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ARTICLE INFO ABSTRACT

Keywords: Wendelstein 7-X (W7-X) operation with inertially cooled graphite Test Divertor Unit (TDU) was finalised in
LAMIS a series of identical hydrogen plasmas with injection of 13C isotopically marked methane. The break-up
LIBS of 13CH4, injected through gas inlets at one toroidal position of W7-X, and the subsequent transport and
W7-X

deposition of 13C in the device was studied ex-situ. The TDU was therefore extracted from the vessel and
some of the removed TDU elements were examined regarding their 13C distribution in deposited layers on
the surface using Laser Ablation Molecular Isotopic Spectroscopy (LAMIS). This study shows the 13C/12C
distinction capabilities of LAMIS used to analyse the carbon deposition pattern on Plasma-Facing Components
(PFCs) on two of the removed TDU elements. The resulted pattern was compared with complementary results
from Nuclear Reaction Analysis (NRA) and simulations of 13C deposition by ERO2.0, a material transport and
plasma-surface interaction code. Ultra- short laser pulses of a Nd:YAG laser were used in collinear double-pulse
configuration for LAMIS. The first pulse (11 = 355 nm, t1 = 35 ps, F = 2.3 J/cm?) produced a laser- induced
plasma on the surface and 50 ns later, the second laser pulse (12 = 1064 nm, t2 = 35 ps) was directed into
this plasma to enhance the signal. Each pulse pair ablates in total 200 nm of the surface material. The analysis
is conducted in 1.5 mbar N2 environment for improved signal-to-noise ratio relative to vacuum conditions. A
high throughput custom-made spectrometer in Littrow-arrangement (f = 750 mm, A = 6000 at 1 = 473 nm,
Ispan = 14 nm) was used to analyse the C2 Swan bands (d3rg - a3ru, v = 1 to v’ = 0) of laser-induced plasma
emission.

1. Introduction injected into a hydrogen plasma [4]. The distribution of deposited

13C on PFCs part of the non-actively cooled fine grain graphite Test

Effects of plasma-wall interaction such as erosion of and deposition Divertor Unit (TDU) are now analysed in post-mortem studies with

on Plasma-Facing Components (PFCs) are important for questions of
material life time, operational regime and safety of fusion devices. In
purely toroidal symmetry, as is present in tokamaks, several studies
have been conducted to investigate all of those aspects [1]. The aim
for continuous operation of stellarators in complex 3D geometry make
new studies in such devices necessary. Mayer et al. [2] observed the
erosion and deposition patterns in Wendelstein 7-X (W7-X) with marker

the components removed from the machine. Methods like Nuclear
Reaction Analysis (NRA) or Secondary Ion Mass Spectroscopy (SIMS)
are established techniques that have been used for deposition and
erosion analyses using marker layers or injecting marker isotopes into
the plasma [5,6]. However, Divertor Units are currently completely
exchanged for actively water cooled elements to be used in the up-

layers embedded in PFCs. Codes like ERO2.0 [3] are being developed to
simulate plasma-wall interaction in fusion devices. Additional studies
of carbon migration leading to deposition in stellarators are needed
to test the codes in question and give valuable input for their further
development [4].

Experiments in Operation Phase (OP) 1.2b of W7-X had been con-
ducted for this reason, in which 13C isotopically marked methane was
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coming OP of W7-X [7,8]. The structure supplying the coolant to
the divertor units will make removal for post-mortem analyses more
challenging. Accordingly, the development of a method for carbon
isotope distinction that can be used in-situ without removal of PFCs is
of interest for future studies of carbon migration in a full carbon device
in steady-state.

1 The full list of W7-X team members is given in Thomas Sunn Pedersen et al. 2022 Nucl. Fusion 62 042022.
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prior plasma

Fig. 1. Picture of the TDU in W7-X before usage. In the marked area, location of
injection (green), location of the nearest analysed TDU element (yellow) and the
pumping gap (blue) are shown. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

One potential method for in-situ analysis of material compositions
is Laser-Induced Breakdown Spectroscopy (LIBS) [9,10]. LIBS permits
to distinguish between different hydrogen isotopes through the obser-
vation of isotopic shifts in the spectra emitted by the laser-induced
plasma [11]. But the very small isotopic shift in emission from atomic
carbon is more challenging to resolve due to the higher nuclear mass,
as low light detection limit and the ability to observe multiple spec-
troscopic lines are required for LIBS. For instance, the isotopic shift
of CI line at 505.2nm is only 0.001 78 nm. A potential solution to this
challenge is to observe the emission not from atomic carbon but from
diatomic molecules containing carbon such as C,, CO, CH or CN, that
are also present in the plasma [12,13]. This method is called Laser
Ablation Molecular Isotopic Spectroscopy (LAMIS) and the following
analyses utilise the molecule C,, which is present in a laser-induced
plasma produced on a carbon surface without the need for impurities
such as Oxygen, Nitrogen or Hydrogen.

LAMIS is essentially LIBS for molecules released during the ablation
process, and therefore a valid option for such an in-situ technique. This
text will show the suitability of LAMIS for the measurement of carbon
isotope distributions on graphite PFCs with a post-mortem study. We
will first describe the gas injection experiment and setup used for ex-
situ analysis. Next, the method for analysing the spectra to obtain
the 13C content in the ablated volume is explained and discussed.
Subsequently, a first study on individual PFCs from the TDU will be
used to demonstrate the capabilities of LAMIS and the result will be
compared to NRA measurements of 13C depth and spatial resolution
and finally compared to simulations with the ERO2.0 code. ER02.0
is a Monte Carlo impurity transport and PWI code utilising a plasma
background from plasma boundary solver EMC3-EIRENE.

2. Experimental

W7-X is a Helias-type stellarator with five-fold toroidal symmetry
represented by 5 modules denoted with the index 1 to 5. Each module
has a lower and an upper divertor unit each with multiple vertical and
horizontal divertor modules containing multiple target elements (see
Fig. 1). The presented analyses were done on two target elements from
the horizontal, lower divertor of modules 3 and 5. They are labelled as
TEO1 of HM39TM200h and TEQ7 of HM58TM200h.

Prior to extraction, 13CH, was injected into a hydrogen plasma
through gas valves in the lower TDU of module 3 in the last plasma
experiment of OP1.2b. No further plasmas were run before the extrac-
tion of TDU elements. The gas nozzles were situated between target
elements TE04 and TEO5 of divertor module HM39TM200h. About 4 x
1022 molecules were injected during a series of H plasmas in standard
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Fig. 2. Schematic of the LAMIS setup with laser system, vacuum chamber and
spectrometer.

Vacuum chamber

divertor configuration accumulating 330 s of plasma duration [4]. Min-
imum distance between gas nozzles and the closest analysed divertor
finger is 165 mm in toroidal direction. Further information about the
experiment is given in [4].

Both elements have been extracted at the end of OP 1.2b from the
W7-X vessel and cut along poloidal direction into smaller blocks (10 mm
toroidal x 25 mm poloidal x 5 mm thick, sometimes smaller in poloidal
direction depending on the structure of the surface) which fit into the
sample holder of the NRA setup.

The setup used for the ex-situ study presented in this article consists
of a laser system including optical elements for delaying laser pulses,
the sample chamber with vacuum equipment and the spectrometer
including optical elements for light collection (see Fig. 2).

An EKSPLA PL2241CSH-TH Nd:YAG laser generates the 2nd (4 =
532nm) and 3rd (4 = 355nm) harmonic of the amplifier output (1 =
1064 nm) and provides laser pulses for the LIBS studies with each of the
three wavelengths at different outputs. All three pulses are released at
approximately the same time and have a pulse duration of z = 35 ps.
In order to enhance the signal strength, double pulse scheme was used.
The laser pulses with wavelengths 4 = 355nm and 4 = 1064 nm have
been used for the LAMIS measurement. The laser pulse with 4 = 355nm
is directly focussed (f = 500mm) into the sample chamber and thus
onto the material’s surface. The second laser pulse with 1 = 1064 nm is
first delayed optically by 4r = 50ns and then focussed into the plasma
generated by the first laser pulse on the material surface. The angle
between both beampaths on the surface is « = 5°. The crater left behind
after ablation by each pulse pair is ~700 pm in diameter and 200 nm in
depth.

The experimental chamber is either at vacuum (p = 10~7 mbar) or
at low pressure (p = 1.5mbar) filled with nitrogen. The low pressure
nitrogen atmosphere enhances emission of the laser-induced plasma for
better signal-to-noise-ratio. Outside the chamber at an angle of g = 5°
to the beampath of the first laser pulse a concave aluminium mirror
is used for collection of light, which is then led into a spectrometer
by an optical fibre (d =1.5mm, NA = 0.22). The spectrometer used for
spectral analysis is a custom-built spectrometer in littrow arrangement
optimised for high eétendue. The eétendue calculates as follows [14]:

2 2
T:w*h%*(?) :w*h%*(%) 1
w is the width of the slit, h the height of the slit and N the focal ratio of
the input. A slit width of 50 pm, a slit height of 3 mm and a focal ratio of

f/4.3 gives an étendue of 6.4E3 pm? sr. For reference, the spectrometer
described in [15] has an étendue of 30 pm? sr. The spectrometer
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Fig. 3. Blue: spectrum taken from the first 200nm of a TDU on a position with high
13C content. The content calculated from this spectrum is 84%. orange: spectrum taken
from the depth of 200nm to 400 nm of the same position. The content calculated from
this spectrum is 15%. green: spectrum taken from the depth of 400nm to 600nm. The
content calculated from this spectrum is 0.1%. The content was calculated with Eq. (2).
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

observes the wavelength interval 466 nm to 480 nm for an analysis of the
1-0 vibrational bands of the C, Swan bands @ n, - a’ I1, transition).
The spectra were taken 150 ns after first plasma emission and integrated
over 5 ps.

The studies provided in this work are conducted under low pres-
sure conditions and the described double pulse configuration does not
have benefits for signal-to-noise-ratio under these conditions as the
delay between both laser pulses is not at optimum. The benefit lies in
the comparison with studies conducted under vacuum conditions for
which signal-to-noise-ratio enhancement was seen. These studies are
not subject to this article, but will probably be released at a later time.

3. Results

Fig. 3 shows spectroscopic recordings of the C, Swan band from
the position of highest 13C content taken from the plasmas of the first
and second laser pulses respectively. For further analysis, intensities
were integrated over a spectroscopic span of 0.5nm from the band
head towards blue (integrated wavelength spans for 12C,: 473.37 nm to
473.87 nm, for 13C12C: 474.10nm to 474.60nm and for 13C,: 474.83nm
to 475.33nm). It is assumed that all three isotopologues have the
same rovibrational population and emission behaviour. The relative
intensities of the three bands carry information about isotopic compo-
sition of ablated material with good spatial resolution. If the relative
integrated intensities are proportional to the relative abundances of the
isotopologues, then the content of 13C as fraction of total carbon in the
ablated volume, represented by the sum of 13G,, 12C, and 13C!2C, can
be calculated by:

nise 2 II3C2 + Iizcing

ne T 2. ([13(;2 + liscizg + 112C2)

@

Here I is the integrated intensity of the respective bands.

The spectra were fitted with simulated spectra using the program
Pgopher, which provides emission spectra simulations of molecule
mixtures [16]. The necessary molecular constants of the three C,
isotopologues were extracted from the ExoMol database [17]. For this,
rotational and vibrational temperatures are assumed to be equal and
so were emission characteristics of all three isotopologues. In Fig. 4
two sample spectra and their fitted simulations are shown. Fig. 4 (a)
shows measured and simulated spectra of a measurement where no 13C
was detected. The simulation finds a single rotation and vibrational
(rovibrational) temperature of (5200 +21)K. The spectrum and fitted
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Fig. 4. Spectra from measurements and fitted simulated spectra for (a) a case without
13¢C and (b) a case with maximum 3C.
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Fig. 5. 13C distribution on TEO1 of HM39TM200h as measured by LAMIS, NRA and
simulated by ERO2.0.

simulation with highest 13C in this study is presented in Fig. 4 (b). The
rovibrational temperature found for this spectrum is (5300 + 14) K. The
given errors are an estimate of the fitting program and probably bigger
due to the small fitted spectroscopic interval. Simulations considering
CO emission provide similar results. No contribution of CO has been
noticed even though Oxygen is a possible impurity in fusion devices.
These simulations can provide more information about the LAMIS
plasma, but a more detailed analysis is going to be subject of future
studies.

The analysed element closer to the injection location was target
element TEO1 of HM39TM200h. With a distance of minimal 165 mm,
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Fig. 6. !13C distribution on TE07 of HM58TM200h as measured by LAMIS and
simulated by ERO2.0.

this element was located in the wake of the injection, but not in the
zone of strongest direct deposition after dissociation in the plasmas. The
13¢ distribution as measured by LAMIS and NRA is shown in Fig. 5. The
scale on the x-axis shows the poloidal location relative to the pumping
gap (cf. Fig. 1). The results of both analyses agree on the position
and shape of '3C deposition zones. Maxima in '3C content around
400 mm poloidal coordinate on the target element are due to direct
deposition after dissociation of 13CH, in the hot edge plasma of W7-X.
A second deposition zone appears between O mm to 200 mm poloidal
coordinate. No direct deposition from the gas injection is expected
here, but 13C can reach this area by dissociation and transport through
the plasma including multiple erosion/deposition steps, thus migration.
Note that the zone around 150 mm poloidal coordinate reflects the
main horizontal strike-line, thus a net erosion zone in normal plasma
conditions [4]. Peak 13C deposition in this zone was found at 159 mm
poloidal position and is thus slightly further away from the pumping
gap than the main erosion zone. The amount of deposited 13C decreases
slowly from here towards pumping gap. The causes of 13C deposition
in this normally erosion dominated zone have not yet been identified.

The 13C flux onto the element as simulated by ER02.0 is also shown
in Fig. 5. Methane dissociation was taken into account with Janev—
Reiter reaction rates [18]. Reflected particles have been subtracted
from 13C flux onto the element. For atomic 3C SDTrimSP reflection
coefficients were used [19] and for molecules a reflection rate of 1.0
(neutral CH,) or 0.5 (ionised CH,) was assumed. The simulation this
close to the injection location only takes direct 13C deposition into
account. For that reason, 13C content caused by migrating 13C is not
predicted. Only the peak in 13C content from direct deposition after
injection appears between 270 mm to 410 mm poloidal coordinate. The
maxima in simulated 13C and in measured !3C surface content are
shifted in poloidal position by about 100 mm. This is probably due to
neglection of E x B drift in the simulation or local changes in plasma
parameters induced by the injection in its vicinity. Movement of the
strike line due to toroidal currents in the plasma is another possible
explanation. Further investigations will be done in a modelling focussed
paper in the future.

Element TEO7 of HM58TM200h was located significantly further
away from the injection location, in a different Module, than TEO1
of HM39TM200h. 13C content as measured by LAMIS and !3C flux
onto the element as simulated by ERO2.0 are shown in Fig. 6. Here,
maxima in simulation and measurement are in better agreement than
on element TEO1 of HM39TM200h, because all 13C being deposited
reaches TE07 of HM58TM200h through transport in accordance with
background impurities. No direct deposition is expected this far from
the injection location.
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4. Conclusion

The '3CH, injection into the plasma of W7-X was the last exper-
iment before extraction of the TDU elements. As a result, Deposited
13C is expected to be measured on the TDU surface. The measured
distribution matches this expectation even though 13C could only be
detected in the topmost two data points of a depth profile.

The ex-situ performed NRA and LAMIS analyses of target element
TEO1 of TDU module HM39TM200h show generally good agreement
on measured !3C distribution. Both analyses were conducted along
poloidal lines that were shifted toroidally by about 6 mm, which is ex-
pected to be small in relation to the changes in deposition behaviour in
this region. The only deviation between the two measurements appears
at the position of strong local deposition. The proportion of maximum
13C content in local deposition zone to '3C content in deposition zone
caused by migration is higher in NRA results than in LAMIS results. The
causes of this difference have not yet been resolved.

Relative to this, the local deposition zone as simulated by ERO
2.0 is shifted for about 100 mm towards the pumping gap. Multi-
ple deposition/erosion steps were not yet taken into account in this
simulation. The effort to take into account E x B drift and multiple
erosion/deposition steps are ongoing. The observed shift in direct
deposition might have been caused by neglection of E x B drift, changes
in local plasma parameters induced by the injection or shift of the
strike line due to toroidal currents in the plasma. The deposition
due to multiple erosion/deposition steps seen on TEO7 of divertor
module HM58TM200h shows more agreement between simulated and
measured 13C deposition. In case the shift of maximum 13C deposition
on divertor module HM39TM200h is due to toroidal currents in the
plasma, no shift of 13C deposition after multiple erosion/deposition
steps is expected on TEO7 of HM58TM200h. From the findings so
far, we conclude that both, the method proposed for analysing car-
bon isotope content and the proposed way to analyse Swan bands to
access 13C content produce results that are in good agreement with
an established way to measure 13C content of PFCs. Although these
findings do not demonstrate in-situ utilisation of this method, they do
show that this method can determine 13C isotopic content of graphite
with high resolution ex-situ. Because LIBS has been utilised for in-
situ material analysis [9] and the physics behind LIBS and LAMIS are
similar, LAMIS in-situ implementation should be considered for future
studies of erosion and deposition in stellarators with actively cooled
divertor modules.
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