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Hegedűs, S.; Csillag, B.; et al.

Development of the W7-X Alkali

Metal Beam Diagnostic Observation

System for OP2. J. Nucl. Eng. 2023, 4,

142–151. https://doi.org/10.3390/

jne4010010

Academic Editors: Stjepko Fazinić,
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Abstract: On a Wendelstein 7-X (W7-X), an alkali metal beam (AMB) diagnostic system was installed
in order to measure the plasma edge electron density profiles and turbulence transport. A sodium
beam was injected in the plasma, and the light emission was observed by an optical system. During
the last operation phase, OP1.2b campaign trial spectral measurements were performed with a
dedicated optical branch. The results showed the emergence of potential CX lines in the light spectra
during sodium injection. The lines were identified as Carbon III, which were the dominant lines
observed by other diagnostics at the edge plasma. Based on these results, an additional dedicated
optical system was developed and installed in 2021 for the upcoming operational phase, OP2. The
optics were designed for multiple purposes: spectral measurements for the AMB system and for a
He/Ne gas jet. The system was designed to allow implementation of further diagnostics on this port
later (e.g., coherence imaging system). The details of the implementation of the design requirements
and the main challenges of the manufacturing process and installation are discussed in this paper.

Keywords: W7-X; alkali metal beam diagnostic; alkali beam emission spectroscopy; BES; optics;
optomechanics; optical fiber

1. Introduction

Beam Emission Spectroscopy (BES) is a key nonperturbative diagnostic technique
used for electron density and turbulence transport measurements at the plasma edge of
magnetic fusion devices. In addition to the good spatial resolution (a few mm), an excellent
time resolution (around 20 µs) can be achieved by BES diagnostics. The classical BES
configuration uses the light emitted through the plasma interaction with the neutral beam
heating [1,2]. On the other hand, alkali metal beam (AMB) spectroscopy (also called alkali
beam emission spectroscopy (ABES) or atomic beam probe (ABP) spectroscopy) utilizes the
interaction between the plasma constituents and the high-energy alkaline atoms injected
into the plasma. The effectiveness of the latter concept lies in its flexibility and, according
to current diagnostic systems, in keeping the quasi nonperturbative property of the BES.
Due to these advantages, AMB diagnostics are used in almost every current tokamak
and stellarator experiment (e.g., ASDEX Upgrade [3]; JET [4]; LHD [5]; COMPASS [6];
KSTAR [7]; EAST [8,9]; W7-X [10]).

The working principle of an AMB diagnostic system is the following: lithium or
sodium ions are extracted from a thermionic ion source and accelerated by ion optics. The
beam direction can be fine tuned by deflection plates, which are also used for chopping
the beam from the plasma in order to filter the background signals. After the ion beam
is neutralized in a sodium or potassium vapor chamber, it then penetrates the plasma.
The collisional excitation and subsequent de-excitation of the alkali beam atoms generates
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photons along the beam trajectory with characteristic wavelength. The resulting light
profile is observed by an optical viewing system. As the excitation is mainly determined by
the plasma electron density, the AMB diagnostic can derive the plasma electron density
profile and its fluctuation in the plasma edge [11].

2. Alkali Metal Beam Diagnostic System for the Wendelstein 7-X

An AMB diagnostic system was designed and installed on the W7-X stellarator in 2017.
The system was composed of a 60 keV alkali beam injector and a dedicated observation
system. The injector was placed at the AEA21 port, between the two NBI systems. The
beam was injected at the equatorial plane and observed from a poloidal direction.

The first observation system was placed at the AEB20 port, from where the viewing
direction was perpendicular to the beam axis. The observed area was a 200 mm long
range of the beam line (between R = 6300 mm and R = 6100 mm), which was imaged onto
a radially arranged fiber plate by custom-designed optics. The fiber plate consisted of
40 pieces of special optical fibers with a rectangular shaped ending, laid side by side along
the beam line. Each fiber was connected to a detector from the high sensitivity avalanche
photodiode system (APDCAM, Fusion Instruments Ltd., Budapest, Hungary) About 2.5%
of the light was measured by a CMOS camera (Photonfocus AG, Lachen, Switzerland) for
overview and spatial calibration [10]. (See Figure 1.)

Figure 1. The W7-X alkali metal beam diagnostic system schematics.

In 2018, an additional optical side branch was added to the first observation system,
through which a few percent of the collected light were transmitted in order to prepare
for charge–exchange (CX) measurements of the edge ion temperature with the alkali
beam [12,13].

During the OP1.2b campaign, trial spectral measurements were performed with the
abovementioned dedicated optics. Light from 10 mm diameter spots along the beam was
collected into 400 µm diameter fibers and transmitted to a spectrometer. Spectra of both
the sodium beam light and various potential CX lines were measured. Figure 2 shows
the measured spectra, when the alkali beam was on (blue curve) and off (orange curve).
Figure 2a shows the sodium spectrum (NaI 588.955 nm and NaI 589.592 nm), Figure 2b
shows the potential CX spectrum, where two lines were modulated by the sodium beam.
The modulation was small at 2–3% but systematic, as it was in phase with the sodium
beam modulation. Low modulation was expected from the previous CX measurements on
the W7-AS [12] and ASDEX Upgrade [13]. The lines shown in Figure 2b were identified
as Carbon III, the left one was CIII 464.742 nm, and the middle one was potentially the
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mixture of CIII 465.025 nm and CIII 465.147 nm. The third line in Figure 2b seemed to not
be modulated, and it was not identfied. The few tenths of nm discrepancies between the
theoretical and measured values were probably the results of the inaccurate calibration
of the spectrometer. The calibration was performed a year after the campaign; then, the
used spectrometer setup was disassembled. Therefore, it was not possible to recalibrate
it. Nevertheless, the results of the measurements showed the emergence of Carbon III at
the observed area. Other diagnostics also indicated that CIII was the dominant source of
radiation in the edge plasma [14].

Figure 2. The sodium beam spectrum (a) and a potential CX line spectrum (b) when the alkali beam
is on (blue) and off (orange).

3. Aim of the New Observation System

Based on the results of the trial spectral measurements, an additional dedicated
optical system was developed and installed in 2021 for the upcoming operational phase,
OP2. These optics were designed for multiple purposes: spectral measurements (e.g., CX
measurements of the edge ion temperature) for the AMB system and for the He/Ne gas
jet. The latter diagnostic is planned to be installed for later campaigns. It will have the
same injection plane and region of interest as the alkali beam. The system was designed
to allow the implementation of further optical systems for other diagnostics on this port
(e.g., coherence imaging system). This second observation system was designed for the
AEB21 port (3), which was at the same toroidal cross section as the beam injection at AEA21
(1) and was on the opposite side of the first observation point at AEB20 (2). (See Figure 3.)

Figure 3. The entire W7-X alkali metal beam diagnostic system (section view) with the injector (1),
first observation system (2), second observation system (3), and the optical fiber patch box (4).
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4. System Requirements and the Determination of the Design Parameters

The observed radial range of the new system was determined to be 150 mm long
(between R = 6300 mm and R = 6150 mm in W7-X coordinates). The light from this area is
imaged onto optical fibers arranged in two rows along the beam line. Depending on the
light intensity and the specific application needs, the two rows can be shared between the
alkali and He/Ne beam diagnostics. To increase the signal intensity, 2 × 2 fiber blocks can
be placed on both sides of the rows at a few radial positions. Therefore, the total observed
object size is 150 mm × 25 mm. For manufacturing reasons, the ends of the fibers were
placed in the same plane; thus, the fiber plate has a flat surface. In this way, the collected
light is transmitted by the optical fibers to the spectrometer.

The observation system was placed on a DN250 size port flange, which was 2.57 m
away from the observed beam. A custom-made sapphire window with a diameter of
184 mm was used. However, the effective visible diameter was reduced to 160 mm due to
the port liners. The minimum necessary input aperture of the optics was 70 mm, which
leaves space for the installation of additional optics at this port.

The fiber core diameter was determined by the size of the previously installed fibers
at the spectroscopy laboratory. To avoid light loss, the same (160 µm) core diameter fibers
must be mounted to the fiber plate. A commercially available fiber was selected in the
early design phase with a total outer diameter of 205 µm, including the cladding and
jacket around the fiber core. Considering this fiber diameter and the numerical aperture
(NA = 0.22) of the fibers, while recognizing the need for a reasonable amount of fibers in
the system, the magnification was determined to be M = 15.8. With this configuration, the
observed area can be covered by 130 fibers, and a 100 ms time resolution is achievable for
the ion temperature measurements. The length of the fibers is 8 m, so they can be directly
routed to the patch panel, where they are connected to the 60 m long fiber bundles ending
in the spectroscopy lab outside the torus hall.

The He-beam measurements require a wide spectral range; therefore, the necessary
operational wavelength range of the optics was determined to be 340–930 nm. Furthermore,
the system enables the adjustment of focus and the fiber plate position and orientation,
while the mechanical design allows the absolute intensity calibration of the optics from
outside the vacuum vessel, without removing the optics from their installed position.

5. Design Solutions and Implementation
5.1. Overview of Design

A section view of the optics system is shown in Figure 4. The following design
description contains the numbering used in this figure.

Taking into account that the expected mass of the system was relatively small (less
than 30 kg), we decided to fix it directly to the flange of the custom-made sapphire glass
vacuum window (1), even though it was installed from the bottom.

An optics holder ring (2) was attached to the vacuum window by screws. The opened
sides of the optics holder can be covered by side closure ring sections (3) to provide ECRH
protection and light shielding. The optics holder was designed so that folding mirrors
(4) could be temporarily attached for absolute intensity calibration as follows: the fiber
plate can be illuminated by placing a light source (an Ulbricht sphere) under the optics,
turning its opening towards the outer folding mirror. Thus, the emitted light is transmitted
to the optics through the folding mirrors. In this way, the absolute intensity calibration
can be performed without entering the vacuum vessel or removing the optics from their
installed position. Sufficient space was provided between the vacuum window and optics
to insert a heat shield during a baking procedure. There are two additional 46 mm diameter
apertures on the optics holder plate, where further diagnostics or cooling devices can be
attached later.
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Figure 4. Section view of the optics system consisting of the vacuum window (1), optics holder (2),
side closure (3), folding mirrors (4), objective (5), objective holder (6), rotating unit (7), fiber plate (8),
fiber plate holder (9), optical fibers (10), and the fiber bundle holder (11).

To fulfill all optical requirements, a custom-made objective (5) was designed and
manufactured (OMI Ltd., Budapest, Hungary). Various commercially available optics were
investigated (photo lenses, achromats, offset parabolic mirrors, and other mirror systems),
but for the required wavelength range (340–930 nm) and aperture diameter (70 mm), no
such solution was found. The optics holder (6) was designed so that the focus can be
adjusted by a spindle mechanism. The fiber plate (8) was attached to an XY translation
mount where a precise fiber plate position can be adjusted by micrometers. The sides of the
fiber plate holder (9) were protected by half tube coverings. The entire fiber plate holder
can be turned around by the rotating unit (7) to ensure the adjustment of the fiber plate
orientation.

The optical fibers (10) were protected by a plastic tube, which has a larger minimum
bending radius than the fibers. During transportation and storage, the entire fiber bundle
can be rolled up to its holder (11). After installation of the bundle to its dedicated cable
tray, the remaining cable can be stored at the holder as well.

5.2. Fiber Plate Manufacturing

Manufacturing and assembly of the fiber plate was a considerable challenge. The
fibers were glued into a 5 mm thick and 14 mm diameter stainless-steel disc, called a fiber
plate. To ensure the exact position of the fibers, the contour of the cutout on the original
fiber plate was designed to follow the contour of the fibers (Figure 5). The selected man-
ufacturing method to produce the cutouts for the fibers was wire-cut electrical discharge
machining (EDM). To be able to cut out the contour of the 205 µm fibers (plus tolerances),
the manufacturer had to use the smallest diameter wire (0.1 mm) available for the EDM
machine. Although the shape of the cutouts looked promising, the manufacturer was
unable to meet the dimensional and shape tolerances; thus, it was impossible to insert all
the fibers into the cutouts.
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Figure 5. Original fiber plate design (CAD design, manufacturing drawing, photo, and microscopy
image).

After multiple failed attempts to manufacture the original shape of cutouts, we decided
to simplify the fiber plate design. The modified cutouts had straight contours and rounded
edges (Figure 6).

Figure 6. Simplified fiber plate design (CAD design, manufacturing drawing, photo, and microscopy
image).

The result of the modification was as expected: the tolerances were easier to meet;
therefore, all fibers could be inserted and glued into the fiber plate. However, the position
of the fibers was not as precise as originally planned (Figure 7). Nevertheless, with a proper
spatial calibration of the diagnostic, the increased inaccuracy in the fiber locations was not
expected to cause any difficulties.

Figure 7. Fiber arrangement—theoretical (a) and result (b).

6. Adjustment and Calibration of the System

The adjustment and calibration of the optics was performed after the installation to
the port at the end of 2021, when the W7-X vacuum chamber was open. The AEA21 port
plug was temporarily removed because this port was used for human access. Through
this opened port a semi-transparent screen was inserted to the observed plane, while the
optical fibers of the AEB21 system were back-illuminated, and their images on the screen
were observed by the overview CMOS camera of the AEB20 optical system (Figure 3).
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6.1. Setup for the Adjustment and Spatial Calibration

The screen was fixed to the end of an aluminum pipe called a calibration rod. The
other end of the calibration rod was fixed to an optical rail system through two flanges.
These two flanges were fixed onto the rail by adjustable holders; thus, all DOF of both
flanges could be adjusted. The optical rail was fixed to the aluminum profiles on the
bottom of the AEA21 port (Figure 8b). The absolute coordinates of the two dedicated points
of the rod were extracted from the CAD model; then, these points were measured by a
3D laser measurement technique. The position of the rod was adjusted according to the
measurement results until the discrepancy was below 1 mm. Thus, the position of the
screen was adjusted.

The semi-transparent screen was a piece of 238 × 64 mm graph paper fixed onto a
glass plate (Figure 8a). At the middle of the screen the center lines were marked: the
longitudinal center line was aligned to the beam line, and the cross line was aligned to the
R = 6200 mm radial position (Figure 8a). Since the fibers were not connected to the patch
box until later, it was possible to back-illuminate all of them simultaneously, or one by one.

Figure 8. Photo of the semi-transparent screen (a); calibration rod setup (b); CMOS camera image of
the semi-transparent screen (c).

6.2. Adjustment of the Optics

As a first step, the orientation of the fiber plate was adjusted by back-illuminating
all fibers simultaneously using a large LED panel. The image on the screen was checked,
while the orientation was adjusted by the rotatable unit (Figure 4(7)). Then, the focus was
adjusted similarly with the dedicated tool on the objective holder (Figure 4(6)). Finally, the
X-Y position of the fiber plate was adjusted by the translation mount located on the fiber
plate holder (Figure 4(9)). Then, we fixed all the adjustable elements.

6.3. Results of the Spatial Calibration

After adjusting the fiber plate position, the fibers were back-illuminated one by one,
and a CMOS image was taken. Thus, the spatial positions of all fibers were identified. A
merged CMOS camera image of the fiber positions can be seen in Figure 9.

According to the calibration results, the channel positions were between R = 6145 mm
and R = 6295 mm; so, the length of the observed radial range was 150 mm. The width of the
observed range was about 22 mm, and the average diameter of the channels was 2.5 mm.
These values very well matched the design parameters described in Section 4.
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Figure 9. Image of all the fibers on the semi-transparent screen taken by the AEB20 CMOS camera
(merged image).

7. Summary and Conclusions

Based on the results of the OP1.2b campaign on the Wendelstein 7-X experimental
device, an additional observation system was developed, manufactured, installed, and
calibrated for the alkali metal beam diagnostic. The observation system is designed to serve
multiple diagnostics and meet the complex requirements discussed in Sections 4 and 5.

Although the fiber arrangement in the fiber plate was less precise than originally
planned, it provided sufficient performance for measurements using the result of the spatial
calibration. Due to the lack of time, there was no possibility to further refine the original
fiber plate design in order to achieve a more accurate setup. The use of slightly larger
nominal dimensions or more relaxed tolerances could lead to a successful production of a
more precisely arranged fiber plate.

The installation, adjustment, and calibration of the system was performed at the end
of 2021. After connecting the spectroscopy lab fibers to the patch box, the system is ready
for measurements as of November 2022.
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ABP Atomic Beam Probe
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CX Charge–Exchange
DOF Degrees Of Freedom
EDM Electrical Discharge Machining
W7-X Wendelstein 7-X
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