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Doppler line shape model for the W I 5d°6s - 5d°6p
transition at 400.9 nm in tokamaks

A. Sepetys ', R. Guirlet !, J. Rosato 2, Y. Marandet 2

L CEA - IRFM, Cadarache, 13108 — Saint-Paul-lez-Durance, France
2 Aix-Marseille Univ., CNRS, PIIM, Marseille, 13397 Cedex 20, France

Abstract. Tungsten spectroscopy is known to be a useful tool for quantifying W
fluxes in tokamaks. We aim to analyze how background plasma parameters influence
the W spectral-line shape measured in the divertor and scrape-off layer and what
information could be retrieved from such an analysis. To that end, a Monte Carlo
model is developed to simulate the line shape of the 400.9 nm W I line emitted
by physically sputtered W ions from plasma facing components. The influence of
background plasma parameters (ion and electron temperature) and geometrical effects
(detector positioning with respect to the eroded surface) are investigated. The effect
of Zeeman splitting on the spectral line-shape is also explored. A set of requirements
for the experimental set-up needed to measure the analyzed spectral line features with
line peak shifts of the order of 1072A and peak widths in the range from 10~'A to
10~2A are proposed. These requirements are shown to be experimentally accessible,
through the installation of specific high-resolution spectrometers not typically used on
magnetic fusion devices.
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1. Introduction

For a long time a favored material for plasma facing components in fusion reactors was
carbon. However due to its high hydrogen retention and high erosion rate it was deemed
unfit for new generation fusion reactors. This has propelled a research into application
of high Z materials in fusion reactors, due to their lower erosion and capability to handle
high heat loads.

Tungsten was found to have the desired thermo-mechanical properties as well as
low tritium retention. For these reasons ITER will be equipped with a W divertor
and an increasing number of tokamaks are already running with partial or complete W
walls (ASDEX-Upgrade [1], JET [2] and now WEST [3]). However, tungsten is a high
Z material and can lead to high radiation losses and eventually to a complete loss of
confinement, if its content within the plasma is not controlled [4, 5].

One aspect of W content control is the characterisation of its sources within the
tokamak. The primary tungsten source is expected to be a neutral particle flux from
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the plasma facing components originating from their physical erosion. The local neutral
W flux can be inferred spectroscopically from a W I line and the so called S/XB factor
6, 7]. It is also well known that parameters such as the density and temperature of the
emitting population can usually be inferred from the spectral line shape [8, 9, 10, 11].

It is expected that the shape of tungsten low ionization stage spectral lines can
help to characterize W sources by providing information about the neutral W velocity
distribution. This comes from the Doppler effect as the wavelength for the transition
changes due to motion of the source atoms. The resulting Doppler line profile should in
principle reflect key aspects of sputtering physics (e.g. energy and angular distribution
of sputtered atoms) and be sensitive to the energy of ions responsible for sputtering.
However, as tungsten atoms have a large atomic mass, the velocities of sputtered
particles are low, which results in a small Doppler shift. It is thus expected that
accessing this information will require specific very high-resolution spectrometers, and
one of the aims of this work is to quantify these requirements. To study this wavelength
change a Monte Carlo based model was developed to estimate the Doppler profiles
of neutral W lines. The model includes the physical sputtering process of the target
material, the Doppler shift of the photons emitted by the sputtered atoms. Obtaining
line profiles further requires accounting for the Zeeman effect, which is line dependent.
In this work we apply the model to the case of the most commonly observed W I line
at 400.9 nm [6, 12], since this allows to discuss the main parameters determining the
line shape and the instrumental requirements to analyse these line profiles. Applying
the analysis to several W I lines simultaneously would allow to check the consistency
of the measurements with the calculated Zeeman profiles and identify possible parasitic
line contributions to the W I lines, and is thus highly recommended. Furthermore, the
analysis could also be coupled to W II line measurements in order to further strengthen
the results and evidence the degree of thermalization of W II ions.

The outline of the paper is as follows: the model for the Doppler line shape is
discussed in section 2, and the results are presented in section 3 for a set of relevant
projectiles and plasma conditions. The Zeeman effect resulting from the confining
magnetic field is discussed in section 4. The results are then summarized in section
5, where an assessment of the information potentially retrievable from a W I line shape
analysis is presented, together with the experimental requirements.

2. W atom source and emission

The model for the sputtered ion velocity distribution to be presented in this section
is schematically represented in Figure 1. The W source process is assumed to be the
sputtering of W atoms by an ion flux accelerated in the magnetized sheath and hitting
a planar W surface representing a divertor plate or a limiter.

We aim to estimate the sputtered tungsten atom velocity distribution arising from
the incoming ion flux characteristics and sputtering properties of the W target. From
the velocity distribution thus derived and geometrical features of the experimental setup
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Figure 1. Schematic representation of the model (see text for description)

we calculate the spectral line shape. The analysis discussed here is aimed at neutral
W spectral line emission which can only occur at a very narrow layer within the scrape
off layer (SOL) due to the millimetric W ionisation length within SOL. This allows to
disregard the line-of-sight (LoS) integration effect through the plasma volume as no
neutral W sources exist there. In combination with the typical centimetric size of the
target surface monitored by a LoS, this also allows one to consider that the magnetic
field, and thus also its angle with respect to the LoS direction, are constant over the
emission zone. The use of a Monte Carlo method for this model gives a lot of freedom
regarding changes of the various parameters, and choices of different scenarios.

The input variables for the model are the background plasma parameters ne, 7Tt,
T, detector geometry (the angle of the detector with respect to the surface and the
distance between them), source dimensions, incident species and their charge.

2.1. Incident particles

Under tokamak conditions various impurities are generally present, depending of the
wall materials and seeded species. Therefore, in this work we use O as a representative
impurity, which will always be present to some extent. When applying our results to
a particular experiment, this assumption could be refined on the basis of measured
impurity concentrations. For instance, in ITER, one would expect beryllium to play a
significant role while in a full W machine O could be responsible for the bulk of the
erosion. The determination of the dominant ionisation stages of oxygen is substantially
more complicated. This would require a combination of spectroscopic investigation and
plasma edge modeling to estimate the concentrations of differently charged oxygen at
the SOL. Note that self sputtering by W ions is yet another particular case which can



be treated with the model, depending on the situation.

The incident ion flux is assumed to be thermalised and to have a Maxwellian energy
distribution, shifted by the sound speed in the parallel direction at the entrance of the
sheath. At the sheath entrance the ion and electron temperatures are assumed to be
equal T; = T,. It should be noted here that while the ion temperature is often not
measured, it has been experimentally observed that 7} can be several times higher than
T. [13, 14], especially in the far scrape-off layer (SOL). The influence of the 7}/T, ratio
on the generated results is thus analyzed in Section 3.

This incident ion flux is considered to be accelerated in the sheath (Fig. 1, step 1),
and the typical incident ion energy can be expressed as [15]:

B = 2T, + 31,2 (1)

Here Z is the ion charge. In most experimental cases the ion flux composition onto
the plasma facing components is not measured. As these are expected to play a role in
the W I line shape, the mass and charge of the incident ions are considered to be free
parameters in our model.

2.2. Sputtering

All the sputtered particles in the model are generated by physical sputtering (Fig. 1,
step 2). The sputtering yield is considered to follow the revised Bohdansky equation
[16] and its dependence on the particle incidence angle is taken into account. However,
the target is considered to be a completely smooth W surface.

The sputtered particles have a Thompson energy distribution [17, 18]:

o Eem (Ei/Ethr)2
P(Een) = 2Ey, - F t B (B B D (2)

Here E}, = 8.68 eV is the binding energy for W atoms, while F,, is the energy of

the emitted particles and Ej; is the energy of the incident ions. Ejy, (threshold energy)
is the minimum energy that an ion must transfer to the target atom to extract it from
the surface and defines the distribution peak position. The emitted particles have a
maximum possible emission energy which is proportional to the incident particle energy
and can be expressed as (for F; > Ey,):

E;
Emax = Eb . (Eth - 1) (3)

The Thompson energy distribution for W sputtering at three different oxygen ion

impact energies is presented in Figure. 2.

2.8. Emission

The energy distribution of the sputtered particles is a combination of the Thompson
distribution and the Maxwellian distribution of the incident particles. The resulting
distribution is presented in Figure 3 and shows features of both distributions: a steep
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Figure 2. Thompson energy distribution for W sputtering at 3 different oxygen ion
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Figure 3. Sputtered particle energies, accounting for the energy distribution of

impinging ions.

rise at low energy from the Thompson distribution and a continuous tail (in contrast
to the sharp cut off seen in Figure 2). The values of T, = 5, 10 and 20 eV were chosen
as possible temperatures near the tokamak wall during normal operation [17, 19, 20].
Temperatures below T, = 5 eV are not considered since the sputtering yield becomes
very low at these conditions.

The combination of the Maxwellian distribution of incident particle energy and the
Thompson energy distribution of sputtered particles can generate distribution functions
with relatively wide flat top areas. This effect is more noticeable for simulations at low
temperatures (73, T,), where the cut-off of the Thompson distribution is located close to
its peak.

Photon emission occurs randomly along the trajectory of sputtered atoms and
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within the W ionisation length (Fig. 1, steps 4 and 5). In order to reduce the
computational time we consider that all the sputtered particles will get excited and
undergo spontaneous decay in our specified spectral line, since the average number
of excitation per ionization event is independent on the direction in which the atom is
emitted. This is equivalent to setting the S/XB factor to 1. Absolute line intensities can
be obtained either by using the measured S/XB value or by implementing the excitation
process in the Monte Carlo process, which gives the same results if the atomic data are
consistent.

It should be noted here that the model additionally relies on the facts I) that volume
recombination of W7 is negligible in the conditions where sputtering does occur and IT)
that the line considered is optically thin (which can be checked using e.g. Eq. (3) in
Ref. [21], assuming that the population of the lower state of the transition is equal to
the total W density, which is a conservative assumption). Furthermore, we assume there
are no charge exchange processes involving neutral W. To our knowledge, there are no
data available in the literature on such processes.

2.4. Angular dependence

The angular distribution of the sputtered particles must also be taken into account.
When incident particle energies are above 500 eV the angular distribution of the
sputtered particles is a cosine distribution. This impact energy of 500 eV would
correspond to plasma temperatures of 35 eV for particles with a charge Z = 4. However,
when the impact energy is less than 500 eV, the emitted particles have a more complex
angular distribution. The latter is plotted in Figure 4, for W erosion by OT ions.
This is the situation expected during the inter-ELM phases in H-mode operation, with
plasma temperatures close to the divertor targets below 30 eV and down to a few eV’s.
At these temperatures, W sputtering is dominated by impurities for which the energy
transfer to heavy W atoms in the lattice is more favorable. Table 1 shows impact
energies of oxygen ions of increasing charge as a function of plasma temperatures,
and indicates the corresponding range of sputtering yields. With increasing charge,
the sheath acceleration becomes larger and fully determines the impact energy when
3ZT, > 2T;. Also, note that W self sputtering threshold for singly ionized ions becomes
significant at plasma edge temperatures of 10 eV [22]. It is thus fully relevant to discuss
the angular distribution for low energy regime, i.e. E; < 500 eV, because significant
sputtering also occurs in this regime.

It has been reported consistently in various sources that in this energy range the
emitted particles have a butterfly-like spatial distribution [23, 24, 25]. This has to be
taken into account in this study, as it will affect the velocity distribution function of W
atoms along the observation direction. Assuming we have a detector looking along the
normal to the surface, there will be a smaller number of emitted particles with velocity
pointing towards the detector compared to a cosine distribution (because of the empty
range in between the butterfly lobes). The particles with emission angles within the



Table 1. Energies (in eV) of incident oxygen ions with different charges after their
acceleration in the plasma sheath. Different shaded cells: sputtering yield above 10~4
at/ion and 1072 at/ion
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3 3 15 24 33 42 51 60 69

5 5 25 40 55 70
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6 2 18 24 30 36 42 48 54 60
9 3 27 36 45 54 63 72
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Figure 4. Angular distribution of sputtered W particles in polar coordinates for
various incident particle energies

butterfly lobes would have smaller velocity projections towards the line of sight and
would generate photons with a smaller blue shift. Note that the situation would be
different in another observation direction.

Such a distribution can be represented as [26]:

f(z) = Acos™(6) + Bcos™(0) (4)

The exponent n increases with increasing atomic number and varies depending on
the target material and incident species. The proposed estimation for the value of n is:

n=0.3 (E%)M (1 + (;‘&)3’) (5)

where Z is the atomic number of the target material, F}, the binding energy in
eV, M; and M, masses for bombarding (M;) and target (M) atoms. As the remaining

parameters (A, B and m) were not given explicitly by the authors, we have fitted them
on the angular distributions provided by the authors [23, 24, 25]. The polynomial fits
obtained agree well with the experimental and numerical results reported by several
sources [23, 25, 26, 27].

Such an angular distribution arises because at low energies sputtering is considered
to behave in the "knock off” manner. In this case all the collisions are considered
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Figure 5. Simulated line-shape with different sputtered particle angular distribution
at various plasma temperatures (T, = T3, sputtering by O*T ions)

to happen only at the few topmost surface layers. Following the minimum energy-loss
process these particles have a preferential angular distribution which is analysed in more
detail in [27, 28].

For incident particle energies above 500 eV and up to the 10 keV range (e.g. during
ELMSs) the impact atoms can transfer enough energy to a target atom to displace other
atoms within the target. This can be considered as a linear cascade of collisions. In
such a case the angular distribution is close to a cosine law.

For example, the maximum incident particle energy during a type I ELM event
is considered to be proportional to the electron pedestal temperature and equal to
Eimpactymax = 4.23 - TP [29]. In the ITER case the estimated TP is about 5
keV, which means Einpactmax =~ 20 keV. The corresponding angular distribution of
the sputtered atoms is thus well described by a cosine law.

On the contrary, during the inter-ELM phase in JET experiments the recorded T,
by Langmuir probes did not exceed 30 eV [29]. Assuming T, = T; and Z = 1 would
result in impact energies of Eimpact,max =~ 150 eV. This indicates that in such a scenario
even considering Z = 3 the angular distribution of the sputtered particles should still
be considered non-cosine.

These geometrical considerations for the sputtered particle angles should contribute
to the changes of the spectral line during inter- and intra-ELM phases of tokamak
operation, on top of the effects resulting from very different incident energies. These
two effects can either reinforce each other or partially cancel each other depending on
the conditions and the observation direction.

The simulated lineshapes at identical plasma parameters but with different
sputtered atom angular distributions are presented in Figure 5, assuming normal
observation. It shows that while the angular distribution of sputtered particles does
influence the expected line shape, the change is only significant at low temperature
plasma conditions (inter-ELM phase). In these conditions (7, = T} = 5 eV) the FWHM
of the predicted line shape reduces from 0.024 A to 0.01 A when considering a butterfly
angular distribution for sputtered particles. This is in line with simple considerations
on the projection of velocities on the observation direction.
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Figure 6. Calculated line shape for normal detector placement when sputtering is
generated by O and O** ions at various plasma temperatures T, = T}

At T, = 10 eV the line shape still exhibits a dependence on the type of angular
distribution but both the peak position and the line width remain practically unchanged.
The profiles become almost identical at higher plasma temperatures as incident particles
have higher energies and the angular distribution becomes more cosine-like shaped.
Finally, it should be noted that this comparison assumes that the material surface is
flat, so that the normal to the surface is identical on the whole spatial extension from
which W atoms originate. In reality the surfaces have some level of roughness, which will
contribute to blur the differences between cosine and butterfly distributions. However,
at low energies the lobes of the butterfly distributions are quite narrow and it would
take large fluctuations of the surface normal to make the effect irrelevant.

3. Results

Simulations were performed with different plasma temperatures, detector orientations
and different incident species and charges, both in the inter- and intra-ELM phases.
The Zeeman effect is dealt with in the subsequent section.

3.1. Normal detector

The predicted line shape for the most commonly observed W I line so far at 400.9 nm is
presented in Figure 6. Here the x axis represents the wavelength difference with respect
to the unshifted line position (0 being the unshifted 400.9 nm wavelength). Note that for
the Doppler profile, only the wavelength scale is specific to this line — the shape would be
identical for other lines. The results show that the spectral line should be entirely blue
shifted due to the geometry of the simulation (red shifted photons would be emitted by
sputtered particles with velocities away from the detector therefore directed back into
the material). The width of the line also increases as expected with increasing plasma
temperature and is in the range of 107! — 1072 A while the peak shift is of the order
of 1072 A. For comparison, the typical thermal Doppler broadening for k7' ~ Eg ~ 10

eV is indeed of the order of 3-1072 A (% = 1/%). These values are small compared
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to the common spectral resolution of the typical tokamak spectrometers and indicates
that the linewidth changes should be less challenging to resolve than the peak position
shift.

It is evident from the simulated line shape that it depends on the plasma
temperature and type of incident ion, showing noticeable differences between sputtering
by O and O** except for the high temperature cases, for which the distribution tends
towards a limit distribution. When the ion charge increases keeping plasma parameters
identical, the sheath acceleration 327, increases, and thus the impinging ion energy
increases. This shift of energy range is clearly evidenced on Fig. 6: for the low Z
sputtering case, corresponding to lower impact energies, the general line shape is quite
asymmetric at all temperature conditions: a steep rise on the red side of the peak and a
long decaying tail on the blue side. However, for the same plasma conditions but with
Z = 4, the line shape approaches the (projected) Thompson distribution (Eq. 2) for
lower temperatures. The peak position becomes essentially insensitive to the incident
particle energy, and only the tail of the line shapes gets longer with increasing energy,
an effect difficult to evidence experimentally. This is most evident when comparing the
100 eV and 1 keV cases. This analysis shows that while at high impact energies the line
shape is largely insensitive to the exact plasmas conditions, it does provides a direct
check on the energy distribution of sputtered particles.

3.2. Tilted detector

Subsequently, simulations were performed with the detector at an angle with respect
to the surface. This allows one to mimic common experimental situations where the
line of sight is tilted with respect to the surface normal, and investigate to what extent
measuring the line shape along two line of sights with different inclinations would provide
a check on the angular distribution of emitted atoms. Throughout this section the line
of sight was placed at 60° to the surface normal. For comparison the simulations were
performed with cosine and butterfly angular distributions of the emitted particles. The
line shapes obtained with such configurations at various plasma conditions are presented
in Figure 7.

As expected, the red wing of the spectral line appears when the line of sight is at
an angle. This arises due to the fact that in tilted configurations it is possible for the
particles to have velocity projections directed away from the detector.

Additionally, it is evident that accounting for the butterfly angular distribution
for sputtered particles produces wider and more asymmetrical peaks. The strong
asymmetry at low plasma temperatures results from the superposition of two
distributions with different widths, one being blue-shifted and emitted by the lobe
aligned with the observation direction and the other being red-shifted and emitted by
the other lobe. The latter is narrower due to the asymmetry of the two lobes with
respect to the observation direction. With increasing incident particle energy, the width
of the red shifted component decreases as the angular distribution becomes more cosine-
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Figure 7. Simulated line shape for detector placement at a 60° angle to the surface
normal at various plasma conditions (7, = T}, sputtering by O** ions, with different
sputtered particle angular distributions)

like and the maximum achievable red shift becomes smaller. This FWHM (Full Width
at Half Maximum) increase could slightly reduce the difficulty of resolving such spectral
lines. This analysis clearly shows that simultaneous observations along two different
directions would provide information on the angular distribution of emitted atoms.

3.3. Inter-ELM phase

During normal tokamak operation the temperature at the plasma edge has to be as
low as possible to minimise the physical erosion and the related plasma contamination
and plasma facing component damage. As this is the desired operational regime, the
simulations for temperatures relevant for divertor operation in the inter-ELM phases
were performed at low temperature values. They are presented in Figure 8. where
sputtering was assumed to be only by O*" ions. As the sputtering yield becomes smaller
at lower particle energies, the results are normalised so the maximum of the distribution
is 1, to better illustrate the change in the line shape.

The results reinforce the previous conclusion that the line shape is sensitive to
the ion impact energy and that the line shape width changes might be more clearly
visible than the peak shift itself. However such changes would be measurable only
with a very high resolution spectrometer, tracking for instance the position of the line
centroid and width during a divertor temperature scan. Performing such a line shape
measurement in these inter-ELM /low temperature conditions is challenging, and would
require a spectrometer with resolving power A\/A\ of approximately 400000, to resolve
spectral features of 1072 A needed for the 7, = 5 eV case. In other words, we assume
that the FWHM of the apparatus function should not be larger than the line shape
width in order to be able to retrieve information. This also gives an indication about
the shifts which would be measurable. At even lower temperatures the peak shift is of
the order of 1072 A, but sputtering is then weak and the possibility to measure the line
with a reasonable signal-to-noise ratio comes into question.
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Spectrometers routinely used in tokamak plasma spectroscopy are, to the best of
our knowledge, not able to provide the required spectral resolution (common Czerny-
Turner spectrometers can for instance provide a maximum spectral resolution of about
0.02 A, while the width of the spectral line at 7, = 2 eV conditions is of the order of
0.001 A) However, it is possible to achieve larger spectral resolution (up to R = 107
according to manufacturers) with for example Littrow configuration spectrometers.
Littrow configuration spectrometers can reach very high spectral resolutions, but operate
with very small apertures. Another possibility would be to use a scanning Fabry-
Perot interferometer with appropriate filters. Such instruments have been long used to
analyse astronomical plasmas [30], and recently attempts to measure ion temperature
by the use of interferometry in weakly magnetized plasmas were performed [31]. More
recent developments are combining the advantages of Fabry-Perot cavities with those of
grating spectrometers, making use of virtually-imaged phased array (VIPA) [32], with
compact R = 10° spectrometers commercially available. Such measurements might in
any case require optimising the throughput of the system and using long acquisition
times (possibly making use of long steady state discharges in tokamaks such as WEST
[3] or EAST), accumulating data only in between - or during - the ELMs.
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Figure 8. Predicted line shape for low temperature plasma conditions, when
sputtering by O** ions

3.4. Intra-ELM phase

It is known that T, is very low during the ELM events (=~ 20 — 30 eV or less [29]). Since
the typical incident ion energy is 27; + 37,7 and T} > T, the analysis of the spectral
line shape could yield indirect measurements of the plasma ion temperature 7;.

The calculated line shape for plasma temperatures relevant to the intra-ELM phase
is presented in Figure 9. In this case it is assumed that 7, = 7T} = 1 keV. Since our
previous argument states that the influence of 7T, can be neglected, it can be considered
that the presented lines correspond to T values of 2.5 keV for O and D and 7 keV
for O%*. It is evident that at high temperatures the line shape does not depend on the
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temperature and only the tail broadens (because the cut-off energy of the Thompson
distribution increases with the incident particle energy). In fact, from previous results it
is evident that the line width varies insignificantly with plasma temperatures above 100
eV (Figure 6). While this shows that it is not possible to infer 7} during the ELM event
from the line shape, it should make the profile measured during ELMs markedly different
from that obtained in the inter-ELM phase. This is a good check on the sensitivity of
the diagnostic, but also on the underlying assumptions of the model, by providing direct
access to the energy distribution of sputtered atoms on a wide energy range (which is
not possible at lower energies, for obvious energy conservation reasons).

3.5. Sensitivity to T;

The initial assumption T, = T; at the sheath entrance may often underestimate the value
of T}, for which measurements are rather scarce. As mentioned earlier 7T; is often observed
to be several times higher than T, especially in the region far from the separatrix
[13]. This can lead to significant sputtering even rather far from the separatrix. The
comparison between the line shapes estimated by our model considering T} = T, and
T; = 31, are presented in Figure 10. This result shows that as soon as the electron
temperature is larger than a few eV, the increase in 7} does not change the results
significantly since we already are in the high impact energy regime (above 100 eV),
where only the tail of the Doppler line shape is affected. In fact, for the conditions
shown on Figure 10, we have impact energies of the order of 150 eV.

At lower impact energies, the effect of the T}/T, ratio is expected to be stronger,
since it contributes in determining the impact energy. However, as mentioned earlier,
ions reaching the surface are considered to have an energy distribution with mean energy
E = 2T + 3T1,7Z. One can rewrite this energy as F = Te(%i + 3Z), which shows
that T} controls the incident energy only when Z <« %% This leads to the condition
RS %% ~ 2 if we assume that % = 3. It shows that as soon as Z > 2, the incident
particle energy is defined by the incident ion charge rather than by the T} value at the
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Figure 10. Calculated line shape assuming different 7}/T,, ratios, for O** incident
ions.

sheath entrance.

4. Zeeman effect

It is well known that in tokamak environment the spectral lines exhibit a Zeeman
splitting due to the presence of a magnetic field. Since the aim of this study is to
investigate the possibility of inferring plasma parameters from the spectral line shape,
this effect can not be overlooked.

To the best of our knowledge, as of this date there is no reported in-depth analysis
of the 5d°(6S)6s 7S; - 5d°(6S)6p "PY W T 400.9 nm spectral line Zeeman splitting, even
though Zeeman patterns have been published [6, 12]. We provide in the Appendix
the calculation of the positions and relative intensities of the Zeeman components for
this line. An example of the resulting Zeeman pattern is shown in Figure 11. Here
the Zeeman structure is well resolved and despite some overlapping of the central and
lateral components the typical triplet shape starts to appear. The validity of the weak
field approximation is marginal for this field strength (B = 2.5 T) but treating the case
where fine structure is of the same order (Paschen-Back effect) or negligible compared to
the Zeeman splitting (strong field) requires more information about the states involved
than just the spectroscopic terms, and this is outside the scope of the current work.

The convolution of the Zeeman profile (at B = 2.5 T and with a line of sight
perpendicular to the direction of the B field (# = 90°)) with the calculated Doppler
line is shown in Figure 11. Since the width of the modelled line is lower than the gap
between the Zeeman components the Zeeman profile can be clearly seen. However, in
the higher plasma temperature cases (T, = T} > 5 eV) the modelled line shape width
becomes wider than the spacing between the individual Zeeman components and the
contributions from the different components start to overlap. The expected line-shape
in such a case is presented in Figure 12. The magnetic field strength at the magnetic axis
of the ITER plasmas is expected to be above 5 T. A similar magnetic field is expected
on the ITER plasma divertor legs. In such a case the Zeeman splitting should be wider
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than proposed in this study and such overlapping should be minimal (but the weak field
approximation used here is no longer valid).

As a final point, we discuss the question of the natural width of the line. The latter
can be calculated from the value of the Einstein coefficient for the transition, namely
Api = 1.63 x 107 s71 [33] for the line under discussion. The full width at half maximum
(FWHM) of the Lorentzian resulting from the natural broadening of the line is then
given (in angular frequency) by

Aw = Ay (6)
This gives the following value for the FWHM in wavelength,
A2 .
A="LAw~14x10"°4 (7)

- 27e
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where )\g is the wavelength of the line center, and ¢ the speed of light. This rough
calculation (neglecting the fact that the line is split in several components) shows that
the natural width is small enough to be ignored in our analysis.

5. Summary

A Monte Carlo model for simulating the W I spectral line shape was developed. The
parameters controlling the line shape of the W I spectral line have been investigated,
and the possibility to extract information on these parameters from a line shape analysis
has been discussed. The results also apply to other W I lines, except for the Zeeman
effect which is line specific. The simulations show that the modelled Doppler line shape
depends on the ion impact energy (itself a function of T,, 7} and the charge of the
incident particles). For impact energies above ~ 100 eV, the line shape essentially
converges to the Thompson distribution projected on the observation direction, and
thus provides a check on the model assumptions instead of information on the plasma
conditions. This is relevant for the intra-ELM phase, while during the inter-ELM phase
a line shape analysis would help characterizing ion impact energies, and thus plasma
conditions in conjunction with other diagnostics, such as probe measurements for 7,
Zeog... The angular distribution of the sputtered atoms plays an important role in the
analysis of the Doppler profiles, and simultaneous measurements at different viewing
angles are shown to provide strong checks on model assumptions.

In the inter-ELM phase the predicted Doppler peak shift for the 4009 A line is of
the order of 1072 A. For the higher wavelengths this result is expected to be slightly
higher due to the linear dependence between the shift and the central wavelength of the
line. While the Doppler shift is likely to be difficult to resolve, the line shape changes
are shown to be measurable using appropriate commercially available high resolution
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spectrometers. Such measurements are likely to require averaging over a long acquisition
time, the limits being set by the duration of achievable stationary phases in discharges,
and proper optimization of the optical throughput of the system. During the intra-
ELM phase the predicted line shape practically does not depend on the incident particle
energy. According to our model, Doppler profiles should differ significantly during and
in between ELMs, which could provide a simple check on the ability to resolve the
profile.

Interpretation of the Doppler line shape is likely to require an accurate Zeeman
pattern model when the Doppler shift is comparable to the magnetic field and/or the fine
structure splitting of the line, so that merging of different components is observed. The
measurements of the lineshape should include several W I lines in order to verify whether
line shape changes are consistent with Zeeman pattern calculations, and allow identifying
possible parasitic line contributions. Additionally, the measurement of several spectral
lines simultaneously would help choosing the optimal spectral line in terms of sensitivity
and Zeeman pattern - the commonly used 400.9 nm line does have a complex Zeeman
structure, while some others will have more triplet like features for instance, which could
facilitate the analysis.
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Appendix: Zeeman pattern for the 5d°(°S)6s "S3 - 5d°(°S)6p "P{ transition
at 400.9nm

In the following, we calculate the Zeeman pattern of the 5d°(°S)6s “Ss - 5d°(°S)6p "PY
transition in the weak field approximation, namely when the Zeeman splitting is small
compared to the fine structure splitting, as is the case here (the other lines of the
multiplet are respectively at 407.43 nm and 428.46 nm). Here 6 is the angle between the
magnetic field and the observation direction, defined by a unit vector k. The intensity
of the line can be written as

I(w,k) =) ald - €L]B)[* 5 (w — wap) (A.1)
of

where |a) are the upper levels and |3) the lower levels of the transition, w.s =
(E, — Es)/h and 0 is the Dirac delta function. Here the upper level has a total
angular momentum number J = 4, and the lower level is such that J = 3. For
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a vanishing magnetic field, the magnetic sublevels are degenerate, with a degeneracy
2J + 1, corresponding to |M;| < J. €, is the polarization vector, which is in the plane
perpendicular to the observation direction k, and d is the electric dipole operator. The
double sum on the upper and lower states is reduced to a single sum by the selection
rule AM; = 0,+1, yielding the following result for the intensity of the line

1 1 1
I==sin®Ox I+ =+ =cos’0 ) x (Iy+ +1,-) (A.2)
2 4 4
where I, and I,+ correspond to different polarisations. Explicitly, we have
3
w
L(Aw) = 3 (Aw+ ZZMJ) (A.3)
M;=—3
> w
Le(dw) = Y C5 I <Aw + (M — 7)) , (A4)
M;=—3
where the Larmor frequency wy; = ;Tfe, Aw = w — wy with wy the frequency of the

unperturbed line, and the relative intensity of components, after evaluation of the
relevant 3j-symbols for the transitions [34], is given by

16 — M?
T A.
OMJ 84 ? ( 5)
(My+4)(M;+5)
7 = , A.
M 168 (A.6)
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