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1 Introduction

Effects of plasma-wall interaction such as erosion
of and deposition 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 toka-
maks, several studies have been conducted to inves-
tigate all of thos aspects |[12]. The aim for continu-
ous operation of stellarators in complex 3D geometry
make new studies in such devices necessary. Mayer
et al. |10] observed the erosion and deposition pat-
terns in Wendelstein 7-X (W7-X) with marker layers
embedded in PFCs. Codes like ERO2.0 [13] are be-
ing developed to simulate plasma-wall interaction in
fusion devices. Additional studies of carbon migra-
tion 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 conducted for this reason, in which 13C
isotopically marked methane was injected into a hy-
drogen plasma [4]. The distribution of deposited 13C
on PFCs part of the non-actively cooled fine grain
graphite Test Divertor Unit (TDU) are now anal-
ysed in post-mortem studies with the components
removed from the machine. Methods like Nuclear Re-

action Analysis (NRA) or Secondary Ion Mass Spec-
troscopy (SIMS) are established techniques that have
been used for deposition and erosion analyses using
marker layers or injecting marker isotopes into the
plasma [11] [8]. However, Divertor Units are cur-
rently completely exchanged for actively water cooled
elements to be used in the upcoming OP of WT-
X [2] [3]. The structure supplying the coolant to
the divertor units will make removal for post-mortem
analyses more challenging. Accordingly, the develop-
ment of a method for carbon isotope distinction that
can be used in-situ without removal of PFCs is of in-
terest for future studies of carbon migration in a full
carbon device in steady-state.

One potential method for in-situ analysis of mate-
rial compositions is Laser-Induced Breakdown Spec-
troscopy (LIBS) [9] [6]. LIBS permits to distinguish
between different hydrogen isotopes through the ob-
servation of isotopic shifts in the spectra emitted by
the laser-induced plasma [7]. But the very small iso-
topic 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 ob-
serve multiple spectroscopic lines required for LIBS.
A potential solution to this challenge is to observe
the emission not from atomic carbon but from di-
atomic molecules containing carbon such as Cy, CO,



CH or CN, that are also present in the plasma .
This method is called Laser Ablation Molecular Iso-
topic Spectroscopy (LAMIS) and the following anal-
yses utilise the molecule Cs, which is present in a
laser-induced plasma produced on a carbon surface
without the need for impurities such as Oxygen, Ni-
trogen or Hydrogen.

LAMIS is essentially LIBS for molecules released dur-
ing 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 car-
bon isotope distributions on graphite PFCs with a
post-mortem study. We will first describe the gas
injection experiment and setup used for ex-situ anal-
ysis. Next, the method for analysing the spectra to
obtain the '3C content in the ablated volume is ex-
plained and discussed. Subsequently, a first study
on individual PFCs from the TDU will be used to
demonstrate the capabilities of LAMIS and the re-
sult will be compared to NRA measurements of 13C
depth and spatial resolution and finally compared
to simulations with the ERO2.0 code. ERO2.0 is a
Monte Carlo impurity transport and PWI code util-
ising 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. [I). The presented analy-
ses were done on two target elements from the hor-
izontal, lower divertor of modules 3 and 5. They
are labelled as TEO1 of HM39TM200h and TEQ7 of
HM58TM200h.

Prior to extraction, '*CH, was injected into a hy-
drogen plasma through gas valves in the lower
TDU of module 3 in the last plasma experiment
of OP1.2b. The gas nozzles were situated between
target elements TE04 and TEO05 of divertor mod-
ule HM39TM200h. About 4 x 1022 molecules were
injected during a series of H plasmas in standard

upper 7 -
divertor A
\LE

Figure 1: Picture of the TDU in W7-X before usage.
In the marked area, location of injection (green), loac-
tion of the nearest analysed TDU element (yellow)
and the pumping gap (blue) are shown.

divertor configuration accumulating 330s of plasma
duration . Minimum distance between gas nozzles
and the closest analysed divertor finger is 165 mm in
toroidal direction. Further information about the ex-
periment is given in .
Both elements have been extracted at the end of OP
1.2b from the W7-X vessel and cut along poloidal di-
rection into smaller blocks (10 mm toroidal x 25mm
poloidal x 5mm 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 op-
tical elements for delaying laser pulses, the sample
chamber with vacuum equipment and the spectrom-
eter including optical elements for light collection (see
fig. .
An EKSPLA PL2241CSH-TH Nd:YAG laser gener-
ates the 2nd (A = 532nm) and 3rd (A = 355nm)
harmonic of the amplifier output (A = 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 7 = 35ps. In order to
enhance the signal strength, double pulse scheme was
used. The laser pulses with wavelengths A = 355 nm
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Figure 2: schematic of the LAMIS setup with laser
system, vacuum chamber and spectrometer

and A = 1064 nm have been used for the LAMIS mea-
surement. The laser pulse with A = 355 nm is directly
focussed (f = 500 mm) into the sample chamber and
thus onto the material’s surface. The second laser
pulse with A = 1064 nm is first delayed optically by
At = 50ns and then focussed into the plasma gener-
ated 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 =
1 x 10~ "mbar) or at low pressure (p = 1.5mbar)
filled with nitrogen. Outside the chamber at an an-
gle of 5 = 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 op-
tical fibre (d =1.5mm, NA = 0.22). The spectrome-
ter used for spectral analysis is a custom-built spec-
trometer in littrow arrangement optimized for high
¢tendue (62 pm?sr). The spectrometer observes the
wavelength interval 466 nm to 480 nm for an analysis
of the 1-0 vibrational bands of the C; Swan bands
(d°T, — a®Il, transition).
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Figure 3: blue: spectrum taken from the first 200 nm
of a TDU on a position with high *C content. The
content calculated from this spectrum is 84%. or-
ange: spectrum taken from the depth of 200 nm to
400nm of a TDU on a position with reasonable C
content. The content calculated from this spectrum
is 12%.

3 Results

Figure [J] shows spectroscopic recordings of the Cs
Swan band from the position of highest 3C con-
tent taken from the plasmas of the first and second
laser pulses respectively. For further analysis, inten-
sities were integrated over a spectroscopic span of
0.5nm from the band head towards blue (integrated
wavelength spans for '2Cy: 473.37nm to 473.87 nm,
for 13C12C: 474.10nm to 474.60nm and for 3Cs:
474.83nm to 475.33 nm). It is assumed that all three
isotopologues have the same rovibrational popula-
tion and emission behaviour. The relative intensi-
ties of the three bands carry information about iso-
topic composition of ablated material with good spa-
tial resolution. If the relative integrated intensities
are proportional to the relative abundances of the
isotopologues, then the content of *C as fraction of
total carbon in the ablated volume, represented by
the sum of 3C,, 12Cy and '3C12C, can be calculated
by:
nisg 2 hac, + Iscizg
2. (11302 + Lisgizg + 11202)

nc
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Figure 4: spectra from measurements and fitted sim-
ulated spectra for a) a case without 13C and b) a case
with maximum 3C.
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Figure 5: 13C distribution on TEO1 of HM39TM200h
as measured by LAMIS, NRA and simulated by
ERO2.0

Here I is the integrated intensity of the respective
bands.
The spectra were fitted with simulated spectra using
the program Pgopher, which provides emission spec-
tra simulations of molecule mixtures . The nec-
essary molecular constants of the three Co isotopo-
logues were extracted from the ExoMol database .
For this, rotational and vibrational temperatures are
assumed to be equal and so were emission characteris-
tics of all three isotopologues. In figure [4] two sample
spectra and their fitted simulations are shown. Fig-
ure |4 a) shows measured and simulated spectra of a
measurement where no '3C was detected. The simu-
lation finds a single rotation and vibrational (rovibra-
tional) temperature of (5200 £ 21) K. The spectrum
and fitted simulation with highest '3C in this study
is presented in ﬁgure b). The rovibrational temper-
ature 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 spectro-
scopic interval. These simulations can provide more
information about the LAMIS plasma, but a more de-
tailed analysis is going to be subject of future studies.
The analysed element closer to the injection lo-
cation was target element TEOl of HM39TM200h.
With a distance of minimal 165 mm, 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 '3C distribution as measured by
LAMIS and NRA is shown in figure [5] The scale on
the x-axis shows the poloidal location relative to the
pumping gap (cf. fig. . The results of both anal-
yses agree on the position and shape of *C deposi-
tion zones. Maxima in '*C content around 400 mm
poloidal coordinate on the target element are due to
direct deposition after dissociation of 1*CHy in the
hot edge plasma of W7-X. A second deposition zone
appears between Omm to 200 mm poloidal coordi-
nate. No direct deposition from the gas injection is
expected here, but '3C can reach this area by dis-
sociation and transport through the plasma includ-
ing multiple erosion/deposition steps, thus migration.
Note that the zone around 150 mm poloidal coor-
dinate reflects the main horizontal strike-line, thus
a net erosion zone in normal plasma conditions [4].
The causes of 3C deposition in this normally erosion
dominated zone have not yet been identified.

The 'C flux onto the element as simulated by
ERO2.0 is also shown in figure b} The simulation this
close to the injection location only takes direct 3C
deposition into account. For that reason, '3C content
caused by migrating 13C is not predicted. Only the
peak in 13C content from direct deposition after in-
jection appears between 270 mm to 410 mm poloidal
coordinate. The maxima in simulated 3C and in
measured 2C surface content are shifted in poloidal
position by about 100 mm. This is probably due to
neglection of ExB drift in the simulation or local
changes in plasma parameters induced by the injec-
tion 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 signif-
icantly further away from the injection location, in a
different Module, than TE01 of HM39TM200h. '3C
content as measured by LAMIS and '3C flux onto
the element as simulated by ER02.0 are shown in
figure [f] Here, maxima in simulation and measure-
ment are in better agreement than on element TEO1
of HM39TM200h, because all *C being deposited
reaches TEQ7 of HM58TM200h through transport in
accordance with background impurities. No direct
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Figure 6: 3C distribution on TE07 of HM58TM200h
as measured by LAMIS and simulated by ERO2.0

deposition is expected this far from the injection lo-
cation.

4 Conclusion

The ex-situ performed NRA and LAMIS analyses of
target element TEO1 of TDU module HM39TM200h
show generally good agreement on measured 2C
distribution. Both analyses were conducted along
poloidal lines that were shifted toroidally by about
6 mm, which is expected 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.
Maximum '3C content relative to *C content in de-
position zone caused by migration is higher in NRA
results than in LAMIS results. The causes of this de-
viation have not yet been resolved.

Relative to this, the local deposition zone as simu-
lated by ERO 2.0 is shifted for about 100 mm to-
wards the pumping gap. Multiple deposition/erosion
steps were not yet taken into account in this simula-
tion. The effort to take into account ExB drift and
multiple erosion/deposition steps are ongoing. The
observed shift in direct deposition might have been
caused by neglection of ExB 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 TEQ7 of divertor module HM58TM200h
shows more agreement between simulated and mea-
sured '3C 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 find-
ings so far, we conclude that both, the method pro-
posed for analysing carbon isotope content and the
proposed way to analyse Swan bands to access 3C
content produce results that are in good agreement
with an established way to measure '3C content of
PFCs. Although these findings do not demonstrate
in-situ utilisation of this method, they do show that
this method can determine '3C 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 stel-
larators with actively cooled divertor modules.
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