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ARTICLE INFO ABSTRACT

A deep understanding of the plasma-wall interaction processes in fusion devices like Wendelstein 7-X is ne-
cessary for an efficient plasma operation and a long lifetime of the plasma-facing components.

In this work we present an approach employing residual gas analysis after picosecond laser-induced ablation
(ps LIA-QMS) of graphite limiter tiles, exposed in the first plasma operational phase of Wendelstein 7-X, for
depth-resolved and quantitative hydrogen content analysis. A series of poloidal and toroidal locations are
analyzed at three of the five limiters, showing up to 2.3 X 10?2 hydrogen atoms/m? in net-deposition areas after
a total plasma exposure of about 311 s in mixed hydrogen and helium operation. Shallow implantation of
hydrogen is observed in erosion zones, where a low fuel content is present due to the high surface temperature
during plasma operation. The hydrogen content spans between (1.1 and 3.7) x 10?! hydrogen atoms/m? in the
net-erosion areas. Moreover, oxygen has been analyzed and its appearance in both the implantation and de-
position zone was verified. Results are compared to thermal desorption spectrometry and to simultaneously
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performed laser-induced breakdown spectroscopy (LIBS) measurements.

1. Introduction

Monitoring plasma-wall interaction processes like erosion, re-
deposition, retention and outgassing in fusion devices like Wendelstein
7-X (W7-X) is essential for the lifetime of the first wall as well as for a
better understanding of the fuel (hydrogen) retention [1-3]. This is
especially important for long-time discharges of up to 1800 s in the next
W7-X operation phases [4,5] and for future fusion reactors operating
with tritium, where a sustainable fuel cycle is required and a inventory
limit for tritium will be present [6]. Using laser-based methods like
Laser-Induced Breakdown Spectroscopy (LIBS), in-situ as well as ex-situ
analysis can be performed preparation free [7,8]. Still, the plasma
formation and its characteristic light emission are non-equilibrium
processes, which impedes quantitative analysis of unknown material
compositions, although Calibration-Free LIBS (CF-LIBS) analysis im-
proved [9,10].

Most commonly used quantitative analysis methods like Nuclear
Reaction Analysis (NRA) cannot give information about hydrogen, need
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detailed information about the sample composition (e.g. Secondary Ion
Mass Spectrometry) or have no or poor depth resolution (e.g. Thermal
Desorption Spectrometry (TDS)). Laser-induced desorption-quadrupole
mass spectrometry (LID-QMS) [11] bases on desorption of volatile
sample components by laser-induced material heating. It is currently
proposed as in-situ tritium monitor in reactor devices like ITER [12],
but has poor depth resolution due to heat diffusion into the surrounding
material.

Post mortem analysis of graphite limiter tiles from the initial op-
erational phase of W7-X in limiter configuration (OP 1.1) [13] has been
performed recently: Scanning electron microscopy (SEM) with Focused
Ion Beam (FIB) and Energy Dispersive X-ray (EDX) analysis shows
different surface structures, owing to local re-deposition (rough) and
background deposition (smooth) [14]. LIBS analysis in toroidal direc-
tion of the limiter showed a higher hydrogen content at the outer parts
of the limiter [15] as eroded carbon from the central part is re-de-
posited in this regions with co-deposition of oxygen and hydrogen.

We present additional information on these limiter tiles using the
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technique of picosecond Laser-induced ablation-quadrupole mass
spectrometry (LIA-QMS) [16]. It is one of a limited number of post-
mortem analysis diagnostics which allows quantitative and depth-re-
solved information of the hydrogen content in graphite components. As
a residual gas analysis, only volatile sample components can be de-
tected, which is why LIBS is performed simultaneously in one setup.
Compared to LID-QMS, the ablation process in the presented picose-
cond LIA-QMS method gives depth-resolved information and the
plasma formation enables spectroscopic measurements.

This contribution consists of five sections: The introduction is fol-
lowed by information concerning samples from W7-X and plasma ex-
posure conditions (Section 2). The combined setup for LIBS and LIA-
QMS as well as details to these techniques are presented in Section 3.
Limiter tile analysis results comparing three different limiters in po-
loidal and toroidal direction and a discussion are shown in Section 4.
Finally, a conclusion is given in Section 5.

2. Samples

In operation phase 1.1, five equivalent graphite limiters were in-
stalled in W7-X [13]. They were exposed to helium and hydrogen
plasmas with a total exposure time of about 311 s [17]. Each limiter
consists of nine tiles. The analyzed positions with their labels are shown
in Fig. 1. The overlay shows a simulation of EMC3-EIRENE code [18]
for the heat flux in a standard magnetic configuration of W7-X hy-
drogen plasma. Two stripes of high heat fluxes in poloidal direction are
observed on the limiter. Their maxima are detected on tiles 3 and 6 for
the left and right side of the limiter respectively. The simulation pre-
dicts an asymmetry in toroidal direction of one limiter tile due to the
imposed magnetic field structure with different connection lengths
[13]. Moreover, an asymmetry on one limiter in poloidal direction is
predicted.

Overlay: Heat flux
(EMC3-EIRENE)

Limiter 1

Limiter 4

Fig. 1. Photo of limiter modules 5 to 1 (left to right), each containing nine tiles.
Analyzed tiles are marked in red. On limiter 4 a simulation of the heat flux
(EMC3-EIRENE code [13]) owing to electron and ion impact is overlayed. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 2. Schematic overview of the setup: Single picosecond laser pulses are used
to successive ablate a sample in a vacuum chamber. A combination of LIBS and
QMS is used to measure the sample’s composition. For a residual gas analysis
and the calibration of the quadrupole mass spectrometer a valve to the vacuum
pumps is closed (figure based on [16]).

Here, we use the hydrogen content in the tiles to study if the
asymmetries in the impinging ion and heat flux can be observed by
post-mortem analysis techniques. Additionally, a comparison of lim-
iter 1, 2 and 4 is shown, as limiter 1 was positioned slightly deeper into
the plasma and received higher heat loads [13].

3. Experimental setup

The experimental setup for picosecond laser-induced ablation using
a Nd:YVO, laser by EKSPLA is shown in Fig. 2. The samples are
mounted on a x-, y-, ¢-stage in a vacuum chamber with a base pressure
of p, = 1 x 107 mbar. The limiter tiles are cut into 7 pieces to reduce a
change of the laser fluence caused by its curved surface. This results in
an angle between the laser pulses and the samples surface of 90° = 5°.
An increase of the laser spot size is neglected. To perform residual gas
analysis after single shot laser-induced ablation (LIA-QMS), a valve to
the vacuum pumps can be closed. Simultaneously, LIBS is performed
with an observation angle of 85° . The focal lengths of the biconvex
collimation lens and the planoconvex focusing lens are f=100 mm and
f=500mm respectively. Applied laser parameter and settings are
shown in Table 1.

3.1. Diagnostics

With the setup shown in Fig. 2, LIA-QMS and LIBS are performed
simultaneously to get sample composition information from char-
acteristic line radiation (LIBS) with additional quantitative information

Table 1
Overview of the laser parameter and settings used for the single shot analysis of
W?7-X graphite limiter tiles.

Laser wavelength: AL = 355nm
Pulse duration: t = 35ps
Pulse energy: E; = 25mJ
Spot diameter at sample: dy, = 700 um
Average laser fluence: Fp = 6.5

cm?
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of volatile species (LIA-QMS). Using the laser parameter shown in
Table 1, a depth resolution of = 100 nm and a lateral resolution of up
to 2mm is achieved.

In addition, TDS was performed with pieces
(Ixwxh=(8x8x4mm?) of the limiter tiles, assuming there was
no modification of the composition for material deeper than 4 mm due
to plasma operation in W7-X. TDS is used as independent measure of
the quantitative hydrogen content, without any depth resolution, but as
integral measure.

3.1.1. LIA-QMS

Laser-induced ablation-quadrupole mass spectrometry is a relatively
novel method to measure volatile sample components. After closing a
valve to the vacuum pumps, a high energetic picosecond laser pulse is
focused on the sample surface. The partial pressure of removed material
in gas phase with % up to 100% is detected in quasi-equilibrium® with
a quadrupole mass spectrometer. Details on the measurement technique
can be found in [16]. After 15 subsequent laser pulses on one sample
position of the limiter tiles, a constant measurement signal is observed.
For all LIA-QMS data shown in this publication, this constant signal is
subtracted as background. Consequently, only the composition mod-
ifications, caused by exposure to W7-X plasma, close to the surface are
analyzed, whereas intrinsic components and parasitic signals from in-
teraction of the laser radiation with the chamber wall are subtracted.
The measurement signals can be quantified by TDS results (Table 2) or
by using a calibration leak (described in [16]).

3.1.2. LIBS

For laser-induced breakdown spectroscopy a single-core fiber with a
diameter of 600 um and a numerical aperture of 0.22 transports emitted
light into a Ocean Optics, HR2000 USB spectrometer. The wavelength
range is 350nm to 800 nm with spectral resolution of about 1 nm
(FWHM). More details on the LIBS setup and its applications for ana-
lysis of the limiter tiles can be found in [15]. LIBS data uses hydrogen
and carbon peak intensities for a qualitative comparison with LIA-QMS
results.

4. Results and discussion

The surface composition of different positions on the graphite lim-
iters is analyzed. Fig. 3 shows a photo of limiter 4 - tile 3 with labeling
for toroidal and poloidal scanning direction.

4.1. Local distribution of hydrogen on limiter 4

A scan over the limiter tiles in toroidal direction with a lateral re-
solution up to 2 mm is performed. The integrated signal of ten succes-
sive laser-induced ablations, giving a total ablation depth of 1 um is
shown in Fig. 4 for tile 3 and 6. Regarding tile 3, the hydrogen content
shows a symmetry for the left and right part with two maxima on each
side of the limiter. The maximum at the outside of the right side (x = 70
mm) of the tile is slightly broader than the on the left side, which is
attributed to the shape of the limiter.

Fig. 5 shows the depth resolved LIA-QMS hydrogen signals for the
local extremes of tile 3 in Fig. 4. Fig. 6 shows LIBS results at the same
positions. The laser-induced ablation rate for the top x-axis was mea-
sured ex-situ with a profilometer and approximated to be equivalent for
the different layer structures. The depth distribution of the hydrogen
content is different in these four zones on the limiter, which is con-
sistent with microscopy measurements in these regions [14]:

! The term quasi-equilibrium is used to describe a constant partial pressure,
caused by laser-induced sample ablation, which is superposed with a linear rise
of the background signal, caused by outgassing of the vacuum chamber wall.
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Table 2

TDS measurement results of limiter tile pieces from the identified zones and the
extracted plasma-induced H content increase. Errors include uncertainties of
the calibration leak and of the sample size measurements.

Sample TDS signal Plasma-induced signal
(10'® H atoms) (10?? H atoms/m?)

Reference (0.80 = 0.12) -

Mixed (1.79 + 0.27) (1.55 + 0.60)

Net-erosion (1.04 = 0.16) (0.38 + 0.43)

Net-deposition (2.00 + 0.30) (1.88 + 0.66)

EE-

Fig. 3. Photo of limiter 4 - tile 3 with lateral position x in toroidal direction. The
colored regions show the identified zones (figure based on [15]).
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Fig. 4. LIA-QMS hydrogen signals of limiter 4 - tiles 3 and 6 over toroidal di-
rection x as surface coordinate with 0 at the center of the limiter. The signals
are folded to show the symmetry for the left and right side of the limiters. The
vertical lines show the centers of the identified zones.

o In the limiter center (x = 0 mm)-almost tangential to the plasma a
low hydrogen content is observed. This plasma-wetted zone is ero-
sion-dominated due to high surface temperature and energy of in-
cident particles.

® Near the limiter center (x = (12 *= 5)mm) a mixed zone with high
hydrogen content in small depth is observed. Local redeposition
partially coats the surface of the limiter in this section [14], causing
a higher hydrogen content than in the limiter center for LIA-QMS
and LIBS analysis.

o Next to thisarea (x = (30 * 10) mm) a small amount of hydrogen
indicates a pure erosion zone where hydrogen is only implanted in
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Fig. 5. Depth resolved LIA-QMS hydrogen signal for different toroidal positions
x on limiter 4 - tile 3 which show zones of different plasma interaction with the
surface.
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Fig. 6. Depth resolved LIBS signal on limiter 4 - tile 3.

the material.

e On the outer part of the limiter tile (x = (70 20) mm), located
deepest in the scrape-off layer, a net-deposition zone is observed: A
layer of re-deposited carbon and co-deposited hydrogen with a
thickness up to 600 pm is formed during OP 1.1. The thickness is in
good agreement with EDX measurements [15].

—+

The depth resolved LIA-QMS and LIBS signals both show the highest
hydrogen content in the net deposition zone from laser-induced abla-
tion pulse number 2-9. Moreover, in the mixed zone the second highest
signals are measured for pulse number 2-5. For the pulse numbers 5-10
in the net erosion zone the implanted hydrogen can only be detected
with LIBS. The overall erosion/deposition pattern with an erosion
dominated center part and strong deposition on the side areas is com-
parable to observation in limiter tokamaks [3,19].

4.2. Poloidal distribution of hydrogen

Comparable hydrogen contents and depth distributions are found
for the net-deposition zone of the right part of tile 3 and tile 6 (Fig. 4),
although an asymmetry of the heat flux on the limiter tiles is observed
(compare Fig. 1 and [14]).
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Fig. 7. Comparison of the hydrogen and oxygen content of limiter tiles 3
measured with LIA-QMS in different modules of W7-X.

For tile 6, the left part shows a 30% lower hydrogen signal in the
net-deposition zone. Also the hydrogen content of tile 6 in the mixed
zone is 50% lower than on tile 3.

4.3. Global distribution of hydrogen and oxygen in toroidal direction

Fig. 7 shows a comparison of limiter 1 and limiter 4 - tile 3 in tor-
oidal direction. Within the measurement uncertainty, limiter 1 shows a
similar amount of hydrogen and oxygen in the net-deposition zone,
whereas the signals of limiter 1 in the mixed zone are small compared
to the erosion dominated zone. This is attributed to the fact, that lim-
iter 1 was exposed to up to 2 times higher heat load [13] associated
with significant higher surface temperature which causes less hydrogen
stored in the layer.

The difference in hydrogen content between limiters 2 and 4 is
within 0.2 x 10?2 atoms/m? (not shown), and thus below the mea-
surement uncertainty.

The signals in Fig. 7 were calibrated using TDS results of the de-
position zone on limiter 4, which is discussed in more detail in
Section 4.4.

4.4. Quantification

To quantify the LIA-QMS results, two calibration procedures can be
used: On the one hand, TDS measurements using small pieces of the
limiter tiles was performed. On the other hand a calibration leak, which
is integrated in the setup, can be used with each analyzed gas. TDS
results are shown in Table 2.

To minimize measurement uncertainties, all pieces were cut to the
same dimensions. A graphite limiter tile which was not installed in W7-
X (Reference sample) was outgassed to determine the hydrogen content
in the graphite before plasma exposure. After subtraction of the refer-
ence’s hydrogen content, the signals of pieces from the center of the
identified zones were normalized to the exposed surface area. This
evaluation extracts the plasma-induced hydrogen signal.? In the net-
erosion zone, hydrogen can only be implanted, resulting in a low hy-
drogen TDS signal as well as LIA-QMS signal for % = Zamju. For the
mixed and net-deposition zone, additionally a layer of re-deposited
carbon with co-deposited hydrogen and oxygen [14] resultsin a 4 to 5
times higher hydrogen signal. Moreover, the TDS results show 10%
lower hydrogen content in the mixed zone compared to the deposition

2 For error calculations the uncertainty of the calibration leak of 10% is used
for TDS. The sample size uncertenties are Ax; 0.1 mm. Hydrogen con-
tamination from the sides of the samples after cutting is neglected.
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Fig. 8. Possible solution for the composition analysis of the first laser pulse in
the deposition dominated zone. Pulse number 15 in white is showing the
constant background (BG ablation) signal. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

zone, whereas the signal is about 50% lower for LIA-QMS (Fig. 4) and
LIBS [15].

Using TDS as calibration for LIA-QMS requires an additional post-
mortem analysis procedure with lower lateral resolution and without
depth information. Another method to quantify the quadrupole signal
bases on a calibration leak with known flow rate: With closed shutter to
the vacuum pumps, hydrogen gas is filled into the vacuum chamber
with a flow rate of AQH, = (9.13 + 0.73) x 10~7Pa m®/s. Using the
quadrupole detector current rise and the flow rate, the detector signal
can be converted to a hydrogen partial pressure and hence to an ab-
solute number of hydrogen atoms when the ideal gas equation is ap-
plied. Details to this calibration procedure can be found in [16]. With
this calibration method, the hydrogen content is 35% lower than for
TDS in the mixed and the net-deposition zone. Potential reasons for the
discrepancy are the following. Firstly, hydrogen can be implanted
deeper in the material than 1 um, so that is not detected by LIA-QMS,
but outgassed with TDS. Also the unexposed reference sample might be
slightly different in its hydrogen content. Moreover, for picosecond
laser-induced ablation, the induced plasma does not necessarily break
all chemical bonds during the ablation process. Consequently, a fraction
of the hydrogen remains in hydrocarbons. A composition analysis is
performed by sweeping the quadrupole for % = 2? - 100? to show
the ablated hydrocarbons.

4.5. Surface composition analysis with LIA-QMS

A residual gas spectrum for the first laser-induced ablation pulse on
limiter 4 - tile 3 in the net-deposition zone is shown in Fig. 8. The
constant laser-induced signal after 15 laser pulses is overlayed as
background signal (BG ablation) in white. Besides hydrogen (% = 2amT”)
and oxygen (g = (32 and 16)%), LIA-QMS analysis shows significant
signals for (12—16) % and (25-28) *““T“ A possible solution for the
composition analysis with hydrocarbons, nitrogen and carbon mon-
oxide is presented.’

The C,H, signals for % =(25- 27)% indicate, that after picose-
cond laser-induced ablation of the net-deposition layer, carbon hy-
drides needs to be included for quantitative analysis using LIA-QMS.
The signal of % = 28? is a superposition of hydrocarbons, nitrogen

and carbon monoxide. As the signal of ”* = 30*™ is low, no significant

amount of C,Hg seems to be ablated. A drawback of quantitative LIA-

3 Cracking patterns for O,, N, and CH4 were measured using gas inlet by the
calibration leak. As the results are in good agreement (AI < 5%) with mass
spectra from Linstrom and Mallard [20], its cracking patterns were included for
C,H, and C,H, in Fig. 8.

157
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QMS analysis is, that each gas needs to be calibrated individually.
Further investigations are required for a more detailed quantitative
analysis of the composition.

5. Conclusion

LIA-QMS results for the hydrogen content of graphite limiter tiles
from W7-X OP 1.1 are in good agreement with LIBS measurements. In
toroidal direction LIA-QMS analysis shows, that signals of hydrogen and
oxygen close to the limiter center are lower for limiter 1 than for lim-
iter 2 and 4. This implies that no mixed zone is present on limiter 1 as
the erosion rate is higher than the deposition rate near the limiter
center, caused by a two times higher heat flux on this limiter tile. In
poloidal direction, no significant variation of the hydrogen content is
observed for the deposition dominated zone, whereas the hydrogen
content in the mixed zone of tile 6 is 50% lower than in the mixed zone
of tile 3.

A composition analysis of the residual gas spectrum shows, that
hydrocarbons include a significant fraction of the total amount of hy-
drogen in the sample. These need to be included for quantitative hy-
drogen content measurements using LIA-QMS analysis and also to be
considered for the interpretation of picosecond LIBS results.

Future analysis will be performed with graphite divertor tiles from
OP 1.2. Furthermore, LIA-QMS technique will be improved and tested
as a possible in-situ diagnostic for hydrogen retention monitoring in
fusion devices.
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