o
3
< =
© m @
: o < o
- w S =
e = 3
p = o
3
[
o
, | 0 I |
[w] 34bieH
o o o o o o o
o 0 S Ire] S Ire) S Ire] o
S N~ 0 IN S N~ re] N S
) ) ~ © re} ™ « — )
— o [S) o o o o o [S)

o
=
@
@
O
wn
S
@]
O

2ovd VBONOVT TS
820y~ 989NOZ0 89€
7 2ovy 989NOZ0 09€

208 V8ONOYT LS

~ |zozd veoNoObT vs

20Td V8ONOVT 208
2OTY VZONOYT S08
TOSHa HIMYT dusg
TOZHO HIMPT dusg
[TOEdE HIMYT dusd
0ZdY HIMYT ddsd

[TOTHETOMIVT
[TO2HaTOMIVT
[TOEdaTOMIVT

,,Hovmmaw\s_va
G |

2OTY MPTHT 094H
ooz mrTHT 093
208y MPTHT 094H

T T
o (=] o (=] o o o
o (=] o o o o (@]
< N o [c°] © < N
— — —

A

Sj0ys Jase| palddy
Suiseasoul pm

| WP_PWIE meeting 2025 SP E | IPP Prague, Czechia| 26-03-2025 | Salvatore Almaviva | Page 21



. . o~
. 17N
=  Results: W profile on the divertor @)
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T-D-H profile on the divertor (normalized to the max intensity)

Results:
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= Results: T-D-H profile on the divertor (normalized point by point)
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= (Calibration free analysis: procedure

The CF procedure (Appl. Spec. 53(8), (1999), 960-964) aims to quantitatively
estimate the chemical elements detected in the LIBS plasma. CF will be applied to
estimate the concentration of T+D+H (the latter being present as residual
impurity in the spectrum) respect to W (bulk material of the divertor PFCs) and
respect to Be (bulk material of the first wall and major eroded material on the
divertor PFCs).

CF is based on the experimental intensities of the emission lines.

Indeed, if the LIBS plasma can be considered in local thermodinamic equilibrium

(LTE) these intensities can be expressed as follows:
Ikl _ C A gke (Ek/kB)
A siiki US(T )
where, I/{‘i = exp. intensity of the k=i transition, C; =

concentration of the species, Ay; = transition probability for the given
line, g, is the k level degeneracy, Ey the upper energy level of the
transition, kg = Boltzmann constant, U,(T ) is the partition function for the
emitting species at the plasma temperature T..

The emission lines of each species can be plotted as points in a graph
(Boltzmann plot, BP) and their linear fits give an intercept, g, which is
related to the relative concentration of the species through the following
equation:

CS — US(TB) eqs

ki
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(Appl. Spec. 53(8), (1999), 960-964)
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f
= Calibration free analysis & Matlab procedure: rescale the experimental intensities ((( ‘;‘)

the operating scheme of the procedure is illustrated below:

Read Aryelle txt file (one by one)

Rescale the experimental emission intensities taking into account the response of
the whole spectroscopic system

Consider the three W | emission lines 426.94 nm, 429.46 nm, and 430.21 nm and
compute n,

Make the extended Boltzmann Plot (BP) for W I and W Il and compute T,

Make the BP for W + (H+D+T) and, from the intercepts, compute the [H+D+T]/[W]
concentration ratio

Include other elements: Be as dust in the divertor region and

as bulk material in the first wall...
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= Calibration free analysis procedure: evaluate the electron temperature T,

=

To apply the CF procedure it is necessary to consider the atomic and ionic emission lines of each element under analysis,
complete of their spectroscopic parameters and the partition function of the emitting species at the plasma temperature;
this was done for W I, W I, Be I, Be I, H(D,T), the data being retrieved from the NIST website
(https://www.nist.gov/pml/atomic-spectra-database). Below (left) an example of the data for W | and (right) the partition
functions of W | and H at typical temperatures of the LIBS plasmas.

File Modifica Visualizza File Modifica Visualizza
400.1380 | 5.6e-83 B |1.587891 - 4.5@5562 9=9 F|Ie Modiﬁca Visualizza
RIS | 101 | B [0 T 3T | TS .380 4.6056 O 1.5079 9 0.0056 6962.715003702 21.92 6962.715003702 2
sLo |6.7e-e3 | B [o.41313 - saseaus | 5 -3 7542.,941254010 24.46 7542.941254010 2
wezome |2.40002 | 8 |vasasm - aase| 1-a | 4008.751 3.4579 9 0.3659 7 B LTs 8123.167504319 29.44  8123.167504319 2
483.5356 |2.98e-82 | B |1.016707 - 4.088377 | 7- 9 4019.227 3.4962 3 0.4123 5 0.0067 8703.393754627 33.91 8703.393754627 2
4028.786 4,2579 3 1.1813 1 0.0248 9283.620004936 38.9 9283.620004936 2
03,6655 |1.49e-01 | B [238789 - s.as7ses | 9-7 | 4@35,356 4.9884 9 1.9168 7 0.0290 9863.846255244 44.43 9863.846255244 2.01
a0a.3804 [1.a2e-e1 | c |2.387137 - s.as232 [ s-s 4036.855 5.4579 7 2.3875 9 0.1490 10444 ,07250555 50.51 10444.07250555 2.01
404.5594 |2.88e-82 | B |e.365013 - 342715 | 7-5 4043 .894 5.4522 § 2.3871 5§ 0.1420 11024.29875586 57.17 11024.29875586 2.03
e R R ot S
] P kel S o2 2 A2 12764.97750678 80.61  12764.97750678 2.19
wecns |ammess | ¢ |acssons = ssssess| 5o | 4053.932 4.9143 3 1.8568 5 0.0490 13345.20375709 89.58 13345.20375709 2.33
woores |s0em | o |sasens - sswms| -0 | 3055.230 4.7115 9 1.6556 7 0.0018 13925.43000740 99.12 13925.43000740 2.54
woros |asseot | & |2semes - savsens | o-. | 2060.705 5.5107 7 2.4583 7 0.0590 14505.65625771 189.22  14505.65625771 2.85
.- _ 4064.791 5.4368 7 2.3875 9 0.1590 15085.88250802 119.86 15085.88250802 3.3
:‘”:“ “‘“’* “ “““ ) ”““7 ’5 4069.950 3.6443 5 9.5988 7 0.0360 15666.10875832 131.83  15666.10875832 3.91
4070. 608 3.9591 © 0.2071 3 9.0057 16246.33500863 142.7 16246.33500863 4.73
16826.56125894 154,85  16826.56125894 5.81
e e e Rl 1071.928 4.9608 5 1.0168 7 0.0329 17406.78750925 167.47  17406.78750925 7.21
7,435 |1.eeel | B |esesons - saseenn | 7-7 [ 4@74.358 3.4081 7 9.3659 7 0.1000 17987.01375956 180.53  17987.01375956 8.97
408.8330 (4.13e-03 | C |0.412313 = 3.444065  5-3 4088.330 3.4441 3 0.4123 5 0.0041 18567.24000987 194 18567.24000987 11.17
410.2702 [4.9e-02 | B |e.771099 - 3.792260 [ 9 - 7 4102.702 3.7923 7 0.7711 9 0.0490 19147.46626018 207.86 19147.46626018 13.85
418.2042 | 4.2e-84 c |e.cessas - 3.610823| 7-5 4102 .942 3.6198 5 9.5988 7 0.0004 19727.59251948| 222.09 19727.69251048 17.1
A . U(T T(K U(T
NIST data wv(A)  Efev)g  EfeV) g A, (1057 Tk um  TK U
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= Calibration free analysis & Matlab procedure: compute n @)
e \\'_/J))

To make the BP of each chemical species more reliable to obtain it is a

. CTROCHIMIC
common procedure to make the extended BP, where atoms and ions A o

ACTA
H 1 1 1 » PART B
are displayed together in the same BP, once the coordinates of the ions 5% i i B
a re modified as fOI IOWS: www.elsevier.com/locate/sab
Multi-element Saha—Boltzmann and Boltzmann plots in
laser-induced plasmas
Ek—ions - Ek—>i + Eionization
J.A Aguilera *, C. Aragén
E E Departamento de Fisica, Universidad Piiblica de Navarra, Campus de Arrosadia, E-31006 Pamplona, Spain
I i I i mk 2 TZ eceived 20 November 2006; accepted 20 March 2007
In (%) =1In <QL> -In |2 (zﬂlz) — M = e e
kAp; ). k Ap_;
k=i/ ions ki e i
zZ 1 z 1
&N & A
In A = In A — B (T, N,) (2)
. J.
g &

therefore, the electron density, n, is the needed parameter to include
ions in the BP of the species.

Through the knowledge of n, it is also possible to have the relative
concentration of atoms and ions of the same chemical species through

mk )3/2T3/2

the Saha-Boltzmann equation: 2 i N,
E; and
Cions — 2Uions(Te) (kaT) - kl;;l
Catoms NeUgtoms(Te) \ 2mh? . z—1 p h
. o . Z 'z K C
(E;,, = ionization energy, m = electron mass) E i = E i + Z (E - AFE o ) (4)
k=0
k .

necessary to correctly quantify the concentrations of the chemical species Spectrochim. Acta B 62 (2007) 378-385
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= Calibration free analysis & Matlab procedure: compute n,

The electron density was computed according to the following formula:

AA
Ne = —gWHM (1023m™3)
WrwHM

where AAgyyym is the experimental line broadening (reduced by the
instrumental broadening which was estimated through the emission lines of
the low pressure Hg lamp)

. peakfitm Version 9.0 Nobaseline comection peakfitm Version 9.0 No baseline correction peakfitm Version 9.0 No baseline correction

00 i g &0
1%0-
] & 300
£ g
* gp- g . S
0
i 2 L‘

[} L L
43016 42016 4302 4022 4024 4026 43028 4303
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Residual Plot

Residual Plot Residual Plot

and w2y is the Stark parameter of the three W | lines at 426.9, 429.4,
430.2 nm from the Nishijima and Doerner publication (J. Phys. D: Appl.
Phys. 48 (2015) 325201 (6pp)):

Table 1. Summary of W I Stark FWHM.

A (nm) T.(eV) ne (107 m™) W (1m) Wiwi at 102 m= (nm)
426.9 0.73-0.99 0.12-0.41 0.00940-0.0248 0.0634 +0.0022
429.4 0.73-1.0 0.12-0.41 0.00727-0.0226 0.0513 £ 0.0022
430.2 0.83-0.99 0.19-0.41 0.00537-0.0157 0.0330 +0.0026
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Abstract

We report the first measurements of Stark broadening widths of W I lines (426.9nm, 429.4nm,

and 430.2nm) as a function of electron density, ... The electron density is obtained from Stark
broadening of a C II line at 426.7 nm in nanosecond laser-induced tungsten carbide plasmas. A
linear relation between the W I Stark widths and n.. is confirmed. The electron temperature. T, is
evaluated from Boltzmann plots of W I transitions with an oscillator strength f,, < 1.0x 1072, since

systematically lower population densities are observed for W T transitions with f, 2 1.0 107,

indicating that absorption occurs. This is consistent with an overestimated n, derived from Stark
broadening of the 429.4nm line (fj, = 2.45 x 1072) at a high ambient gas pressure.

Keywords: W I Stark width, W I Boltzmann plot. laser-induced plasma
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= Calibration free analysis & Matlab procedure: compute T,

Searching in the database accessible by the procedure, the experimental spectrum is compared with the theoretical one and
if the spectral distance between experimental and theoretical lines is below a certain threshold (typically 50 pm) the lines
are identifed. Using these lines the extended BP for W ( and, in the next steps, for Be) can be setup.

maviva-ENEA\Desktop\file_matlab_aggiomati_funzionanti\Database\make_ext_BP.m

load_multiple_files_Aryelle.m make_BP.m make_ext_BP.m calibration_free.n subtract_background_Aryelle.m peakfit_testm +
z=1 20 T T T T T T
2 for 1 = 1:1_locs [
3 for s = 1:1DB ) electron temperature W = 9861 K
4 diff = abs(locs(i,1) - W_tot(s,1)); : ity =
5 if diff < 8.05 ¢————————— Evaluate the spectral distance average electron temperature = 9861 average electron density = 1.066e+17
¢ peaks(z,1) = locs(i,1); PR
7 peaks(z,2) = W_tot(s,1); ;’
8 peaks(z,3) = diff; 15+ o ° ; -
9 peaks(z,4) = pks(i,1)*w(i,1)*1.864467; %approx of a gaussian area given the peak max and the FWHM Sel W8
1e peaks(z,5) = W_tot(s,3)*W_tot(s,6); gk *ak f!
11 switch W_tot(s,9) N\
12 case {1} o~
13 peaks(z,6) = W_tot(s,2); ¢——— Assign E, ki =
14 H_D_T peaks(z,7) = log((peaks(z,4)*peaks(z,2))/(peaks(z,5))); €— Compute In(IA L/gkAki) 10 F -
‘lf’ e {j“ﬂ S 1i<¢ Prepare data for H-D-T (z=1) c
17 if W_tot(s,9) == 4.5 'i
18 peaks(z,6) = W_tot(s,2) + 9.322699; ( D H H H
19 Be I peaks(z,7) = log((peaks(z,4)*peaks(z,2))/(peaks(z,5)))-log(((1.4e-78)*(T_e~1.5))/((2.91e-18@8)*(n_e))); \ \’V 10NIc I|nes
20 peaks(z,8) = 4.5: H H
. e - W atomic lines |
22 peaks(z,0) = W_cot(s,2;; V& ('<
23 Be I I peaks(z,7) = log((peaks(z,4)*peaks(z,2))/ (peaks(2,5))); —
24 peaks(z,8) = 4; ~—
25 end
26 case {74, 74.5} C .
27 if W_tot(s,9) == 74.5 — % D
28 peaks(z,6) = W_tot(s,2) + 7.86483; 0t ¢ oo 4
20 W I peaks(z,7) = log((peaks(z,4)*peaks(z,2))/(peaks(z,5)))-1og(((1.4e-78)*(T_e 1.5))/((2.91e-108)*(n_e))); . L
L) peaks(7.8) = 74.5;
31 else
32 peaks(z,6) = W_tot(s,2);
33 W II peaks(z,7) = log((peaks(z,4)*peaks(z,2))/(peaks(z,5)))};
34 peaks(z,8) = 74; 5 ) ) ) ) ) .
35 end -
e end 2 4 6 8 10 12 14 16
8 end
< | . k
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= Calibration free analysis & Matlab procedure: evaluate [T+D+H]/[W] (((f‘;,‘)
\=
Once the Extended BP for W is setup, the sum of the spectral signal of the Balmer alpha emission T, D, H,, is included in the
BP because the Aryelle spectrometer cannot spectrally resolve the three emission lines but consider the T+D+H signal as a
single spectral emission. By applying CF the relative concentration [T+D+H]/[W] is obtained and rescaled in percentage.

25 ' T T
electron temperature W = 9778 K
average electron temperature = 9778 average electron density = 6.59e+16
20 -l =
=~ ~o - i.
~ * 5 :{'fo
15 ‘s .
~
<
=) 10 Lo
= W atomic lines
5F ,
0 - . -
W ionic lines
-5 L L
0 5 10 15

E(k)
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= Calibration free analysis & Matlab procedure : Expected Results and information (((‘Z})
\=

With these procedures the following information on the PFCs of the divertor can be obtained:

1)
2)
3)
4)
5)

Atomic concentration (%) of T+D+H with respect to W (bulk material)

(ongoing) Atomic concentration (%) of T+D+H with respect to Be (redeposited material)
In-depth atomic concentration (%) of T+D+H with respect to W (bulk material) and Be (ongoing)
Electron temperature and electron density of the LIBS plasma

Estimated processing time per spectrum = 15 sec per spectrum

59 HFGC LH14W R1C1

T

=——@— atomic concentration of T+D+H with respect to W

~“~

A

10 20 30 40
number of laser shots
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Conclusions ©

=  Depht profiling of points:
] 357 - Octl_VW - MIDDLE — (Inconel reference spectrum)

= 492 -2X08 - R7 C3-C7 (Be reference spectrum)

= 20-2X08 - R7 C3-C7 (W reference spectrum)

=  Depth profiling of the plasma facing components (PFCs) of the divertor profile for Be, W, T-D-H

1. Be superficial contamination of the divertor section mainly on tile 0 and 1

2. The thickness of the Be layer is estimated to be 10 — 50 um

3. T-D-H contamination of the divertor section mainly on tile 0 and 1

4. The max contamination of material eroded from the first wall is in the first shots
= CF analysis for the quantification of the residual (T-D-H) content in the PFCs:

. Pros:

1. the procedure to estimate the relative concentration of T-D-H for W and Be based PFCs over a large (huge) number of
spectra is developed and requires a few tenths of seconds for each spectrum

. Cons:

1. To be reliable the CF analysis need a precise procedure to rescale the intensities of the experimental LIBS spectra

(ongoing)
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