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Abstract: In the quest to long-term operation of high-power magnetically confined fusion devices,
it is crucial to control the particle and heat loads on the wall. In order to predict these loads, under-
standing of the plasma-wall interaction is important. Near the wall surface, the plasma is accelerated
towards the Debye sheath edge. In plasma conditions with high density and low temperature, the
interaction between the incoming plasma and recycled neutrals can become important.

In this paper, we present incoherent Thomson Scattering (TS)measurements in the near-surface
region of theMagnum-PSI linear plasma generator. To enable TSmeasurements close to the plasma
target of Magnum-PSI, a stray light suppression up to a factor 104 was achieved, while retaining
high transmission. By incrementally moving the target along the magnetic field, this adapted system
was used down to 1.9mm from the target.

In the last 10–15mm in front of the surface, the electron density as well as temperature were
observed to decrease significantly. Under the assumption of constant particle flux in this region,
the density drop indicates plasma acceleration. In that case, the measurements can be interpreted
to show the plasma presheath, and its lengthscale: ∼ 1 cm. The electron cooling indicates an
energy loss channel for the electrons near the wall. A reduced electron temperature near the sheath
entrance leads to lower estimates of particle and energy flux, as well as ion impact energy, on the
target surface.

Keywords: Plasma diagnostics - interferometry, spectroscopy and imaging; Spectrometers; Optics;
Lasers
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1 Introduction

To ensure long-term operation of a magnetically confined fusion device, it is crucial to limit and
control the plasma load on the wall. One of the devices that are used to study this Plasma-Wall
Interaction (PWI), is the linear plasma generator Magnum-PSI [1] in Eindhoven, the Netherlands.
Its main components are a cascaded arc discharge, a superconducting magnet, and a three-stage
pumping system. The wall-stabilized cascaded arc discharge produces a high-density thermal
plasma [2], which flows along the field lines towards the target over a distance of ∼ 1.3m. By
differential pumping, the neutral pressure in the target chamber can be regulated to < 1Pa and
decoupled from the source conditions. The plasma near the target reaches electron densities
ne ∼ 1019–1021 m−3 and temperatures Te ∼ 0.1–7 eV, in a steady-state magnetic field up to 2.5T [3].
These plasma conditions are similar to those in the divertor region of the ITER tokamak [4] in
high performance detached operation, making Magnum-PSI suitable for testing of and research on
plasma facing components [5, 6].

Estimation of the particle and energy fluxes to the target surface is an important aspect of
PWI experiments. The particle flux at the wall is given by Γwall = Γse = ne,secs,se, with ne the
plasma electron density, cs the ion sound velocity and se denoting the position of the Debye sheath
entrance [7]. The energy flux can then be defined by qse = ΓseγshTe,se with γsh the sheath heat
transmission factor and Te the electron temperature.

The two plasma parameters necessary for the flux estimations, ne and Te, can be measured
with the incoherent Thomson Scattering (TS) diagnostic of Magnum-PSI [8]. Since the Debye
sheath is too thin to resolve, estimates of Γse and qse are obtained from upstream TS measurements,
under the assumption that the plasma fluxes of particles and momentum are conserved between the
measurement location and the sheath entrance. However, at high plasma densities, the interaction
between recycled neutrals and incoming plasma might affect the particle and momentum fluxes,
and thus the plasma load on the target surface.

– 1 –
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In this paper, we present incoherent Thomson Scattering measurements in the near-surface
region of Magnum-PSI. The device has good diagnostic access, enabling measurement of the
plasma parameters near the target. In order to perform TS closer than ∼ 5mm from the target, stray
light mitigation is required. The TS diagnostic set-up is described in section 2 and the stray light
mitigation in section 2.1. In section 2.2, we describe the measurements and their results. These are
discussed in section 3. Conclusions are presented in section 4.

2 Near-surface incoherent Thomson scattering

Thomson scattering can be described as the scattering of an electromagnetic wave from fluctuations
in electron density. If the Debye length of the plasma is large compared to the scattering wave-
length ( 2π

k with k the scattering vector wavenumber), scattering occurs dominantly due to thermal
fluctuations in electron density. The scattered light is Doppler-shifted, and its spectrum reflects
the velocity distribution function of the electrons. Assuming a Maxwellian velocity distribution,
a Gaussian fit provides Te, and using an absolute Rayleigh scattering calibration at a known gas
density, the electron density can be obtained.

The TS system in Magnum-PSI [9] consists of a pulsed Nd-YAG laser (0.6 J, 10Hz), operating
at the second harmonic (532 nm), a 25m long laser beamline through the vacuum vessel, high
transmission collection opticswith a linear array of 59 fibers, and finally a high-etendue spectrometer
with a transmission grating (which features a very low stray light contribution). An overview of
the system is shown in figure 1. The spectrometer images the fiber array onto an ICCD camera
(1340 × 1300 pixels of 20 × 20 µm). A maximum of 50 spatial positions in the plasma are mapped
to the spectra on this image.

Figure 1. Overview of the TS diagnostic set-up at Magnum-PSI, adapted from [9]. On the right side is a
cut-out showing the core of the device, with the plasma beam in red, flowing from source to target mount.
The in-vessel beam lines at source and target are shown, with the laser in green. Also depicted is the TS
viewing system and fiber connection to the spectrometer in the laser room. An optical drawing of the latter,
with intermediate focal plane, is shown on the left side. Bundles 1 & 2 are for the source and target positions,
respectively.

– 2 –
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2.1 Stray light suppression

The main sources of stray light are the vacuum windows where the TS laser enters and exits the
vessel. A fraction of the light scattered from the vacuum windows gets into the target chamber
of the vacuum vessel and - after several reflections- a smaller fraction ends up in the viewing
system of the diagnostic. On the measured spectrum, the stray light appears as a peak at the
laser wavelength, corresponding to the spectrometer instrument function. At the default target-
laser distance, d ≈ 30mm, the stray light can be mitigated by subtracting a (vacuum) stray light
measurement from the TS spectrum. Moreover, a digital notch is applied in the analysis.

To measure near the surface, the target is moved towards the laser beam. Some stray light
from the entrance window will then be reflected directly from the target into the viewing system.
This can cause saturation of the ICCD camera. Therefore, physical mitigation was required for this
research.

The intermediate image of the spectrometer was used, as seen in figure 1. A tandem lens
system relays the light to the ICCD camera (as proposed in [9]). A mask of width 0.5mm was
placed in the focal plane, such that it covered the image of the fiber bundle. It is noted here that the
width of the mask sets a lower bound on the measurement domain in Te, in this case at 0.2 eV. To
determine the mask’s attenuation, two Rayleigh measurements were performed, both in Argon at
50Pa. The Rayleigh measurements with and without mask are shown in figure 2.
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Figure 2. Spectrometer images with the adapted TS set-up, normalized in intensity to 10 laser pulses.
The images are binned 5 × 5 to yield a dispersion of 0.038 nm/px. From left to right: Rayleigh scattering
without mask (30 pulses), Rayleigh scattering with mask (400 pulses), and Thomson scattering (30 pulses)
at B = 1.2T, 7 slm Hydrogen gas flow, Pn = 1Pa background pressure and discharge current 175 A, at
d = 32, 2mm. Corresponding background images were subtracted.

The mask resulted in a strong reduction of stray light up to a factor 104 at the laser wavelength.
The measurement with mask shows some signal on either sides of the mask, which is possibly due
to internal reflections of stray light in the spectrometer.

The intensity of this feature increased significantly for d ≤ 5mm. Saturation was reached
around d = 1mm.

– 3 –
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2.2 Measurements

The adapted set-up enables TS measurements in the vicinity of the target surface. An axial profile
of the plasma parameters can be created by incrementally moving the target towards the TS laser.
The axial resolution of the measurements is given by the laser beam diameter of ∼ 0.7mm. As can
be seen in figure 1, the viewing line of sight is placed in the horizontal plane, perpendicular to the
magnetic field. To prevent obstruction of the viewing system (F/11 [9]) for small d, a protruding
target was used, with diameter 26mm. This yields a minimal distance dmin = 1.3mm.

For each measurement, 30 laser pulses were accumulated on an image. Five measurements
were done per position and setting. Four axial series of measurements were done, from d = 32mm
down to the closest possible distance. Stray light images were recorded at each position. The
experiments were performed in a Hydrogen discharge with gas flow 7 slm, source current I = 175A
and magnetic field 1.2T. Each series was done with a different (H2) background pressure: 1, 2, 4
and 8Pa. These settings result in a plasma beam that is well ionized at the low pressure and heavily
recombining at highest pressure.

The results of the measurement series at Pn = 1Pa are shown in figure 3. The axial profiles,
corresponding to the central positions of the radial profiles (for each Pn) are shown in figure 4.
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Figure 3. Radial Thomson scattering profiles of electron density (left) and temperature (right), obtained
during a steady state Hydrogen discharge in Magnum-PSI, with a magnetic field B = 1.2T, discharge current
I = 175A, gas flow 7.0 slm and with a background pressure of 1Pa. The errorbars represent the standard
deviation over 5 measurements. The profiles are coloured by target distance from the TS position.

3 Discussion

Upstream, both ne and Te are observed to decrease with the background pressure. As described
in [10], this can be attributed to the interaction between plasma and neutrals in the vessel, leading
to a loss of static and dynamic pressure (by momentum transfer) and particle flux (recombination).

Similar reductions of ne (amounting to 25–50%) and Te (25–50%) are observed, but now
as a function of distance from the target. In the following sections 3.1 and 3.2, we discuss the
implications of these measurements.
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Figure 4. Axial profiles of electron density (left) and temperature (right), as measured by TS in the center
of the plasma beam. The profiles are coloured by background pressure.

3.1 Plasma acceleration

Given the plasma in Magnum-PSI is convective, i.e. flowing from source to target, there are two
processes that can cause the observed density reduction: plasma acceleration, and the presence of
a net volumetric particle sink. In the experimental plasma conditions ne ' 1020 m−3, Te / 1 eV,
the rate coefficients of ionisation as well as recombination are relatively small, although three-body
recombination can become significant below 1 eV [11]. Moreover, the mean free paths along the
beam are increased by the axial plasma flow. Therefore, the particle flux is often assumed to be
constant in the few cm range between the TS location and the target surface [1, 3, 12].

If this is the case, the observed axial density drop can only be attributed to plasma acceleration,
and these measurements would show us the extent of the plasma presheath: the region of ion
acceleration towards the sheath edge. The observed lengthscale of the density drop, ∼ 1 cm,
coincides with the presheath lengthscale given in [13].

3.2 Near-surface plasma cooling

The observed temperature reduction towards the surface affects the estimations of particle and heat
loads to the target. Firstly, a lower Te implies a lower cs =

√
kB(Te+χiTi)

mi
(with Ti the ion temperature,

mi the ion mass, and χi the ion polytropic coefficient [14]), resulting in a lower estimate of particle
flux to the wall. Secondly, if the electrons have less energy at the sheath entrance, the sheath
potential difference is reduced, and therewith the ion impact energy and energy transmission to the
target surface [7].

The observed temperature reduction towards the surface indicates the presence of an energy
sink for the electrons. This sink action might arise from the interaction of incoming plasma and
recycled neutrals in the near-surface region. Whether or not the fluxes of particles and momentum
are conserved in this region, cannot be determined from these measurements. This would require
additional measurements of the plasma flow velocity and ion temperature.

– 5 –
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4 Conclusions

In this work, it has been shown that the TS diagnostic at Magnum-PSI can be used down to 1.9mm
from the surface. The necessary stray light mitigation was achieved by placing a mask in the
intermediate focus of the TS spectrometer. The resulting measurements show a significant drop in
electron density as well as temperature close to the surface. If we assume conservation of particle
flux in this domain, the presented measurements can be interpreted to show the presheath plasma
acceleration in Magnum-PSI and its lengthscale: ∼ 1 cm. The measured axial reduction in Te leads
to a reduction in the estimates of the particle flux, energy flux, and ion impact energy on the surface.

Direct measurements of particle and momentum flux require additional measurements of
plasma velocity and ion temperature. Thus, we can improve measurement accuracy for PWI studies
and expand our knowledge on interaction processes in the near-surface region under ITER-relevant
plasma conditions.
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