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towards electron-scale measurements
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Introduction

Turbulent transport remains a major challenge for magnetic confinement, as heat and particle
transport in tokamaks is often dominated by small-scale instabilities beyond neoclassical predic-
tions. Modes such as Trapped Electron Modes (TEMs), Ion Temperature Gradient modes (ITG)
and Electron Temperature Gradient modes (ETG) tap free energy from density and temperature
gradients and generate turbulent structures over a broad range of scales. Understanding these
processes is therefore essential for improving plasma performance and predicting transport in
future reactors.

The Tokamak a Configuration Variable (TCV), with its flexible shaping and versatile elec-
tron cyclotron heating and current drive systems, is well suited for turbulence studies. Tan-
gential Phase Contrast Imaging (TPCI) provides localized measurements of electron density
fluctuations using a tangential laser geometry, giving access to fluctuation dynamics relevant to
turbulent transport and confinement.

The recent TPCI upgrade aims at extending these measurements towards smaller spatial and
temporal scales, in particular to access ETG-driven turbulence, which is suspected of con-
tributing to anomalous electron heat transport [1][2], but has not yet been directly measured
in fusion-relevant devices. The upgraded system combines increased CO, laser power with a
new 64-element photovoltaic detector, enabling spatially resolved measurements at higher fre-
quencies and wavenumbers. While the full detector is being commissioned, preliminary L-mode
measurements with a single-element detector allow time-resolved analysis of the fluctuation fre-
quency spectrum.

Tangential Phase Contrast Imaging (TPCI)

Tangential Phase Contrast Imaging (TPCI) is a phase-contrast diagnostic in which the un-
scattered part of the laser beam acts as an internal optical reference. This configuration makes
the diagnostic relatively insensitive to mechanical vibrations, since the reference and phase-
modulated components follow nearly the same optical path. However, unlike an interferometer
with an external reference beam, TPCI does not provide a direct measurement of the absolute
plasma density. Instead, it is sensitive to electron density fluctuations integrated along the laser
beam path.

When the laser beam propagates through the plasma, electron density fluctuations induce
a small phase shift ¢, proportional to the line-integrated density fluctuation. The role of the
TPCI phase-contrast technique is to convert this phase modulation into an intensity modulation
measurable by a square-law detector. To first order in @, the electric field after the plasma can
be written as

E = Ege'® ~ Ey(1+i9),

where E| is the unperturbed beam. Without any phase-contrast element, the detected intensity
is I = |E|> = |E|?, and is therefore insensitive to the plasma-induced phase shift. To obtain a
linear relation between the measured intensity and the density fluctuations, TPCI uses a phase
plate placed in the focal plane of the optical system. In this plane, the unscattered component




is focused onto a central groove, while the scattered components are displaced from the optical
axis, as shown in figure 1.
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Figure 1: Schematic illustrating the optical principle of be written as
TPCI. The reflective phase plate is shown in an unfolded
geometry for clarity; in the actual system, the beams are
reflected by the mirror rather than transmitted through it. E'~Ey(£i\y/p+i¢),

where the sign depends on the
phase-plate convention. The corresponding detected intensity is then

I'=|E"P ~|E|* (p £2\/P¢), (1)

where terms of order ¢ have been neglected. The intensity measured at the image plane
is therefore linearly proportional to the plasma-induced phase shift, and hence to the line-
integrated electron density fluctuation.

Although the measured signal remains integrated along the laser path, TPCI can provide
partial localization thanks to its nearly tangential viewing geometry and to an optical filter
selecting the direction of the scattered radiation.

In a strongly magnetized plasma,
turbulent structures are elongated
along the magnetic field lines. As a
result, the fluctuation wave vector k
is mainly perpendicular to the local
magnetic field,

k-B~0.

In addition, because the phase
shift is integrated along the laser
beam, fluctuations with a significant
wave-vector component along the
beam direction are averaged out. The
diagnostic is therefore mainly sensi-
tive to fluctuations satisfying

Figure 2: Principle of localization in TPCI.

K- Kpeam > 0.

At each position along the laser path, the detected fluctuations must therefore have a wave
vector approximately perpendicular to both the magnetic field and the beam direction. Since the
relative orientation between the beam and the magnetic field varies along the tangential chord,
the selected wave-vector direction also changes along the path. As the scattering direction of



the laser light is directly related to the fluctuation wave vector, an optical mask can select a
given scattering direction and thus favour the region where the corresponding k satisfies both
perpendicularity conditions. This thus provides spatial localization.

TPCI upgrade

The TPCI diagnostic on TCV has undergone several upgrades to extend its measurement
capabilities towards electron-scale turbulence. The CO, laser power was increased from 7 W
to S0 W in order to improve the signal-to-noise ratio, which is essential for detecting small-
amplitude density fluctuations. In parallel, the detector was replaced by a new 64-channel pho-
tovoltaic detector with a 10 MHz bandwidth at -3 dB. This detector is designed to provide one-
dimensional imaging of the density fluctuations, giving access not only to the temporal evolution
of the turbulence but also to its spatial structure.

Together with the upgraded optical sys-
tem, these modifications are expected to
extend the accessible wavenumber range
up to approximately 60 cm~!. This range
approaches the scales relevant for ETG
turbulence. Therefore, the upgrade opens
the possibility of directly observing ETG-
scale density fluctuations on TCV for the
very first time. Such measurements would 11 ,
provide a new experimental window to 0 os 1 15 L
study electron heat transport and to vali- Time (s)
date gyrokinetic turbulence simulations.
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Figure 4: Time-resolved power spectrum of dis- comparable to the numerical noise of the
charge #88865 in positive triangularity with acquisition system. A dedicated amplifica-
counter-current ECCD injection. tion stage is therefore being developed in-

house. In the meantime, preliminary mea-
surements were performed using a more sensitive single-element detector.

The measurements presented in this section were acquired during a TCV experimental cam-
paign dedicated to the study of turbulent effects on fast electron physics and ECCD scenarios
[3]. The present analysis focuses on two L.-mode discharges, #88865 and #88866, corresponding
respectively to positive and negative triangularity configurations. In discharge #88865, ECCD
was injected in the counter-current direction, whereas discharge #88866 used co-current ECCD.
In both cases, the injected ECH power was varied between 880 kW and 1550 kW in four phases,
together with the ECCD injection angle.

Although these discharges were not specifically designed for TPCI studies, they provide a



useful first test case for the upgraded optical system and for the analysis workflow. Since only
a single detection element was available, no information on the fluctuation wavenumber could
be obtained. The measurements are therefore restricted to the time-frequency domain, allowing
the temporal evolution of the fluctuation spectrum to be compared between the two discharges
and between the different EC current-drive phases.

The measurements show, in both discharges, an increase in the fluctuation level as the in-

jected ECH power is raised. A comparison between the two discharges also suggests a lower
fluctuation level in the counter-current ECCD case. This observation is qualitatively consis-
tent with previous TCV results, where counter-ECCD was shown to modify the current and
shear profiles and to contribute, under suitable conditions, to improved electron confinement
and the formation of electron internal transport barriers [4][S]. This suggestion is also consis-
tent with the higher value of the normalized electron-temperature-gradient parameter, defined
as p}ﬁe = ps/Lr, [6], where ps = ¢;/ @,; is the ion sound gyroradius, with ¢, the ion sound speed
and @,; the ion cyclotron frequency. The electron temperature gradient scale length is defined
as Ly, = —T,/(9dT./dR), where R is the major radius. In the present comparison, p7, increases

from approximately 5- 1072 in discharge #88866 to approximately 7- 10~ in discharge #88865.
However, in the present case, this should only be interpreted as an indication of a possible sta-
bilizing effect, since the discharges were not designed to establish or diagnose an I'TB.

In discharge #88865, a coherent spectral feature is observed around 31 kHz. Its frequency and

spectral signature are compatible with a Geodesic Acoustic Mode (GAM) [7]. A comparison
with TCV magnetic fluctuation measurements was performed, but the corresponding MHD
signature remains too weak to allow a definitive identification.

Conclusions

TPCI is a powerful diagnostic for measuring electron density fluctuations with spatial local-

ization along a tangential laser chord. The recent upgrade of the TCV TPCI system, including
increased CO; laser power and a new 64-element detector, is designed to extend these measure-
ments towards higher frequencies and wavenumbers, with the objective of accessing ETG-scale
turbulence. Such measurements would constitute the first direct observation of these fluctua-
tions.

While the full upgraded system is still being commissioned, preliminary measurements with
a single-element detector already provide useful time-frequency information. These first results
demonstrate the capability of the diagnostic to detect physically relevant fluctuation features
and represent an intermediate step towards future spatially resolved measurements with the 64-
element detector.
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