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Abstract. We demonstrate the combination of fast-ion D-alpha spectroscopy (FIDA)
and collective Thomson scattering (CTS) measurements to determine a common best
estimate of the fast-ion velocity distribution function by velocity-space tomography.
We further demonstrate a benchmark of FIDA tomography and CTS measurements
without using a numerical simulation as common reference. Combined velocity-space
tomographies from FIDA and CTS measurements confirm that sawtooth crashes reduce
the fast-ion phase space densities in the plasma center and affect ions with pitches close
to one more strongly than those with pitches close to zero.

1. Introduction

ASDEX Upgrade is equipped with several fast-ion diagnostics providing excellent
coverage of the fast-ion velocity space. Collective Thomson scattering (CTS) [1-3]
and fast-ion D, (FIDA) spectroscopy [4-6] are sensitive to fast-ion velocity distribution
functions in small measurement volumes. Neutron emission spectroscopy (NES) [7],
neutral particle analyzers [8] and gamma-ray spectroscopy (GRS) [9] are sensitive to
fast-ion velocity distribution functions along their lines-of-sight. Fast-ion loss detectors
are sensitive to ions ejected from the plasma [10].

FIDA measurements can be interpreted using velocity-space tomography [11-13]
which has recently been demonstrated experimentally [14] and has since been applied
to study sawtooth crashes [6,15,16]. Theoretical expectations [17,18] and previous
experiments on TEXTOR using CTS [19] and on DIII-D and ASDEX Upgrade
using FIDA [5,20] indicated that sawteeth eject fast ions with pitches close to one
more strongly than those with pitches close to zero from the plasma center. FIDA
tomographies of 2D fast-ion velocity distribution functions allow the calculation of
the sawtooth-induced redistribution as a function of energy and pitch of the fast
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ions, confirming the pitch dependence of sawtooth crashes [6,15,16]. Simultaneous
FIDA tomographies inside and outside the sawtooth inversion radius showed that this
decrease of the phase-space densities inside the inversion radius is accompanied by a
corresponding increase outside [15]. A reduction fast-ion density above a threshold
energy of 10 keV in the plasma center could further be calculated [6].

Here we experimentally demonstrate firstly a method to benchmark and secondly a
method to combine different fast-ion diagnostics using simultaneous FIDA and CTS
measurements at ASDEX Upgrade. Consistency checks across fast-ion diagnostics
are difficult as they observe different regions in position space as well as in velocity
space. Consistency has therefore usually been assessed by comparing the measurements
with synthetic measurements based on TRANSP/NUBEAM simulations as common
reference [2, 21, 22]. Velocity-space tomography allows us to benchmark CTS and
FIDA measurements without simulations. Further, we experimentally demonstrate
a combination of different fast-ion diagnostics using velocity-space tomography of
simultaneous FIDA and CTS measurements [12].

2. Benchmark of FIDA tomography and CTS

In this section we calculate an artificial CTS measurement implied by a FIDA
tomography and compare it with the actual CTS measurement in discharge 30382 [23].
The discharge was heated by neutral beam injector Q3 at 60 keV in deuterium and 2.5
MW. Figure 1 shows an overview of main parameters. Figure 2 shows simultaneously
acquired spectra in four FIDA views before and after the large sawtooth crash at
t = 2.29 s. The measurement volumes of the four FIDA views are at yy within zz
cm. We reject spectral ranges dominated by beam emission or impurity lines or if they
are sensitive to ions below 10 keV or only to ions above 100 keV as shown in figure 2. As
the NBI was not modulated, a standard subtraction of background noise and impurity
lines in the FIDA spectra is not possible. Therefore some wavelength ranges are not
usable here. The low density (n, = 3 x 10m=3) makes up for this shortcoming due
to the resulting significantly improved signal-to-noise ratio of the FIDA measurements.
The sawtooth crash leads to reductions in FIDA measurements.

Figure 3 shows FIDA tomographies before and after the sawtooth crash as
calculated from the FIDA spectra in figure 2 using the minimum Fisher information
regularization on a 15 x 15 grid [16]. The FIDA spectra depend not only on the fast
ion phase-space density but also on nuisance parameters such as the electron density
which can themselves have sawtoothing time traces. FIDA tomographies account for
any changes in nuisance parameters. The FIDA tomographies allow the computation of
1D velocity-distribution functions g(u) which are artificial CTS measurements implied
by FIDA tomography. These artificial C'TS measurements are shown together with the
actual CTS measurements before and after the sawtooth crash in figure 4. The CTS
measurements include the injected fast ions as well as the fast ions found in the tails of
the thermal ion distribution. The artificial CTS measurements match the actual CTS
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Figure 1. Overview of discharge 30382 showing the NBI power, electron density,
electron temperature, ion temperature and plasma rotation.
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Figure 2. Simultaneously measured FIDA spectra in four views before and after a
sawtooth crash at ¢t = 2.29 s in discharge #30382. The shaded regions are rejected.
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Figure 3. FIDA tomographies of the 2D fast-ion distribution function [ions/m?/keV]
before and after a sawtooth crash at ¢ = 2.29 s in discharge #30382 based on the
spectra from figure 2.

measurements quite well in overall shape. However, the artificial CTS measurements
lie slightly above the actual CTS measurements. A possible explanation is that the
FIDA measurement volume is slightly more central than the CTS measurement volume.
The CTS measurement volume is located at (R, z) = (1.62,0.06) m. Hence the fast-ion
density as well as bulk ion densities and temperatures are slightly larger in the FIDA
measurement volume.
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Figure 4. Comparison of real CTS measurements and artificial CTS measurements
implied by FIDA tomographies in figure 3.

3. Combination of CTS and FIDA in velocity-space tomography

Velocity-space tomography allows us to combine measurements taken with different
fast-ion diagnostics to calculate a common best estimate of the fast-ion distribution
function [12]. Here we present an experimental demonstration. For such a combination,
the normalization of the measurements and of the transfer matrix with the estimated
uncertainties becomes crucial [12]. These uncertainties need to be defined consistently
across the different diagnostics. CTS uncertainties account for uncertainties in the
measured spectral power densities as well as in the nuisance parameters used in the
fit of g(u) [?7,1,3]. Uncertainties in FIDA intensities can be calculated based on the
photon noise. However, the uncertainties in the nuisance parameters are not often
accounted for as they do not influence the measured FIDA intensity but the synthetic
FIDA measurement based on TRANSP. Here we need to account for these uncertainties
to treat FIDA and CTS on an equal footing. They enter the problem as uncertainty
in the weight functions. The FIDA weight functions are most sensitive to the electron
temperature and density, the ion temperature and drift velocity and the effective charge.
Here we estimate the uncertainty due to these nuisance parameters as demonstrated in
reference [16].

Figure 5 shows tomographies based on combined FIDA and CTS measurements
before and after the sawtooth crash together with a corresponding TRANSP simulation.
We neglect the small difference in the spatial locations of the measurement volumes. We
further show the measured and simulated relative crash sizes resolved in velocity space.
The tomographies confirm previous results based on FIDA tomographies [6, 15, 16].
The fast-ion density is strongly reduced. This reduction is stronger for pitches close
to one than for pitches close to zero. The pitch dependence of the sawtooth crash is
much weaker in the simulation compared with the measurements. Figure 6 shows the
estimated uncertainty of the measurement based on uncertainties in the tomographies
and standard error propagation. The uncertainties represent photon noise, model
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uncertainty and reconstruction uncertainty. The tomographies are reliable for positive
pitch and energies below the injection energy as well as for negative pitches at somewhat
lower energies.

A comparison of figure 5(a)-(b) and figure 3 shows that the addition of CTS
measurement does not change the tomographies appreciably. This is here expected for
three reasons. Firstly, the FIDA measurements consist of 487 usable data points while
the CTS measurements consist of 18. In the future the number of CTS measurements
could be significantly increased by using high frequency resolution CTS measurements
which have so far been restricted to thermal rather than fast ions [24]. Secondly,
the uncertainty in FIDA measurements is about 5% of the total signal whereas the
uncertainty of CTS measurements is about 20%. This discharge has a rather low
density leading to the relatively large signal-to-noise ratio of the FIDA measurements.
As we have about 20 times more usable FIDA data points, this choice of density yields
the best result for the combined tomography but in other discharges the signal-to-
noise ratio of CTS and FIDA might become more similar. Thirdly, the reasonable
matches between the FIDA-implied artificial CTS measurements and the actual CTS
measurements suggest that the CTS measurements agree with the FIDA tomography
and thus should not change it much.
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Figure 5. Velocity-space tomographies [ions/m?/keV] from combined FIDA and CTS
measurements before and after a sawtooth crash as well as the relative change. The
lower row shows corresponding TRANSP simulations. In the hatched area in (¢) the
uncertainties on the relative change (see figure 6) are larger than the relative change.
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Figure 6. Uncertainty of the relative crash size based on velocity-space tomographies
before and after the sawtooth crash. Regions with large uncertainties compared with
the crash size are shown as hatched regions in figure 5.

4. Discussion and Conclusions

We have experimentally demonstrated that FIDA measurements in four views and
CTS measurements in one view can be combined to give a common best estimate
of the 2D fast-ion distribution function using velocity-space tomography. We further
benchmarked CTS and FIDA without the need for fast-ion simulations as common
reference. Our methods apply directly to LHD which is equipped with CTS [25] and
two FIDA views [26]. Our approach relies on weight functions for FIDA [21,27] and
CTS [28]. The recently derived NES weight functions [29] will allow us to combine FIDA
and CTS with NES in a 3D inference with a spatial coordinate as third dimension. The
availability of six FIDA views and two CTS views will further improve the inversion for
studies of for example Alfvén eigenmodes or fast-ion distributions from ion cyclotron
resonance heating. Our approach will together with recently derived GRS weight
functions [30] allow us to combine GRS and NES measurements at JET in velocity-
space tomography of fusion alphas in the upcoming JET D-T campaign. Lastly, ITER
will be equipped with GRS, NES and CTS diagnostics. A helium variant of FIDA
could provide additional measurements. Thus, the methods of benchmarking and
combination of fast-ion diagnostics experimentally demonstrated here will directly apply
to ITER. We demonstrated our approach by benchmarking and combining FIDA and
CTS measurements before and after a sawtooth crash at ASDEX Upgrade. Previous
results of the crash size and the velocity-space resolved ejection of fast ions from the
center based on FIDA tomography could be confirmed [5,15,16].
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