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ABsTRACT: Among the feasible options for diagnostics on burning plasma devices, collective Thomson
scattering (CTS) is a promising technique for monitoring core ion dynamics. This work aims to
identify an optimised CTS configuration for the European DEMOnstration power plant (DEMO)
using an accuracy-driven approach. The optimisation procedure combines ray tracing, forward
modelling of CTS spectra, and Bayesian inversion to evaluate predicted measurement uncertainties
for key plasma parameters.

We apply the optimisation methodology to the 2024 low-aspect-ratio DEMO design point. By
scanning over the choices of probe frequency, receiver launch angle, and mirror positions, we optimise
the CTS system for simultaneous measurements of the ion temperature 7;, the bulk ion rotation velocity
vy, and the alpha particle density 7, in the centre of the plasma. To inform the optimisation, we
estimate the intrinsic toroidal rotation profile, obtaining a core rotation velocity of about 70 km/s.
The resulting CTS configuration achieves predicted measurement uncertainties of approximately 4%
for T;, 19% for v, and 5% for n, at a time resolution of 0.5s.

These results confirm the potential of CTS as a core diagnostic for DEMO and provide a
foundation for future work, including sensitivity studies and optimisation for additional parameters
such as the fuel-ion ratio.

Keyworbps: Modelling of microwave systems; Nuclear instruments and methods for hot plasma
diagnostics; Simulation methods and programs
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1 Introduction

The European DEMOnstration power plant (hereafter DEMO) is envisioned as the transition step from
experimental fusion science to industrial electricity generation, bridging the gap between ITER and
commercial reactors [1]. Its mission imposes stringent requirements on plasma diagnostics: They must
provide accurate, real-time measurements under severe environmental and engineering constraints.
Among the limited set of diagnostics considered feasible for DEMO, collective Thomson scattering
(CTS) stands out as a versatile technique for probing core ion properties, including ion temperature, bulk
rotation, and fast-ion populations [2—4]. These measurements are relevant for plasma and burn control.

CTS operates by directing high-power millimetre-wave radiation into the plasma and analysing
the scattered signal arising from collective electron fluctuations linked to ion motion. This interaction
provides access to localized information on ion velocity distributions, enabling measurements of key
parameters such as temperature and rotation [5]. In future reactor-scale devices, CTS may become
particularly valuable because diagnostic access will be severely limited, and few alternative techniques
exist for ion characterization in the core [6, 7]. For instance, charge-exchange spectroscopy relies on
neutral beams and neutron spectroscopy requires many lines of sight for a localised measurement.
For ITER, CTS has already been designated as the main diagnostic for measuring confined alpha
particles [8]. Likewise, studies for DEMO indicate that CTS could deliver simultaneous measurements
of multiple ion properties in the core of the plasma [9].

Designing a CTS system for DEMO is challenging because performance depends on a complex
interplay of diagnostic parameters such as probe frequency and scattering geometry. Conventional
optimisation approaches based on geometric feasibility or signal-to-noise ratio are only partially
predictive of diagnostic performance [10—13]. In a recent study, we introduced an accuracy-driven
optimisation framework that evaluates CTS configurations based on simulated measurement errors
rather than indirect metrics [14]. This approach integrates ray tracing, forward modelling of CTS
spectra, and Bayesian inversion to quantify diagnostic accuracy for a specific plasma scenario. Building
on that methodology, the present work applies the full optimisation procedure to the design of a
CTS system for the low-aspect-ratio design point of EU DEMO from 2024 [15]. We explore the
configuration space defined by key system parameters and identify setups that minimise predicted
uncertainties in core ion measurements.

One of the measurements we are focussing on here is the bulk ion rotation velocity, which has
not been modelled yet for DEMO. We therefore also present in the next section a first estimate
for the bulk ion rotation profile in DEMO. It is based on extrapolation from current tokamaks
using dimensionless scaling laws.



2 Toroidal rotation profile

To be able to model the measurement of the bulk ion rotation velocity in DEMO, we first need an
estimate of the actual magnitude of this value. DEMO is projected to have little to no external torque
(no neutral beam injection), so any toroidal rotation must be intrinsic. We extrapolate this intrinsic ion
rotation mostly using an empirical model for the radial transport of toroidal momentum developed
from H-mode plasmas on the ASDEX Upgrade tokamak [16]. While ASDEX Upgrade plasmas are
not directly comparable to the burning plasmas in fusion reactors, they permit the analysis of intrinsic
rotation with a plasma shape similar to DEMO. By additionally considering the intrinsic rotation in
the DIII-D pedestal [17] as a reference, we attempt to reduce machine-specific effects in the model.
In steady state, the radial momentum flux vanishes, such that the contributions from diffusion,
convection and residual stress must balance. Removing some of their common prefactors, we get
R dﬁ RV,

o = ™ Vo +Cs8, (2.1)

with major radius R, toroidal rotation velocity v, radial coordinate r, convective velocity V.,
momentum diffusivity y, sound speed ¢, and a dimensionless function g for the radial dependence of
the residual stress. The fraction RV, / x, is modelled in [16] using experimental data as —aR/L,, — Bs
with @ = 0.7 £ 0.3, 8 = 0.44 + 0.5, the electron density gradient length scale L,, = n./|Vn,|,
and the magnetic shear s.

We normalise length scales by the minor radius a and velocities by the central sound speed c; o:
A=Rla,p=r/a,l,, =L, /aandu, =v,/cs o, such that equation (2.1) becomes

duy, a s cs 8
e A (L S L L A )
dp (zne ’BA) he T oA 22)

As in section V of [16], we model g(p) as a quadratic polynomial with g(0) = 0 and g(0.35) =

0.068 R/L,, — 0.048 in the core. However, we choose not to use the presented scaling of g(0.7)
since it is not dimensionless. Instead, we compare with the scaling of the Alfvénic Mach number
found in [17] for intrinsic rotation in the pedestal of DIII-D: v, /v4 = M4 = CByp*, where C =~ 1.25,
B is the (global) normalised plasma beta and p* = rp /a is the normalised ion Larmor radius. The
value of g in the pedestal of DEMO is manually adjusted such that the solution for v, approximately
matches this result.

With the boundary condition u, (1) = 0, equation (2.2) is readily solved through separation of
variables and variation of constants:

ey g P )
=- = — +B—|dp"” |dp". 2.3
up(p) /p cs’erXP(/p (lne +ﬂA) p ) p (2.3)

To account for the uncertainty in @ and 8, we sample them from a normal distribution 1000 times.

The individual and average resulting rotation profiles are shown in figure 1, along with the reference
rotation from DIII-D [17] in the pedestal.

In the core of the DEMO plasma, the modelled Mach number is (3.3 + 0.5)%, which corresponds
to a rotation velocity of (70 + 10) km/s. We use this value in the following to simulate how well CTS
could measure the bulk plasma rotation. The prior uncertainty on v, assumed below is taken to be
higher at ~40km/s to account for systematic errors associated with the use of equation (2.1).
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Figure 1. Modelled toroidal rotation profile for EU DEMO. The average and standard deviation result from the
sample of 1000 individual results. The value of the residual stress in the pedestal was tuned to approximately
match the reference from DIII-D [17].

3 Diagnostic optimisation procedure

We will briefly describe the applied optimisation approach but refer to [14] for details, such as a
complete list of diagnostics parameters. From an initial reference configuration, we iteratively scan
over and optimise for each of the following three diagnostic parameters of interest, with maximal
ranges indicated: Probe frequency f; € (52,63) GHz, toroidal launch angle of the receiver beam
Brec € (—14, 14)°, launcher mirror vertical locations z3; € (—1.44, 1.44) m, and toroidal displacement
of the probe and receiver launcher mirrors ¢y, € (—7.25,7.25)°. All other configuration parameters
are held fixed, including the probe power P; = 1 MW, X-mode polarisation, the scattering (i.e.
measurement) location Rgpr = 9.1m, Zgear = 0.39m (on the magnetic axis), and the effective
integration time (i.e. temporal resolution) 7.¢ = 0.5s. For each configuration, we assess the
measurement quality through several steps:

1. Finding the scattering geometry by following the beam paths with the WArRMRAY code [18].
2. Calculating the scattered spectrum through an analytical model of CTS.

3. Inverting the synthetic data multiple times to find the accuracies ATi, Avw, and Ana with which
the ion temperature 7;, the bulk ion rotation velocity v, and the density of fast alpha particles n,
respectively, can be reconstructed.

4. Combining the results AT,— s Avw and Ana into a single measurement quality Awgh.

After each scan, the reference configuration is updated with the value of the parameter of interest
that yields the best measurement quality before proceeding to the next scan. We scan each parameter
twice to increase resolution and account for interdependencies.

The Bayesian inversion algorithm applied in step 3 above requires Gaussian prior distributions
for all parameters affecting the scattered spectrum. Table 1 gives an overview of these, as well as
showing which of them are fitted by the inversion. Also note that, in addition to the plasma properties
mentioned above, CTS can be sensitive to the fuel-ion ratio R;. This parameter is currently not fitted
but could in principle be optimised for with the same procedure.



The CTS diagnostic background is typically dominated by electron cyclotron emission (ECE),
which is here estimated by WarRMRrRAY. In addition, we also consider the Bremsstrahlung background.
Currently, only a single pass through the plasma is taken into account, which underestimates the
ECE background when the plasma is optically thin. Consequently, the background estimate is
here multiplied by two as a rough approximation of any multi-pass estimate. The actual effect of
multiple passes through the plasma would, however, depend on the frequency and launch direction
for the microwaves, among other factors. The frequency dependence of our single-pass estimates is
qualitatively similar to the multi-pass results in [9], so that our approximation might be sufficiently
good. A dedicated study is nonetheless important for validating this assumption.

Table 1. Prior values and uncertainties on parameters for the Bayesian inversion. Values of plasma parameters
are taken in the CTS measurement volume. Parameters to be fitted are randomly perturbed before each inversion
based on their quoted uncertainty, while the remaining are taken into account as nuisance parameters. The
uncertainties on some parameters are inspired by [8].

Parameter Value o fit?
Ion temperature 7; 30.6 keV 0.157; yes
Bulk ion rotation velocity v, 70 km/s 0.6v, yes
Fast alpha density n, 0.025 n, 0.2n, yes
Electron temperature 7, 33.6keV 0017, yes
Electron density 7, 8.9x10”/m* 0.05n, vyes
Fuel-ion ratio R; 0.5 0.1 R; no
Other impurity densities 7jmp <10™*n, 0.2 njmp no
Scattering angles 6, ¢, ¥ [variable] 1° no
Magnetic field strength |B| 413T 01T no

4 Results

Through the optimisation procedure, we incrementally improve the reference configuration, which
starts at f; = 60 GHz, Srec = 0°, and maximal diagonal separation of the launcher mirrors in the port
(toroidal displacement §¢ny = 7.25°, vertical positions zprope = 1.34 m, zZree = —1.34 m). This section
summarises the effects of variations in these parameters of interest on the measurement quality of
the CTS system. At the end, we present the optimal configuration found in this way.

Probe frequency. The first frequency scan includes probe frequencies between 52 and 63 GHz. Lower
and higher frequencies are too close to the cut-off frequency for X-mode waves in the plasma and
the fundamental ECE resonance, respectively. The scan yields the measurement errors shown in
figure 2(a). These increase towards both higher and lower frequencies with the minimum found around
58 GHz. A second scan after optimising the other parameters does not change this result.

Toroidal launch angle. We next scan the toroidal launch angle of the receiver beam from —14° to
14° as shown in figure 2(b). The increase in measurement error towards larger angles originates from
enhanced ECE background noise, while the peak around Bre. ~ 6° is due to weaker sensitivity at
¢ =~ 90° (resolving fluctuations near perpendicular to the magnetic field, cf. [3, 19]). The optimum
is at —4°, which is refined to —5° in the second scan.
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Figure 2. Relative simulated measurement errors for the initial round of parameters scans (logarithmic y-axis): (a)
probe frequency, (b) toroidal launch angle of the receiver beam, (c) position of receiver mirror, and (d) vertical posi-
tion of the probe mirror. Systematic and statistical contributions to the errors are shown as dashed and dotted lines,
respectively. The prior uncertainties used for calculating Awgh are shown as horizontal lines in lighter colours.

Mirror positions. The probe and receiver launcher mirrors are confined to a horizontal port. Figure 2(c)
shows the results of scanning over the vertical position zgec of the receiver mirror and the toroidal
displacement d ¢y of the mirrors, while figure 2(d) shows the subsequent scan over the vertical position
Zprobe Of the probe mirror. The maximal toroidal displacement of 6y = —7.25° is clearly favoured.
On the other hand, the vertical position of the mirrors does not have a strong effect on the measurement
quality. The second scan tentatively places the mirrors at zZpyohe & —0.67 m and zgec = 0.0 m.

The optimisation finally finds a clear local optimum at f; ~ 58 GHz, Brec & —5°, oM ~ —7.25°,
ZRec ® 0.0 m and zprohe ~ 0.67 m, where the predicted measurement errors on 7;, v, and n, are
approximately 4%, 19% and 5%, respectively. Figure 3 shows the geometry of the beams in this
configuration and demonstrates that the resulting measurement volume is well localised in the plasma
core. While the initial reference configuration already reached comparable accuracy for 7; and
Ng, it could originally not improve the measurement of v, over the assumed prior. The optimised
configuration performs much better, and the procedure additionally provides the sensitivity of the
measurement quality to changes in the parameters of interest.

(b)

T T ) T T

4 5 6 7 8 9 10 " 12 13

Figure 3. The optimal configuration of probe (blue) and receiver (red) beams in a (a) poloidal and (b) toroidal
cross section of DEMO. The scattering region is shown in magenta. Red and blue dashed lines indicate
the magnetic axis and the plasma edge, respectively, enclosed within which are shown contours of constant
normalised poloidal flux.



5 Discussion and conclusions

This study provides the first estimate of the intrinsic toroidal rotation profile for EU DEMO, predicting
a core ion rotation velocity of approximately 70 km/s, corresponding to a Mach number of about 3%.
This value was used as a basis for assessing and optimising the diagnostic capability of a CTS system
on DEMO in the 2024 low-aspect-ratio design point. The optimisation procedure targeted the ion
temperature 7;, the bulk ion rotation v, and the fast alpha particle density n, and systematically
explored the configuration space defined by probe frequency, receiver launch angle, and mirror
positions. The resulting optimal configuration achieves predicted relative uncertainties of ~4% for
T;, ~ 19% for v, and ~ 5% for n,, which represent a significant improvement compared to the
initial reference configuration. These results verify (cf. [9]) that CTS could provide high-quality
measurements of core ion dynamics in DEMO, even under the constraints imposed by limited
diagnostic access and harsh reactor conditions.

The optimisation scans indicate that the final CTS configuration is most sensitive to variations
in probe frequency f; and the toroidal separation of the launcher mirrors d¢ps, due to the strong
impact of these on the diagnostic background noise and the angle ¢ of the scattering plane with
respect to the magnetic field, respectively. In contrast, small changes in the toroidal launch angle
of the receiver beam Sgre. and the vertical positions of the mirrors zprope, ZrRec have only moderate
effects on measurement accuracy.

The most severe approximation we identified is that of a single-pass ECE estimate. It may render
some of the measurement accuracies not conservative enough. Other limitations include the somewhat
arbitrary choice of prior uncertainties and the incomplete consideration of machine integration. For
example, the position of the breeding blanket edges relative to the mirrors might limit the possible
launching geometries. Beyond these issues, we want to include the fuel-ion ratio R; in the optimisation
in the future, due to its relevance to burn control. Assessing the sensitivity of the results with respect to
plasma properties (assumed density profile, impact of turbulence, . . .) is another objective to increase
the robustness of proposed CTS configurations. This is left for future studies since anything affecting
the beam propagation couples non-trivially into the optimisation, although the largest effect can be
expected at lower frequencies where refraction is strongest.

In summary, this work demonstrates that our accuracy-driven optimisation approach can identify
CTS configurations for EU DEMO that deliver high-quality measurements of core ion dynamics under
reactor-relevant conditions. By combining realistic estimates of intrinsic rotation with systematic
design-space exploration, we show that CTS remains a capable diagnostic despite the stringent
constraints of a power-plant environment. The present results provide a solid foundation for developing
CTS systems capable of supporting plasma control in DEMO and future reactors.
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