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Abstract

®

CrossMark

Impurity temperatures have been determined by a spectroscopic line shape analysis for several
species in the divertor scrape-off-layer of the stellarator Wendelstein 7-X (W7-X). Examples
include spectral lines from intrinsic elements (C II and C III, He I) as well as from seeded
impurities (Ar II, N II) through the divertor gas inlet system. Both Doppler broadening and
Zeeman splitting are found to contribute significantly to the impurity line shapes. Zeeman
splitting arises due to the confining magnetic field in W7-X and complicates the line shape
appearance. By attributing Doppler widths to each of the various Zeeman components, however,
we demonstrate that reliable ion temperature values can be derived provided that the presence of
the magnetic field is properly accounted for. The spectrally highly resolved lines are analyzed
by means of a multi-parameter, least-squares fit routine, which accounts for Doppler
broadening, Zeeman splitting, as well as the instrumental broadening of the spectrometer used
to measure the spectral line shapes. By spectral fitting of the Zeeman features, it is also found
that the line shape analysis can yield values for the local magnetic field, which can be used to
localize the impurity radiation approximately provided that the line emission is dominant in a

small area intersected by the lines of sight of the spectrometer.

Keywords: impurity temperatures, Doppler broadening, Zeeman splitting

(Some figures may appear in colour only in the online journal)

1. Introduction

Assessing the impurity behavior in the scrape-off-layer (SOL)
is one of the fundamental tasks for edge spectroscopy in high-
temperature plasma experiments. Impurity distribution, flow
dynamics and temperatures as well as the degree of sputtering
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and erosion at the divertor targets characterize the amount of
impurities transported into the confined plasma core. Impurity
radiation also plays an important role in inducing detachment
of the SOL plasma at the targets. The study, understanding
and prediction of the impurity edge behavior is therefore cru-
cial for the successful operation of high-temperature plasma
experiments and future fusion power plants. Moreover, source
distributions and acting forces (cf [1]) can lead to significant
differences between the flow dynamics and temperatures of
the main exhaust plasma ions and impurities in the SOL. This
necessitates a careful distinction between their parameters for
e.g. accurate simulations of the plasma wall interactions.

In the plasma boundary of tokamaks, the ion temperature,
T';, of the main exhaust plasma species is usually measured to

© 2022 The Author(s). Published by IOP Publishing Ltd
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be higher than the electron temperature [2, 3]. In conduction
and sheath-limited SOLs, the ion parallel heat conductivity
is much smaller than that of the electrons, which leads to
T; > T, if electron and ions are thermally decoupled along
the open magnetic field lines. Thermal equilibrium can only
be achieved if the ion transit time parallel to the field lines
(7, o L /V/T; +T,) is greater than the ion-electron thermal-

ization time (7; . o< Ts /2 /n.) [2]. In a similar fashion, impurity
temperatures are also dependent on the lifetime and thermaliz-
ation rates of excited transitions in the SOL. The temperatures
of the lower ionization stages depend upon the ratio of two
collision rates: that of elastic (momentum changing) collisions
with the background protons (deuterons) to the rate of ioniza-
tion by electron impact. Therefore, they can vary substantially
from the background proton or deuterium temperature [4, 5].

Spectroscopic diagnostics have the key advantage to be able
to identify and differentiate between the various impurity spe-
cies and charge stages by the detection of atomic emission line
spectra. They allow one to derive many important plasma para-
meters with several commonly established methods such as
line ratio analysis (7, n.) [6, 7], absolute total line intens-
ity measurements (impurity concentrations) [7] or the detec-
tion of broadband continuum bremsstrahlung (Z.) [8]. These
methods can usually be performed with low- to medium-
wavelength resolution spectrometers. Further methods such as
(active) charge exchange emission spectroscopy [9] or spectral
line broadening analysis [10] are commonly used in the hot
core plasma for measuring impurity densities, ion temperat-
ures, 7;, and ion velocities, v;. In the relatively cold plasma
edge (T; < 100eV), these methods can be applied as well;
however, they require significantly higher wavelength resol-
ution spectrometers due to the narrow widths of the emitted
spectral lines.

This paper presents a first line-broadening analysis of sev-
eral atomic impurity lines emitted in the island divertor of the
optimized stellarator Wendelstein 7-X (W7-X). The present
goal is to assess the temperature and distribution of ion impur-
ity species in low ionization states and to demonstrate the
validity of the applied line shape analysis itself. Depending on
the atomic emission species and location in the plasma, several
physics effects can contribute to the spectral line shape:

e Doppler broadening (dependent on T; of the ion species),
o fine-structure splitting,

e Zeeman splitting pattern (B) and

e Stark broadening ().

Thermal Doppler broadening is characterized by Gaussian
line shapes and depends on the emitting impurity species tem-
perature. The individual fine-structure splitting of each spec-
tral transition is altered by the Zeeman effect, which is caused
by the confining magnetic field of W7-X (B~ 2.5 T on axis).
In the SOL, the effective line broadening by Zeeman splitting
is of the same order as the Doppler broadening for many spec-
tral lines [11]. This is why Zeeman-broadened spectra are rich
in additional features, which may help for identification of the
transitions, and have to be considered for accurately analyzing
the spectral line shapes. In general, for magnetic fields of the

order of 2.5 T, high-wavelength resolution spectrometers are
required for resolving the Zeeman features. The spectrometer
used for the line broadening analysis in this paper is intro-
duced in section 2. The line broadening analysis is made by a
multi-parameter fitting routine, which is described in section 3.
Examples of measured spectra and their derived impurity tem-
peratures are presented in section 4. The line broadening ana-
lysis also yields values for the magnetic field strength, B, and
the observation angle, 6, between the sightline and magnetic
field vector linked to the Zeeman effect. In section 5, we shall
discuss the possibility to use these magnetic field paramet-
ers for localizing the emission species along the spectrometer
lines of sight (LOS), followed by a summary and conclusions
in chapter 6.

Stark broadening depends on the plasma density and is
characterized by a Lorentzian line shape. In W7-X, this broad-
ening process is only observed for hydrogen Balmer lines,
which are not investigated in this article.

2. The high-resolution spectrometer on W7-X

In order to perform passive line broadening analysis for vis-
ible emission lines in the SOL of W7-X, a large Ebert—Fastie
Echelle spectrograph (focal length F=1150mm) was used
due to its high spectral resolution. Figure 1 shows a schem-
atic of the monochromator (Sopra UHRS-F.1150). It is char-
acterized by one large concave mirror and a moveable Echelle
grating with a groove density of N = 324 groovesmm ™! for
selecting a spectral wavelength range. The grating drive is
controlled by a sine arm made of invar for thermal stability.
The Ebert angle is € = 6.5° and the fundamental wavelength
of the system was set to A= 5570 nm. For more specific
information on the Ebert-Fastie configuration, the reader may
consult [12].

A prism is used to pre-select a single spectral order in
the pre-monochromator. Since the Echelle spectrograph is
operated in high spectral order (usually 10-14), the pre-
monochromator avoids an overlapping of several spectral
orders in the detector camera. At the pre-monochromator
entrance, 60 optical fibers with a diameter of 165 pm (silica
core and cladding) are arranged in a vertical row, to mimic
an entrance slit for the pre-monochromator. In addition, one
overview fiber with 1 mm diameter is arranged below the 60
thin fibers. The spectrometer is located on an optical table in a
spectroscopy laboratory, which receives light from the W7-X
torus by long optical fiber bundles (70—100 m in length). Via a
patch panel, the spectrometer fibers are connected to observa-
tion fibers in various view ports in W7-X, allowing the user to
switch the LOS into the device during the plasma campaign.

The Ebert-Fastie spectrograph is characterized by good
wavelength tuning capability and ultra-high spectral resolu-
tion. In comparison to the Czerny-Turner set-up, only one
large concave mirror is applied instead of two, resulting in a
symmetric arrangement of the components with less degrees
of freedom. This is why the Ebert—Fastie set-up yields high sta-
bility, which is important for systems with high F number. The
exposure times are on the order of typically several hundreds
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Figure 1. A schematic of the high resolution Echelle spectometer 5
used for the line broadening analysis in W7-X. The light from
W7-X (in blue) is transported via optical fibers and enters the 5 ' : : J : :
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spectrograph through a pre-monochromator (orange). In the
spectrograph, the light is reflected and diffracted onto the camera
detector by a fixed concave mirror and a fine-tuneable grating,
which is driven on a sine arm (in grey).

of milliseconds in the applied set-up for W7-X, depending on
the observed emission line intensity and the selected width
of the entrance slit between the spectrograph and the pre-
monochromator. Characteristic parameters, such as the disper-
sion and instrument function, as well as the view into W7-X
will be described in more detail in the next subsections.

2.1. Spectrometer dispersion

Due to the Ebert—Fastie spectrograph’s large focal length, F, a
very high spectral dispersion is achieved, according to:

A 13

dispersion coefficient = W w3 €))
where
k-N-X
. P |
= PN 2
o <2ocos(e)> )

is the angle between the grating normal and the central axis of
the mirror (cf figure 1). Figure 2 illustrates the wavelength dis-
persion of the high-resolution spectrometer in the visible spec-
tral range. Each jump in the dispersion curve marks a change of
the spectral order k = As/A (rounded). For the chosen setting
of spectrometer parameters (g, Ar), the spectral order varies
between k= 14 to k=38 in the visible range. The dispersion
varies between 0.7 to 2.5 pm/camera pixel, resulting in a spec-
tral range of 1-3 nm over the detector camera (with 1024 x
1024 pixels, 13 pm x 13 pm pixel size), depending on the
wavelength setting of the spectrometer. Usually, this range is
only sufficient to detect one or two very close atomic emis-
sion lines at a single wavelength setting, albeit with very high
spectral resolution.

The values of ¢, ¢ and the dispersion of the spectrometer
were determined by wavelength scans (see black markers in
figure 2) with a fine-tuneable OPO laser, C-WAVE, in combin-
ation with a high-precision wavemeter. During the OPO laser
scans, the wavelength was varied in steps of 5 pm in a range of
60 picometres (the fine-tuned OPO laser scans are described
in [13, 14] in more detail). The scans were performed at four

wavelength (in nm)

Figure 2. Simulated dispersion curve of the high-wavelength
resolution spectrometer (in blue) and measured dispersion values
(black markers). Two values of the spectral order k are given for
orientation.

different spectrometer settings to collect a set of data points, to
which the spectrometer dispersion curve could be fitted with
good agreement.

2.2. Wavelength calibration and curved-slit effect

Due to the high spectral resolution of the Echelle spectrometer,
not only line broadening analysis, but also the detection of
Doppler shifts of the order of a few picometres becomes pos-
sible. However, for absolute velocity measurements based on
the Doppler line shifts, a wavelength calibration of the spec-
trometer is required. Since the visible detection range of the
Echelle spectrometer is relatively small (1-3 nm), spectral
lamps alone cannot always be used where a Doppler shift ana-
lysis is desired. For example, for measuring the C III multiplet
around 465 nm, where the spectral resolution is 1.2 pm/pix
and the detection range of the camera corresponds to 1.2 nm,
an intense spectral lamp line is not available for direct cal-
ibration. The closest, sufficiently intense lamp line is the Zn
I line at 468.0135 nm, well outside the wavelength range of
the spectrometer. Instead, wavelength calibration is carried out
with the fine-tuneable OPO laser C-WAVE [14], which can be
steered to the unshifted center of mass of the C III multiplet
around 464.8811 nm (wavelength in air), inside the spectro-
meter range.

When measuring monochromatic lines of spectral lamps or
lasers, two effects are observed for the spectrometer:

(a) By changing the wavelength setting back and forth, the
same wavelength position on the camera chip can vary by
+15 pixels.

(b) For the projected fiber channels on the camera chip, the
same wavelength does not appear at the same x-pixel, but
varies slightly.

Concerning the first point, the variation of the wavelength
setting by a few camera pixels (which corresponds to a few
picometres) means that wavelength calibrations are necessary



Plasma Phys. Control. Fusion 64 (2022) 075010

D Gradic et al

C-Wave at 465 nm

200 500
0
] 400
b
= 400 =
g 600 = .

G

g 200
(&]

800

100
1000 0
580 600 620 640 660 680 700

camera pixels

Sopra WEGA moustache effect

0
2F
S
s 3
£ =
> X BF 5
8 —Regression: -0.0080123- x~ + 0.52437- x -8.608
465 nm
8t - 468 nm
* 486 nm
* 514 nm
_10 1 1 1 1 1
0 10 20 30 40 50 60

spectrometer fibres

Figure 3. Left: measured instrument widths in various channels on the (unbinned) spectrometer camera chip, partially zoomed in over the
x-axis. The channels were illuminated by a monochromatic light source (C-WAVE laser at 464.8811 nm) and display the same wavelength
at slightly different positions over the x-axis of the camera chip. Right: measured x-positions of four different monochromatic wavelengths
in the retrospectively binned spectrometer sightline channels (colored markers). The black curve shows the 2nd order polynomial regression
fit of the curved slit effect measured over all four different wavelengths.

after each change of the spectrometer settings. Wavelength cal-
ibrations can even become necessary at the same setting if air
conditions in the spectrometer laboratory change, because of
the wavelength dependence on air pressure and temperature.
This is why wavelength calibrations were usually performed
directly before or after each W7-X plasma discharge for the
Echelle spectrometer.

Concerning the second point, the Ebert—Fastie spectro-
graph is characterized by a ‘curved slit” image or ‘moustache’
effect, illustrated in the left image of figure 3. The vertical
row of the entrance fibers are at different positions (sightline
channels) on the y-axis of the spectrometer camera chip. The
x-direction represents the wavelength. The same wavelength
appears at different x-pixels for each fiber channel, which res-
ults in a variation of the projected wavelength positions over
the camera chip, resembling a slight curve with a large radius.
Over all 60 channels of the camera, the variation can be up
to 8 pixels (or 9.6 pm at a spectrometer setting of 465 nm).
Therefore, the curved slit effect has to be considered when ana-
lyzing the Doppler shift in each channel. Since usually only
one or two of the spectrometer channels are routinely connec-
ted to a wavelength calibration source, a polynomial regres-
sion fit curve was fitted to the measured positions of differ-
ent monochromatic line measurements, illustrated in figure 3.
Within the measurement uncertainties, the curved slit effect
is the same at different wavelength settings, due to the sym-
metric assembly of the spherical mirror and the grating in the
Ebert-Fastie configuration [12]. This is why the polynomial
regression fit can be used at all wavelength settings.

2.3. Instrument function

The instrumental width of a spectrometer determines its spec-
tral resolution capabilities and thus the ability to perform a
line-broadening analysis for the narrow spectral lines emitted
by SOL plasmas. For the Echelle spectrograph, it is primar-
ily determined by the F-number and the width of the entrance

Instr. functions at 464.881 nm
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Figure 4. Measured instrument functions in different camera
sightline channels (colored) and the averaged instrument function
(in black).

slit, which was set to 200 pm for all spectral measurements
performed during the operation phase OP1.2b of W7-X (and
thus all measurements presented in this work). The instru-
mental width was determined with the C-WAVE laser meas-
urements at different wavelength settings, already mentioned
in sections 2.1 and 2.2. Figure 4 shows the measured instru-
ment functions at the wavelength setting of 464.8 nm in
different sightline channels of the spectrometer. The curved
slit effect was corrected for the comparison, to demonstrate
that the instrumental width is about the same for each sight-
line channel. The averaged instrumental width is approxim-
ately 15 pixels, which corresponds to 18 pm or 0.18 A at the
wavelength setting of 465 nm according to the dispersion rela-
tion (1). For comparison, thermal broadening for e.g. C II and

% ~ 22 to 39 pm for an

assumed temperature range of 7; , = 5 to 15 eV (A =450nm).

C III lines is between op = \ -
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Figure 5. Averaged instrument functions measured at different
wavelength settings of the high-wavelength resolution Echelle
spectrometer.

Thus, the resolution of the = 1150 mm Fastie spectrometer
is sufficient for the line broadening analysis presented in this
paper.

It was also experimentally confirmed that the instrumental
width does not change significantly for other wavelength set-
tings of the spectrometer, as shown in figure 5.

2.4. Spectrometer LOS

The LOS used by the spectrometer in the last plasma cam-
paign, OP1.2b, view nearly vertically into one of the lower
island divertors of W7-X. A schematic representation of the
LOS end points on the graphite targets can be found in
figures 6 and 7. The photo in figure 6 was taken after the
end of the last plasma campaign, OP1.2b. The LOS positions
were measured by back-illumination. The LOS are focused
by a collimator lens (f =35 mm) behind a vacuum window
and observe the divertor over a large poloidal cross-section of
the horizontal target, the pumping gap and vertical target. The
length of the LOS varies between /=1.5-1.7 m. As will be
discussed later in more detail (cf figure 16), the LOS cross
the core plasma once and the SOL twice: in front of the win-
dow as well as well as in front of the divertor. The orientation
of the LOS with respect to the magnetic field topology varies
between 6~ 108°-115° at the targets (in the standard mag-
netic configuration), where most of the passive visible emis-
sion occurs in attached conditions.

3. Spectral line broadening analysis in the W7-X
SOL

Due to the high spectral resolution of the Echelle spectrometer,
line broadening analysis can be performed for many atomic
emission lines passively radiating in the SOL of W7-X. The
highly resolved spectra demonstrate that, next to thermal Dop-
pler broadening, the Zeeman effect contributes significantly to
the effective line broadening of impurity emission lines in the

22 mverti cal
“target

horizontal
target

Figure 6. Overview of the spectrometer LOS into one of the lower
island divertors in W7-X. Blue LOS end on the horizontal divertor
target, green in the pumping gap and the red LOS end on the vertical
target. The positions of the five divertor-gas-inlet nozzles are
indicated in magenta.

1
' 4 g
-0.9-3' 12
| , ’ - Ay A _--- -_,,__.
| A/' }'r 'A’_-""'/ :'-"'
5 5.2 54 5.6
r (inm)

Figure 7. Fan geometry of the LOS into one of the lower island
divertors in W7-X. Blue LOS end on the horizontal divertor target,
green in the pumping gap and the red LOS end on the vertical target.
A Poincaré plot of the SOL islands in magnetic standard
configuration (EJM262 with I.. = 2kA) is provided as well.

visible. This is due to the relatively low SOL particle temperat-
ures (7; < 100eV) and high confining magnetic field strength
of B~ 2-3 T within the SOL (cf left image in figure 16), as also
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reported for the SOL of tokamaks [15]. For some atomic lines,
such as the hydrogen Balmer lines, Stark broadening is signi-
ficant as well. However, for most impurity lines, only Doppler
broadening and the Zeeman effect play a role, which will be
the main focus of the analysis performed in this work.

3.1 Fitting procedure

The highly resolved, measured impurity spectra are analyzed
by means of a multi-parameter least-squares fit routine by con-
sidering

e Gaussian Doppler broadening (dependent on T),

e Doppler line shift (dependent on v;),

e Zeeman splitting (dependent on the magnetic field strength,
B, and the observation angle, 6, between the magnetic field
vector B and the diagnostic sightline),

e instrumental broadening and

e continuum background.

The basis for determining the magnetic Zeeman effect is a
code provided by John D. Hey, who applied and documented
his calculations in [4, 15-17]. The routine is also implemen-
ted and accessible in the (closed) ADAS603 database [18].
It generates the Zeeman/Paschen-Back multiplet components
for hydrogenic as well as non-hydrogenic spectral lines as a
function of magnetic field magnitude, B, and observation angle
0. B, 0 and the spectral line transition information are the input
parameters. The output are the wavelength, Az, and the rel-
ative intensity, /7, of each Zeeman split component, which
are usually indicated as vertical lines in the spectral fit plots
in section 4. If desired, the 7 and o polarization state can be
provided as well.

The main approach of the spectral simulation routine is to
generate a Doppler Gaussian function,

1 1/A=Xz\2
G()\—)\Z,JD)_\/Z—WUCXP[—2( UDZ>], 3)
“UD

for each of the Zeeman split line components of the observed
spectral line, where Wy = 1/81n(2)op is the full-width at half

maximum of the profile, and op = Az -/ Ml;ffli@ . The para-
meter Az = Ao — A\ is the shifted, center-of-mass wavelength
of the observed multiplet component. )\ is the central (intens-
ity weighted) wavelength and AX= Ao is the Doppler
shift, which depends on the emitting particle velocity, v;. The
velocity is assumed to be the same for each Zeeman split
component. The accumulation of all Gaussian functions is
numerically convoluted with the measured averaged instru-
ment function of the spectrometer, which is described in
section 2.3. To account for the continuum spectral background,
which can be dependent on several physics effects such as
bremsstrahlung or thermal radiation from the targets, a hori-
zontal line is added to the simulated spectral function, which is
not physically interpreted any further. A trivial horizontal line
is deemed sufficient for the background due to the small detec-
tion range of the spectrometer, which is always less than 3 nm.

T;, B and v; are free parameters of the fit routine. Also the
horizontal baseline, which is used to account for continuum
background emission over the spectral detection range of the
spectrometer camera, is a free fit parameter after subtracting
the dark current of the camera from the measured spectra. The
observation angle, 6, can be fitted freely as well or determined
in dependence of B, as the magnetic field topology is suffi-
ciently well known in W7-X [19]. By comparing the fitted B
value with the nominal B values along each LOS, the radiation
location along the LOS can be identified and the correspond-
ing 0 value at the same location is used. The nominal B and
0 values are shown along the spectrometer LOS in section 5,
figure 16. Although the view is restricted to a limited region of
the W7-X divertor, B and 6 vary considerably between and also
along the LOS. Since the confining magnetic field of the W7-X
stellarator is generated with external coils only, the topology of
the W7-X magnetic field can be measured in vacuum to a very
high degree of accuracy by magnetic flux surface measure-
ments [19] for the various W7-X configurations. The vacuum
flux measurements confirmed the theoretical field topology by
the installed coil system and can be accessed via the W7-X
field line tracer code [20]. During plasma operation, toroidal
plasma currents are usually of the order of =10 kA [21] or
less. These currents, located in the vicinity of the magnetic
axis, induce changes to the magnetic field at the boundary
by about AB < 1 mT and A6 < 0.01° along the spectrometer
LOS. Thus, they fall well within the fitting accuracy of the
routine and should not affect the fit results. Finite-/3 effects
can be neglected for the plasmas that have been created so far
in W7-X. They could, however, be present and considered in
future W7-X plasma campaigns.

3.2. Error analysis and accuracy of the fit routine

The fitting of multiple parameters to measured data can
become problematic if either

(a) several fit solutions exist or
(b) the signal-to-noise (S/N) ratio becomes too low.

Concerning the first point, fortunately, each of the four
physics-related fit parameters, 7;, B, v; and 6, have very dif-
ferent effects on the spectral line shape. This is illustrated in
figure 8 in the example case of a He I transition, where B, 6 and
T; were varied in the simulation. E.g. by increasing the mag-
netic field strength, the wavelength distance of the Zeeman-
split components is increased, whereas by varying 6, the rel-
ative component intensities are changed with respect to each
other. This is why, for successfully applying a fit approach
with multiple parameters, it is necessary to spectrally resolve
the Zeeman features of a measured line, preferably over the
entire multiplet shape. The approach will not work if the Zee-
man features are obscured by e.g. too high instrumental or
thermal broadening. One such case is shown in figure 9, for
the measured He II line around 468.5 nm: By varying the ini-
tial start parameters of the fit routine, different solutions are
determined with indistinguishable line shape but significantly
varying fit values. This is in contrast to many other, low-Z
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Doppler broadening and instrumental broadening of the spectrometer. The magnetic field strength B (left image), the observation angle 6
(middle) and the particle temperature 7; (right) were varied to demonstrate their effects on the line-shape.
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Figure 9. Passive He II spectrum measured with the high-resolution
Echelle spectrometer (in blue) during a mixed hydrogen-helium
plasma in W7-X along sightline number 23 (cf figure 6). Possible fit
solutions for the line shape are shown in orange and black (dashed).
They were determined by assuming different initial fit start
parameters. Zeeman-split components are added as orange vertical
lines, corresponding to the orange fit.

impurity species with distinguishable Zeeman features that
were investigated within the course of this work. He II has
a relatively high excitation energy and therefore radiates at
higher electron temperatures, which means it usually exists in
SOL regions with higher T;. At the given plasma conditions
in the W7-X SOL, none of the numerous Zeeman-split com-
ponents can be distinguished in the He II line shape, which
resembles a single Gaussian. One cannot differentiate clearly
between broadening by the Zeeman effect and thermal broad-
ening. Therefore, in the case of He II, additional assumptions
have to be made about the radiation location of the species,
which determines the local B and 6 values along the spectro-
meter LOS, and thus only 7; and v; can be fitted freely.

The accuracy and validity of the fit results strongly depend
on the S/N ratio of each analyzed spectrum. To characterize
the accuracy of the fit routine, synthetic spectra are simulated
where the ’true’ spectral line parameters are known. Then,
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Figure 10. Simulated C III spectrum (253p *P° — 2535 3S) (black
dashed line) with medium artificial noise (blue), spectral variance
(black markers), noise signal (white dots) and an exemplary fit
(magenta).

artifical white noise is added to the synthetic spectrum, as
shown in an example case for the C III multiplet at 465 nm in
figure 10. The temperature range usually observed for this line
is around T; = 10-15 eV, which is still low enough to observe
Zeeman features (in contrast to He II). For the example, a mag-
netic field strength of B=2.5 T, an ion temperature of 7; =
12 eV and an observation angle of 6 =110° were assumed.
These are typical parameters for the C III transition along the
spectrometer LOS. For the noise, Gaussian detector noise and
photon noise are considered. By applying the fit routine for
1000 iterations on the same synthetic spectrum with varying
random noise, the accuracy of the fit routine is characterized.
Initial start parameters are B=2 T, T; =1 eV and 6 = 100°.
The resulting fit parameters for B, T;, 6 and the value

Y (i - 1)
:Z(y = ) 7

i=1

“

where o is the spectral variance, can be found in figure 11.
Figures 10 and 11 demonstrate the example of a medium S/N



Plasma Phys. Control. Fusion 64 (2022) 075010

D Gradic et al

B(inT)

T.(in eV)

# (in degree)

400 600 800
number of iterations

Figure 11. Fit results for a number of iterations with random,
medium-level S/N for synthetic C III spectra, one example of which
is presented in figure 10. The black lines in the first three plots
indicate the chosen parameters for the synthetic spectrum.

Table 1. Overview of parameter uncertainty for the spectral fit
routine for different S/N levels and spectral lines. The medium S/N
parameter uncertainties are illustrated in figures 11 and 12 (right
image).

S/N (peak) AB AT; A0 X
CHI =30 (high) +0.04T +05eV  +15° =1
CII ~I13 (medium) =+006T =+2eV +4° ~3.3
CII =7 (low) +0.1T +3eV +7° ~6.5
Hel ~I11(medium) +002T =£0.05eV  42° ~0.7

ratio case, where the peak S/N ~ 13. The fit results vary by
roughly +0.06 T for B, £2 eV for T; and +4° for . This
changes for a worse or better S/N ratio, as demonstrated in
table 1. For higher S/N ratios, the uncertainties of all three
physical parameters decrease. Therefore, for accurate line
broadening analysis, it is necessary to increase the S/N ratio
as much as possible for all sightline channels. However, the
uncertainty of the fit results depends once more on the ana-
lyzed spectral line transition. Figure 12 shows a synthetic He
I transition spectrum at 668 nm and the uncertainty of the fit
parameters after 1000 iterations. For the same (medium) noise
level, the uncertainty of the He I fit parameters is significantly
smaller than for the C Il multiplet (cf right image of figure 12).
This is due to the different shape of the Zeeman features and
the lower temperature of the species and this is also why the fit
routine uncertainty needs to be investigated for each observed
transition line individually.

In the next section, several different atomic impurity lines
will be analyzed with the fit routine to investigate the impurity
temperatures. In section 5, the possibility of emission localiz-
ation via Zeeman spectroscopy is investigated for the case of
the W7-X stellarator SOL. The uncertainty of the B and 6 fits
will be considered for this.

4. Impurity temperatures in the SOL of W7-X

In this section, highly-resolved spectra of various impurity
emission lines are analyzed to derive impurity temperatures
for various species via Doppler broadening. The measured
spectra and their fits are presented in figures 13—15. Invest-
igated impurity species include intrinsically present species
(carbon, helium) and seeded impurities (argon and nitrogen).
The focus is set to intense, low-Z transitions, which usually
radiate very close to the divertor targets in attached plasma
conditions. By considering both Doppler broadening and Zee-
man splitting, values for the impurity temperatures, 7;, mag-
netic field strength, B, and observation angle, 6, are derived,
which are stated in the upper right corner of each image in
the figures and in table 2. The analyzed spectra were all meas-
ured during attached conditions, but in different plasma pro-
grams with varying plasma parameters and, in part, also mag-
netic field configurations. Nonetheless, all the shown spectra
demonstrate that, by consideration of the magnetic field effects
and thermal broadening, the measured spectral line shape can
be reproduced reliably and used to infer ion temperatures. The
fitted values of T; are regarded as an upper limit, since the
spectra are line-integrated.

In figure 13, two highly resolved wavelength spectra of
the C III transition at 465 nm in the standard magnetic con-
figuration are shown. This C III multiplet is one of the most
intense impurity emission lines in the SOL of W7-X. Usu-
ally, in attached and detached conditions, the C?>* temperat-
ure in front of the divertor is fitted between T; ~ 10-15 eV
[11], as can be seen in the left image of figure 13. Since the
S/N ratio is in the medium range, the uncertainty of the C>*
temperature is AT; = +2 eV (cf table 1). The right image of
figure 13 shows the C III spectrum from the same LOS dur-
ing the same discharge later, when methane is puffed by the
divertor gas inlet valves. Due to the methane puff, the car-
bon emission is significantly higher, which is why the S/N
ratio improves substantially. The selected sightline lies close
to gas inlet valve number 5 (cf figure 6), where the C>* tem-
perature locally decreases to T; =~ 6 eV. The strong decrease
of C2* temperature is only observed along the LOS near the
gas valves, further away it remains around 10-15 eV. The fit-
ted values for B and 6 are similar for both fits and corres-
pond to the values of the magnetic field topology closest to
the target plates along the LOS. The localization of the C III
emission close to the targets during attached conditions is also
observed in tomographic constructions performed by other
spectrometers [22].

A spectrum from a lower ionization stage of carbon, C 1II,
in the high-mirror magnetic configuration can be seen in the
left image of figure 14. As example line, the C II transition
around 514 nm was chosen for LOS 24, which ends on the ver-
tical divertor target. The C II multiplet contains several com-
ponents ranging from 513 nm to about 516 nm, which is a
wider range than the high-resolution spectrometer is able to
cover in one setting. Therefore, only a part of the multiplet was
fitted. Furthermore, a small additional line around 514.8 nm
is observed in the C II spectrum, which was disregarded in
the fit. The derived particle temperatures are in the range of
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Figure 13. Measured (in blue) and fitted (in orange) C III spectra (2s3p 3p° 3 2535 3S) before (left, at r = 0.8 s) and during a methane puff
(right, at = 1.8 s) from the gas inlet system of the divertor module monitored by the spectrometer. The exposure time of the spectrometer
camera was set to 200 ms for both spectra. The fitted Zeeman-split components are added as black vertical lines.

T; =5 eV. These are lower fitted particle temperatures than
for C III, which is to be expected [4].

Another interesting example is the He I line at 667.8 nm,
which was measured in a W7-X series of plasma experiments
with mixed helium-hydrogen content of roughly 50% each,
in the standard magnetic configuration. As can be seen from
the passively measured divertor spectrum in figure 14 (right
image), a single line function is not sufficient to accurately fit
the measured shape. The dominant part of the He I line is fit-
ted with a low neutral temperature of 7; < 1 eV. The fit values
for B and 6 correspond to the magnetic field topology along
the LOS at the targets. However, there is a second temperature
component with higher temperature, that, presumably, origin-
ates from charge exchange recombination (CXR) collisions.
The hot He* is characterized by a significant Doppler shift of

37 pm relative to the cold component, which corresponds to a
velocity difference of 16.6 km s~! and would support the ori-
gin of CXR. The fitted temperature of the hot He* component
has a high uncertainty, since the Zeeman features of the line
are not recognizeable. For the fit, the same Zeeman paramet-
ers (B, #) have been assumed as for the cold neutral helium
component. However, this assumption might not hold true if
the charge exchange helium atoms radiate further upstream
(where B and @ are different). This needs be investigated more
deeply with tomographic reconstructions in the future.

Two examples for seeded induced impurity species are
shown in figure 15 for the case of argon and nitrogen in
the high-mirror magnetic configuration. The left spectrum
was recorded when argon was puffed by the divertor gas
inlet system of the divertor monitored by the spectrometer
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Figure 14. Measured and fitted C II (2p3p *P — 2p3s *P°) (left) and He 1 spectra (1s3d 'D, — 1s2p 1Pi’) (right). The He I transition was
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Figure 15. Measured and fitted spectrum of Ar II (3p*4p 2D° — 3p*4s 2P) (left) and N II (2p3p *P — 2p3s *P°) (right). Both impurities
were seeded by the divertor gas inlet system shown in figure 6. The fitted Zeeman-split components are added as black vertical lines.

(see figure 6). The exposure time of the spectrometer cam-
era was 1 s. Over the plasma discharge, a clear rise in Ar II
intensity was observed by the spectrometer LOS. However,
the strongest localization of the Ar II line was measured by
the LOS ending on the vertical divertor target plates, indicat-
ing that the Ar Il distributed along the open magnetic field lines
and was not localized around the gas valves, possibly related to
argon being a highly recycling impurity. The fitted Ar II tem-
perature is particularly low at 7; ~ 0.3 eV. One could indeed
expect argon ions to be the coldest, since the ratio of nuclear
to proton mass is the greatest of those elements analyzed here.
Hence, nuclear collisional heating is the least effective.

This behavior is different from that of nitrogen, which was
also puffed through the same gas valve but was more local-
ized around its seeding location. Similar to carbon, it is not a
strong recycling impurity. In figure 15 (right image), a N 11
spectrum is shown from LOS 6, which lies in the proximity of
the divertor gas inlet valve number 5. The N II transition is a

multiplet with several components ranging between 460 and
465 nm. With the spectral setting centered at 464.3 nm, only
the N II component at that location could be observed from the
entire transition with the high-resolution spectrometer. Next
to it, around 464.7 nm, is the highest peak of the C III mul-
tiplet shown in figure 13. For LOS 6, N Il intensity was highest
among the spectrometer LOS and even more intense than the
intrinsic C III emission line. The N II fit suggests an impurity
temperature higher than for Ar II, around 7; 51+ ~ 2 eV. The
fit values for B and 6 agree with the magnetic field topology at
the targets.

An overview of the temperatures of all investigated, weakly
ionized impurity species can be found in table 2. Even though
they are all located close to the divertor targets in attached
conditions, according to the fitted B and 6 values, their fit-
ted temperatures vary from each other. This is in agreement
with observations made in tokamaks, such as in TEXTOR
[4]. A competition between ion-ion collisional heating and
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Table 2. Overview of the temperature fit results for the five
investigated transition lines observed with the Echelle spectrometer
in the SOL of W7-X. )¢ is the unshifted center-of-mass wavelength
in air for the spectral transition.

Ton Transition Ao (in nm) Temperature
Hel 153d 'Dy — 152p 'P$ 667.82 0.2eV

Arll 3p*4p 2D° — 3p*4s 2P 487.73 03eV

NII 2p3p 3P — 2p3s *P° 462.32 23eV

cl 2p3p *P — 2p3s “P° 514.19 5eV

C1 253p 3P° — 2s3s3S 464.88 10-15eV

electron-ion collisional ionization determines the temperat-
ure of a particular ion species [23]. Electron-ion collisional
ionization leads to the fast annihilation of the lower ioniz-
ation stages of impurities. As a consequence, especially for
sputtered impurities like carbon, low charge states should
have temperatures below those of the background protons,
as explained more detailed in [4, 15] (see figure 13 in the
latter reference).

5. Localization of line radiation

This section addresses the question under which circum-
stances Zeeman spectroscopy can be used for emission localiz-
ation in the W7-X stellarator. Since Zeeman splitting of atomic
emission lines is dependent on the magnetic field strength |B]
as well as the observation angle 6, in theory, passive Zee-
man spectroscopy could be used to localize the emission in
a high-temperature magnetic confinement experiment. How-
ever, to our knowledge, this is rarely done or reported in prac-
tice, which might be due to one or several of the following
reasons:

(a) Passive Zeeman spectroscopy can only work (in the SOL)
when emitting particle species are cold enough for the Zee-
man splitting to become significant (or even dominant) for
the spectral line shape.

(b) The magnetic field strength, |B|, and the magnetic field
topology, B, need to be known to a high degree of accuracy
along the spectrometer LOS.

(c) The line emission needs to be localized in a small region
along the LOS.

The first point further implies a high-wavelength resolu-
tion spectrometer in order to resolve the Zeeman features, as
explained in the introduction. Concerning the second point,
precise knowledge of the edge magnetic field is generally dif-
ficult to achieve in the edge of tokamaks, where the magnetic
field topology is derived with equilibrium codes. In contrast,
stellarators such as W7-X provide a unique opportunity: |B
and B are obtained by magnetic field-line mapping, a sensitive
technique to measure the detailed topology of magnetic sur-
faces when the stellarator field is generated in vacuum without
plasma. This method verified the magnetic topology down to
errors on the order of 10~ in the W7-X standard and high-
mirror configurations (i.e. b;; and by, components) [24, 25].

Even in case of non-negligible bootstrap currents (of the order
of a few kA) developing during the plasma discharge, the mag-
netic topology can be determined with a precision of 0By, =
1 cm based on the magnetic field line mapping measurements.
In addition, finite $-values will also alter the magnetic struc-
ture, especially the size and position of the magnetic of the
magnetic edge islands. Because of the low values reached so
far in the last operation phase, OP1.2, the topic is beyond the
scope of this article.

Concerning the third point, atomic line emission can be dis-
tributed over a large part of the SOL in the edge island topo-
logy of W7-X. EMC3-Eirene simulations during e.g. detach-
ment [26] determine a relatively homogeneous distribution of
line radiation along the last closed flux surface, which is also
confirmed by coherence imaging measurements for C III (see
figure 5 in [27]). This is in contrast to tokamaks SOLs, where
emission is mainly localized in the divertor area around the X-
Point [28, 29] in a divertor configuration. In W7-X, it is pos-
sible that spectrometer LOS collect emission from different
regions of the SOL, depending on the view, magnetic field con-
figuration and plasma parameters. Therefore, in this section,
the fit routine accuracy is investigated with regard to emission
localization in case of one or two emission regions along the
LOS.

In figure 16, the values of B and 8 are shown for the stand-
ard configuration along the 27 LOS of the high resolution
spectrometer. The field data was obtained via the W7-X field
line tracer code [20]. Both B and 6 vary considerably along
the LOS, e.g. in the poloidal direction in the divertor area, B
increases from 2.3 to 2.6 T along the target surfaces and pump-
ing gap. Furthermore, both parameters have a local maximum
in the core of the plasma, thus not being unique along the LOS.
For this reason, if 8 is determined in dependence of B, the fit
range must be limited to either the divertor or the SOL region
in front of the observation window.

By analyzing the magnetic field data from the field line
tracer, it was found that e.g. along LOS number 1, a change
of 0.1 T roughly corresponds to a variation of 14.7 cm along
the LOS in the divertor area. This means that an uncertainty of
e.g. 0.04 T, as in the case of high S/N ratio for the C III line
(cf table 1 in the previous section), translates into an uncer-
tainty of 5.9 cm in the emission localization along the LOS.
This accuracy is sufficient for e.g. observing whether the radi-
ation is close to the targets (as it is usual in attached condi-
tions) or close to the last-closed flux surface (LCFS) during
detached conditions, as was investigated in [11]. This is pos-
sible because the distance between the targets and the LCFS
varies between 17 cm (LOS 1) and 9 cm (LOS 10) along the
LOS in the divertor area. In case of one predominant emission
region, the C III emission localisated with the fit routine has
an uncertainty of few centimeters along the LOS, depending
on the S/N ratio. Considering the uncertainties of the fit para-
meters for the C III line, even with good S/N ratios, passive
Zeeman spectroscopy is not accurate enough to e.g. determine
whether the C III emission occurs in- or outside of the LCFS
during detachment for typical C>* temperatures between 10
to 15 eV. However, this might differ for other transitions, as,
for example, the He I line, where the uncertainty for B is
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Figure 16. Variation of the magnetic field strength (left image) and the observation angle (right) along the 27 spectrometer LOS in use
during the analysis of this work. The values are representative for the standard magnetic configuration with B=2.6 T on the main axis. A
Poincaré plot of the magnetic island topology in the plane of the LOS is indicated in black, at a toroidal angle of ¢ = 12°.
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Figure 17. Two simulated C III spectra (black, continuous and
dashed) in the divertor area and in front of the window region along
LOS 27 (cf figure 6). For the line-integrated spectra (blue), both
spectra were weighted with 50% each. The result fit of the
line-integrated spectra is shown in cyan.

AB =0.02 T. He I can therefore be localized with an uncer-
tainty of £3 cm along the vertical LOS.

First tomographic analysis results via medium-resolution
spectroscopy [22] report the presence of at least two emis-
sion zones in detached plasmas in the SOL of W7-X for both
C II and C III. Therefore, synthetic spectra were also used
to study the accuracy of the fit routine in case of two (line-
integrated) emission zones along the LOS. Figure 17 shows a
line-integrated spectrum generated out of two synthetic spec-
tra, one radiating in front of the observation window (where
B=2.45T and # = 108°) and one close to the divertor plates
(B=2.7T and 6 =114.8°) along LOS 27. The locations of
the synthetic spectra in the W7-X SOL are also visualized

D /W)

RadE)aEipn distribution is 50% to 50% (
' i EX

Figure 18. Localized emission along the 27 vertical LOS (magenta)
in the divertor area of W7-X, for a synthetic, line integrated
spectrum composed of two emission areas (cf figure 17). The red
and and cyan dots indicate the selected positions of the synthetic
spectra in the divertor and in front of the window, respectively. The
allowed fit range for the spectrum is indicated by the visualization
of the magnetic field strength, B, along the spectrometer LOS.

in figure 18. For both spectra, the same ion temperature of
T; = 10 eV was assumed and no noise effects were considered,
for simplicity. If only one spectrum is used to fit the line-
integrated combined spectrum, a good fit can be determined
with values of B=2.62 T and 6 = 110.1°, that lie in between
the values of the two synthetic spectral components. Thus, the
fit routine is able to accurately reproduce two line-integrated
spectra with just a single spectrum, albeit with fit parameters
that neither agree with the window nor the divertor spectrum.
This was also confirmed by fits for the other LOS.
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When fitting the line-integrated spectrum with two spectra,
the two synthetic spectra cannot always be accurately repro-
duced. At first, a fit routine was applied where B, T; as well
as the amplitudes of both spectra could be freely fit by the
routine. Then, the fitted parameters were more limited, so that
only the amplitude of the window emission was fit, whereas
B and T; were fixed. In both scenarios, there are deviations of
the fit results that lead to e.g. the wrong emission localization
among most of the spectrometer LOS, as shown in figure 18.
In case of two emission zones along the vertical LOS, three fit
parameters (B, T; in the divertor, as well as the amplitude ratio
of the divertor and window spectrum) or more allow no unique
fit solution. Additional tomographic information by e.g. other
diagnostics is necessary to provide constraints to the fit para-
meters. In future, this could be achieved by divertor tomo-
graphy [22] to derive an amplitude ratio for the window and
divertor emission.

Altogether, it is concluded that successful radiation local-
ization in W7-X via Zeeman spectroscopy suffers from the
homogeneous radiation distribution in the SOL island topo-
logy, even though we benefit from a very accurate magnetic
field database. If two emission zones exist with similar tem-
peratures, Zeeman spectroscopy cannot really differentiate
whether one or two spectra are present. Only in the case of two
emission zones with very different temperature components,
as observed for the measured He I transition line at 668 nm (cf
figure 14), two line functions can be accurately fit to the data.

6. Summary and conclusions

A first line-broadening analysis has been carried out for spec-
tral impurity emission lines in the divertor SOL of W7-X.
Atomic line emission for cold edge impurities is significantly
characterized by both Doppler broadening and Zeeman split-
ting, due to the low temperatures in the SOL (7; < 100eV)
and the confining magnetic field in W7-X (B=2.5T). A high-
wavelength resolution spectrometer with narrow instrumental
broadening is necessary to spectrally resolve the Zeeman fea-
tures for the various SOL spectral lines. For the line broad-
ening analysis of the measured spectra, a routine fitting mul-
tiple parameters was implemented. It is able to derive impurity
temperatures, 7; z, from Doppler broadening and the magnetic
field strength, B, and observation angle, 6, at the emission loc-
ation along the spectrometer LOS due to Zeeman splitting. The
fit routine is able to reproduce the line shape of several impur-
ity lines accurately. Uncertainties of the derived values vary
for each atomic line individually and depend on the S/N ratio
of the measured spectra.

For intrinsic carbon in the divertor region, the temper-
ature for C!'* is T;c~5 eV and increases to T;c ~ 10 to
12 eV for C** in typical attached conditions in W7-X. For
seeded impurities through the divertor gas inlet system, Ar'*
and N'*, lower temperatures have been measured than for
Cl+, at Tiar < 1€V and T; y =2 €V, respectively. Further-
more, a neutral helium transition line was analyzed in a
mixed hydrogen-helium plasma program. Two temperature

components could be observed in the spectrum, one cold com-
ponent (T, y. < 1) and a hotter one, which is assumed to ori-
ginate from CXR collisions.

Since the spectral line broadening analysis also yields val-
ues for B and 6, radiation localization is possible under certain
conditions, because the magnetic field topology is very accur-
ately known in W7-X. Careful investigation is required as to
whether emission occurs locally along the spectroscopic LOS
or at several positions. The W7-X island SOL is character-
ized by several X- and O-points in each poloidal cross-section,
which leads to a more homogenous radiation distribution than
in tokamaks. For the observation directions used in this work,
emission can occur twice along the LOS. If two spectra with
similar temperatures become line-integrated along the LOS, it
is not possible to use the spectra for emission localization via
Zeeman spectroscopy without additional tomographic inform-
ation. A more detailed study of the radiation distribution of
various impurity species is therefore necessary to evaluate the
applicability of the fit routine for emission localization via
Zeeman spectroscopy for future investigations. This investig-
ation could either be carried out by Gaussian Process Tomo-
graphy [22] or the new divertor bolometry diagnostic planned
for the next operation phase, OP2.1.
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