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Abstract. Collective Thomson scattering (CTS) experiments were carried out at
ASDEX Upgrade to measure the one-dimensional velocity distribution functions of
fast ion populations. These measurements are compared with simulations using the
codes TRANSP/NUBEAM and ASCOT for two different neutral beam injection (NBI)
configurations: two NBI sources and only one NBI source. The measured CTS spectra
as well as the inferred one-dimensional fast ion velocity distribution functions are
clearly asymmetric as a consequence of the anisotropy of the beam ion populations and
the selected geometry of the experiment. As expected, the one-beam configuration can
clearly be distinguished from the two-beam configuration. The fast ion population is
smaller and the asymmetry is less pronounced for the one-beam configuration. Salient
features of the numerical simulation results agree with the CTS measurements while
quantitative discrepancies in absolute values and gradients are found.
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1. Introduction

Medium-sized tokamaks such as ASDEX Upgrade are designed to confine hot plasmas
with temperatures in the keV range and are usually equipped with powerful auxiliary
heating systems: neutral beam injection (NBI), ion cyclotron resonance heating (ICRH)
or electron cyclotron resonance heating (ECRH) [1,2]. The energetic ions generated by
NBI and ICRH play a key role in heating the bulk plasma, and understanding fast
ion physics is therefore essential. However, reliable predictions of fast ion motion still
face many challenges: fast ions exhibit collective behavior [3,4] and can interact with
MHD activity such as the family of Alfvén eigenmodes [5-8], sawteeth [9-12], kinetic
ballooning modes [6, 13,14], neoclassical tearing modes [6,15] or the sierpes mode [16].
Fast ions may also interact with turbulent fluctuations [17-19]. Theories describing such
phenomena need to be tested against experimental data. The implications for ITER
and tokamaks beyond are also far-reaching: the confinement of the bulk plasma and
the fast ions may degrade due to such effects. Measurements of fast ion distributions
have therefore been recognized as a milestone towards understanding plasmas in the
burning regime [20, 21]. Millimeter wave collective Thomson scattering (CTS) has
been demonstrated to provide measurements of one-dimensional velocity distribution
functions of confined fast ions in various selected directions and locations in the plasma
at JET [22], TEXTOR [23,24] and ASDEX Upgrade [25,26]; a fast ion CTS system
at ITER is also foreseen [27-32]. CTS experiments at other machines have further
contributed to the experience with millimeter wave CTS diagnostics [33-36]. For
example, the ion temperature has been estimated by millimeter wave CTS at the W7-AS
stellarator [37].

Here we report recent fast ion velocity distribution results obtained by CTS for
different NBI configurations at ASDEX Upgrade. We compare the measurements with
numerical simulations and describe methods for such a comparison. The experimental
conditions are summarized in Section 2 and the methods in Section 3. The measured
spectral power densities of scattered radiation are compared with synthetic CTS spectra
calculated with a scattering model [38,39] using fast ion velocity distributions obtained
with the simulation codes TRANSP/NUBEAM [40,41] or ASCOT [42,43] (Section 4.1).
Moreover, the inferred one-dimensional fast ion velocity distributions obtained for this
experiment are presented and compared with the simulations (Section 4.2). We discuss
perspectives and draw conclusions in Sections 5 and 6.

2. CTS experiment at ASDEX Upgrade

2.1. Plasma parameters

The CTS measurements were carried out in a co-current NBI heated, standard H-mode
plasma (discharge 24089). ASDEX Upgrade is equipped with two beam boxes each
containing four neutral beam injectors [44]. We used two of the injectors, namely
source 3 (S3) and source 8 (S8). S3 and S8 have full acceleration energies of 60 keV and
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Figure 1. Time traces of NBI power, ion and electron temperatures, electron density
and toroidal bulk ion drift velocity in the plasma center in discharge 24089. Neutral
beams S3 and S8 heated the plasma up to 2.5 s when beam S3 was switched off.

93 keV in deuterium, respectively, and they have similar injection geometries. Both NBI
sources (S3+S8) injected deuterium with a total power of about 5 MW (2 x 2.5 MW),
until S3 was switched off. Fast ion populations in the plasma center for both NBI
configurations (S3+S8 and S8 only) were measured by CTS.

CTS spectra of scattered radiation depend not only on the fast ion velocity
distribution function — the parameters of interest — but also on other parameters which
are not the goal of the measurement and encumber the data analysis — the nuisance
parameters. Among the nuisance parameters are several bulk plasma parameters which
we discuss here. Figure 1 shows time traces of the NBI power, the electron and
ion temperatures, the electron density and the toroidal bulk ion drift velocity. The
temperatures and the drift velocity decreased when beam S3 was turned off whereas the
electron density was feedback controlled. From here on we shall use representative values
to characterize the plasma for both NBI configurations: two beams (S34S8) versus
one beam (S8). These representative values and their 1o confidence levels are given in
Table 1 which also contains additional plasma parameters affecting the CTS spectra: the
magnetic field, the isotope ratio and impurity concentrations. The ion temperature and
bulk ion drift velocity were obtained from the charge exchange diagnostic, the electron
temperature from (non-collective) Thomson scattering [45], the electron density from
the integrated data analysis (IDA) [46-49], the isotope ratio from a neutral particle
analyzer, and the impurity content was estimated by spectroscopy [50].



Post-print of M. Salewski et al. Nucl. Fusion 50 (2010) 035012 4

Table 1. Parameters of the plasma in discharge 24089 at the location of the CTS
scattering volume (ppo; = 0) and their estimated 1o uncertainties. The parameters are
given separately for the NBI configurations with two beams (S34S8) and one beam
(S8). Z stands for the impurity ion charge and m for the mass.

Parameter Symbol 2 NBIs 1 NBI
Magnetic field Binod 26+01T 26+01T
Electron density Ne 6.6+0.3-10°m=3 6.5+0.3-109 m=3
Electron temperature T 2.9+ 0.3 keV 2.2+ 0.3 keV
Ton temperature T; 3.7+ 0.5 keV 2.1+0.5 keV
Ton drift velocity Vi 1.1£0.6-10° m/s 0.6 £ 0.6 -10° m/s
Isotope ratio ny /(ng +np) R; 0.03 +£0.02 0.03 £ 0.02
Impurity (Z/m = 6/12) nj /ne N 0.005 £ 0.005 0.005 £ 0.005
Impurity (Z/m = 50/184) ni2/ne Nia 0.0005 4 0.0005 0.0005 £ 0.0005
0.8
0.4
a8
N or
-0.4
-0.8
© R{m]
(a) Poloidal view (b) Toroidal view

Figure 2. Ray tracing for the scattering geometry in discharge 24089 projected into
the poloidal and toroidal planes, respectively. The probe beam is plotted in blue,
the receiver beam in green. Both have O-mode polarization. The scattering volume
lies at the intersection of probe and receiver beams and is illustrated in magenta. In
Figure 2(b) viewing the torus from the top, the directions of the toroidal magnetic field
By, the plasma current [, and the projected wave vectors k‘s7 k' and k® are indicated.
The dashed lines represent the magnetic axis (red) and the last closed flux surface
(blue).

2.2. CTS FExperiment description

In CTS experiments at ASDEX Upgrade, a probe beam of millimeter waves is launched
into the plasma, and radiation is scattered off microscopic fluctuations in the plasma.
Part of this scattered radiation is collected by a receiver with a quasi-optical antenna and
resolved into frequency intervals. The acceptance cone of the antenna, referred to as the
receiver beam, is defined by the antenna design. Information about the fast ions can be
inferred from the spectral power density of the scattered radiation. The measurement is
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spatially resolved at the location where probe and receiver beam patterns intersect. This
location is called the scattering volume and lies near the plasma center at R = 1.7 m
and z = 0.1 m in this experiment. The scattering geometry is sketched in poloidal and
toroidal views in Figures 2(a) and 2(b), respectively. CTS enables measuring the fast ion
velocity distribution projected onto the fluctuation wave vector k® = k® — k? where the
superscripts s and ¢ refer to scattered and incident radiation, respectively. The spectral
content of the scattered radiation bears a signature of the ion velocity distribution since
the CTS system at ASDEX Upgrade satisfies Salpeter’s condition [51]: |Apk’] < 1
where A\p is the Debye length. A frequency shift in scattered radiation, »°, can be
approximately related to an ion velocity, Vion, by 10 = 1° — V! & Vg, - K’ /27

In discharge 24089 the incident gyrotron power was P, = 250 kW at an average
frequency of F; = 104.93 GHz [25,26,52]. The geometry and gyrotron parameters for
the CTS experiment and their estimated uncertainties are summarized in Table 2. The
resolved angle ¢ = /(k°, B), the scattering angle # = /(k',k*) and the less important
azimuthal angle 1 describe the scattering geometry. The so-called beam overlap O,
accounts for the effects of the widths of the probe and receiver beam patterns and for
the extent to which they overlap in the plasma [38,39]. The role of the overlap in our
comparison is explained in Section 4.1. This set of CTS system parameters (Table 2) and
the set of plasma parameters (Table 1) form the set of nuisance parameters mentioned
in Section 2.1.

The magnetic field in discharge 24089 was 2.6 T on axis, placing the cold electron
cyclotron resonances near the plasma edge so as to avoid large levels of electron cyclotron
emission (ECE) background radiation and plasma heating. The ECE background is the
largest contribution to CTS noise and amounts to several tens of eV against which
a CTS signal on the order of 1 — 10 eV has to be observed (for large frequency
shift). The gyrotron is modulated in order to estimate the ECE background. The
ECE background in the periods in which the gyrotron fires can then be estimated
from the ECE background in the periods in which the gyrotron is off. The ECE
background estimation turned out to be more cumbersome for ASDEX Upgrade plasmas
compared to TEXTOR plasmas [23,24] due to the fast time-scale MHD activity in typical
ASDEX Upgrade plasmas, and a new approach to estimate the ECE background was
adopted [26]. The ECE background is estimated using channels in which no CTS signal
is expected. The uncertainty due to the ECE background subtraction was estimated by
applying the formalism to plasmas without gyrotron operation. Here the estimated ECE
background could be compared with the measured ECE background. The discrepancies
between the estimated and measured ECE background were found to be smaller than
the pulse-to-pulse variation of the measured CTS signal. In this work we present data
which is averaged over 15 gyrotron pulses spanning 75 ms, and the uncertainty of the
measurement in each channel is given by the standard deviation of the time series. The
radial extent of the scattering volume in this experiment was approximately 10 cm as
illustrated in Figure 2. A more detailed description of the system parameters and the
capabilities of CTS at ASDEX Upgrade can be found in references [25,26].
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Table 2. CTS system parameters for the experiment in discharge 24089 and their
estimated 1o confidence intervals. The orientations of the vectors k’, k’, k*, and B
are sketched in Figure 2(b).

Parameter Symbol  Value
Resolved angle /(k’, B) 10) 122+ 1°
Scattering angle /(k*, k*) 0 161+ 1°
Azimuthal angle of B when z||k’ and x||(k" x k*) —-95+£1°
Gyrotron power P 250 + 20 kW
Gyrotron frequency F; 104.93 + 0.01 GHz
Beam overlap Oy 70£30 1/m
—_ total
— beam ions
100} — deuterium ||
— hydrogen
= impurities
% electrons
§ 10}
g 4
&
01 : L :
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Figure 3. Synthetic CTS spectrum for the two-beam phase (S34+S8) in discharge
24089. The spectrum was calculated using the data from Tables 1 and 2 and the fast
ion distribution simulated with TRANSP/NUBEAM shown in Figure 4(a). The total
signal is the sum of the individual contributions indicated in this figure. The dotted
line marks the gyrotron frequency.

3. Methods for CTS data analysis

Experimental CTS results can be compared with theoretical expectations in two
complementary ways: either in frequency space, if a synthetic CTS spectrum is
calculated from theoretical ion and electron velocity distributions, or in velocity space, if
the one-dimensional fast ion velocity distribution g(u) is inferred from the experimental
CTS spectra. The velocity space comparison has the advantage that it is the velocity
distribution g(u) that one is actually interested in. On the other hand, the frequency
space comparison has the advantage that the spectral power density is the quantity that
is directly measured with the CTS receiver. The latter option is presented in Section 4.1
and the former in Section 4.2. We thus need to find the experimental and the simulated
g(u) and the experimental and the synthetic spectral power densities which are obtained
by methods explained in the following three sections.
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3.1. Forward model of CTS and synthetic spectra

The forward model provides a mapping from velocity space to frequency space [38,39]:
if the velocity distributions of fast ions (see Section 3.2), bulk ions and electrons as well
as the nuisance parameters are known, the expected CTS spectrum can be calculated
[31,53]. Not only do calculated spectra rely on this forward model but also the estimation
of g(u) from the measured spectra (Section 3.3). The comparison of experimental and
numerical data therefore also depends on the forward model. Predicted spectra are
calculated using the best available estimates for the plasma and CTS system parameters

(Tables 1 and 2). The spectral power density of the scattered radiation gf " is calculated
as

3PS i2 9 1

o P,OyneX; TE%Z (1)

where ) is the vacuum wavelength of the probe radiation, r, the classical electron radius
and Y the scattering function that gives the spectral shape [38,39]. This forward model
is derived from a kinetic, fully electromagnetic description of the scattering process, and
it accounts for fluctuations in electron density, in the electric and magnetic fields and
in the electron current density.

Figure 3 shows a synthetic CTS spectrum calculated using this forward model for
the NBI configuration with two beams (S3+S8). The bulk ion species are assumed
to consist of deuterium, hydrogen, carbon and tungsten with Maxwellian velocity
distributions parameterized by a common bulk ion temperature and toroidal drift
velocity with densities of the various ion species as given in Table 1. However, the
deuterium velocity distribution function is the sum of the beam ion velocity distribution
function g(u) (Section 3.2) and the Maxwellian distribution for the bulk deuterium. The
electrons are assumed to have a Maxwellian distribution characterized by the electron
temperature and density. The various species in the plasma each contribute a component
to the CTS spectrum given by their assumed velocity distributions. The bulk ion feature
dominates the spectrum from 104.3 — 105.5 GHz, the main contributions coming from
deuterium and impurities. Note that the bulk ion feature has a small frequency shift
from the gyrotron frequency due to the assumed bulk ion drift velocity. The beam ions
are clearly the largest contributor to the CTS spectrum for frequencies above 105.5 GHz
and below 104.3 GHz in this configuration. The asymmetry of the fast ion feature is
a consequence of the asymmetry of the one-dimensional beam ion velocity distribution
function to be discussed in Section 3.2.

3.2. Simulation models for the fast ion velocity distributions

In this section we describe how to obtain one-dimensional velocity distribution functions
g(u) from numerical simulation with help of the widely used transport code TRANSP
coupled with the neutral beam module NUBEAM [40,41] or the test-particle Monte
Carlo code ASCOT [42,43]. The simulation codes compute the two-dimensional fast ion
distribution f(v), v, ) at the location of the scattering volume where v and v, refer to the
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Figure 4. Equally spaced contours of the beam ion velocity distribution f in the
scattering volume (R = 1.7 m, z = 0.1 m) computed with TRANSP/NUBEAM (a)
and ASCOT (b) for heating with S3 and S8. The bulk ion distribution is not plotted
in this figure, leading to low densities near the origin. The directions of the magnetic
field B and k® are indicated.

velocity components parallel and perpendicular to the magnetic field, respectively. We
compare the CTS results with both sets of simulation results (from TRANSP/NUBEAM
and from ASCOT). A full comparison of the two codes is, however, beyond the scope of
this work. The steady-state velocity space distribution of beam ions originating from S3
and S8, as computed with ASCOT and TRANSP/NUBEAM, is presented in Figure 4.
The largest velocity space densities for these beams are found at a pitch angle of 120°.
The rotationally symmetric distribution f(v|,v,) is then projected onto the resolved
direction k° indicated in Figure 4. The projection g(u) of the full velocity distribution
function f(v,v,) along the direction of k° is given by

v-K°

glw) = [avio= ) @)

where () is the Dirac d-function and wu is the resolved one-dimensional velocity

component.

We illustrate the projection of the rotationally invariant function f onto k’ in
Figure 5, using ASCOT data as example. The rotation axis B and k° define a plane
which slices through the three-dimensional, rotationally invariant function f. The
resolved angle in the experiment was ¢ = /(k°, B) = 122° indicated as the bold red
line in Figure 5(a). Additionally, other options for resolved directions are shown for
illustration: ¢ = 20°, ¢ = 90°, and ¢ = 160°. Resolved angles of ¢ = 20° and
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Figure 5. Illustration of the projection of the rotationally symmetric function f from
ASCOT onto k%. The straight colored lines represent various options for the resolved
angle ¢ = A(k‘s, B). The bold red line is at an angle of ¢ = 122° and is selected for this
experiment. a) Slice through the rotationally symmetric fast ion distribution plotted
in Figure 4(b). The plane contains k° and the rotation axis B. b) Corresponding
one-dimensional fast ion distribution functions g(u) for various resolved angles ¢. The
entire three-dimensional rotationally symmetric function f is projected onto K.

¢ = 160° are at the limits of the steering capability of the CTS antenna system at
ASDEX Upgrade. The corresponding projections g(u) onto these resolved directions Ko
are plotted in Figure 5(b). If the resolved direction is ¢ = 90°, the projection of f onto
k® will be symmetric about u = 0. For resolution as close to parallel to the magnetic
field as possible, ¢ = 20° or ¢ = 160°, the projection becomes very asymmetric. These
two projections are mirror images of each other. For the resolved angle chosen in this
experiment, ¢ = 122°, g(u) is asymmetric about u = 0 which leads to the asymmetry
in the computed spectra described in Section 3.1. For this angle a finite phase space
density exists at the largest values of the velocity component u. Scattering is then found
at the largest possible frequency upshift with this angle. Thus the spectral range of the
CTS receiver for frequency upshift is exploited optimally for this angle.

3.3. Inference of the fast ion velocity distribution from CTS measurements

The inference of the one-dimensional fast ion velocity distribution g(u) and of its
estimated uncertainty — the parameters of interest — demands the solution to an inverse
problem. Direct operators mapping from frequency space (the measured CTS spectrum)
to velocity space are not available whereas a forward model mapping from velocity space
to frequency space has been formulated (Section 3.1) [38,39]. The velocity distribution
g(u) is obtained from the measured spectra by a least square fitting procedure using this
forward model. Uncertainties in the nuisance parameters and in the measured spectral
power density are accounted for. Assuming normal distributions for the measured
spectral power densities and the nuisance parameters, one can derive expressions for the
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Figure 6. Comparison of the simulated one-dimensional fast ion velocity distributions
g(u) and the inference from synthetic spectra based on these simulated distributions.
The plasma is assumed to be heated by two beams (S3+S8, red) and one beam (S8,
blue); — ASCOT, o - inference based on synthetic spectrum, - - - - bulk ions. We plot
the inferred fast ion distributions for velocities larger than typical for the bulk ions.

misfit between the experimental data and the expectation [54]. The nuisance parameters
and their uncertainties are summarized in Tables 1 and 2.

We demonstrate the inference in Figure 6 for the simulated one-dimensional fast
ion distribution function g(u). A synthetic spectrum based on this distribution function
and the nuisance parameters in Tables 1 and 2 was displayed in Figure 3. We infer
g(u), given only the synthetic spectrum and the nuisance parameters as well as their
uncertainties. We assume the uncertainties of the synthetic spectrum to be given by
the measurement uncertainties of the actual experiment. In the inference we make use
of the full spectrum, except for the parts which are blocked by the notch filter in the
experiment. In this way the inference is demonstrated for experimental conditions. The
inference should then ideally be identical to the fast ion distribution function used to
calculate the synthetic spectrum. Figure 6 demonstrates that the underlying fast ion
distributions can be inferred from the synthetic spectra with good accuracy.

4. Results

4.1. Comparison of measured and synthetic CTS spectra

Figure 7 presents a comparison of experimentally obtained spectra against synthetically
generated spectra, such as the one shown in Figure 3, for both NBI configurations
(S3+S8 and S8 only). The synthetic spectra obtained on the basis of
TRANSP/NUBEAM or ASCOT simulations agree reasonably well with each other,
especially for large frequency shifts. We note several points of agreement between the
simulations and the measurements. First, there is a clear asymmetry about the gyrotron
frequency due to the presence of beam ions in the measurement and in the simulation,
the reason for which we explained in Sections 3.1 and 3.2. Second, the larger particle
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Figure 7. Comparison of measured and synthetic CTS spectra for discharge 24089 for
auxiliary heating with two NBI sources (S34-S8, red) and one NBI source (S8, blue); —
TRANSP/NUBEAM, — — — ASCOT, o - measurement, - -- - gyrotron frequency; CTS
measurements were averaged over 15 gyrotron pulses. The two-beam configuration is
also presented in logarithmic scale in Figure 8 as reference.

density of beam ions in the two-beam phase (S3+S8) is reflected in the larger spectral
power densities for frequencies above 105.5 GHz. When neutral beam S3 is switched
off, the spectral power density above 105.5 GHz drops significantly compared to the
error bars. We attribute this to a smaller population of fast ions (see Section 4.2).
Measurements and simulations agree in this respect. Third, the bulk ion feature from
104.3 — 105.5 GHz is measured to be narrower due to the ion temperature drop after
2.5 s as was expected according to simulation.

However, there are quantitative discrepancies between the simulation and the
experiment. To point these out, we need to address the sensitivity of the synthetic
spectra to changes in plasma parameters affecting the spectra. The sensitivity of the
spectra to changes in a selection of such plasma parameters is shown in Figure 8 for
the two-beam phase together with experimental data. Each parameter is varied while
the other parameters are kept constant. Figure 8(a) shows that changes in the fast ion
density affect mainly large frequency shifts beyond the bulk ion feature. Contrarily, the
ion temperature has an impact on the width of the bulk ion feature and has only a small
influence on the spectral power density for large frequency shifts (Figure 8(b)). These
two effects were observed in Figure 7. Another important issue is the uncertainty due to
an incompletely known frequency independent scaling factor. Equation (1) asserts that
the measured spectral power density is directly proportional to the probing power P;
and the beam overlap O, (the electron density n. also appears in the scattering function
¥)). The uncertainties in the probing power and the beam overlap can be combined with
the uncertainty in the receiver calibration and have the effect of a frequency independent
scaling factor. We show the sensitivities to the electron density and this scaling factor
in Figures 8(c) and 8(d), respectively.

An uncertainty of a factor two in this scaling factor seems possible due to
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mainly systematic uncertainties whereas the stochastic error due to launcher control
is significantly smaller (accuracy < 0.1°). One source of such systematic uncertainty is
the antenna characteristic of the receiver beam which is only known for the component
of radiation which excites an HE11-mode in the transmission line. Another systematic
uncertainty is due to beam diffraction by transverse density gradients. A third
systematic uncertainty is due to the power measurement of the probe beam using the
embedded directional coupler which may not be accurate for short pulses. A direct
calorimetric measurement of a short sequence of these pulses is in principle possible
and should reduce this error component significantly (< 5%). An additional source of
uncertainty lies in the calibration of the C'TS receiver.

Due to the relatively large uncertainties in the scaling factor illustrated in
Figure 8(d), one should only consider the shape of a CTS spectrum when comparing it
to a simulation and allow an overall multiplicative factor. Such a frequency independent
scaling factor will move the spectrum up or down in the logarithmic plot and scale the
values and the gradients in a linear plot. In Figure 7 we use the nominal values as
the best guess before consideration of the CTS data. Note that any deviation from
these nominal values should be the same for the cases with one and with two beam
sources shown in Figure 7 since the antenna setting is unchanged, the density profiles
are very similar, and the nominal ECRH power is identical. This means that there is
essentially only one common scaling factor to be applied to the simulated data. We
will come back to this point in the discussion of Figure 10 at the end of Section 4.2.
We do not comment on the sensitivities to other nuisance parameters further here even
though these also have a bearing on the uncertainty of the measurement results [54].
An additional uncertainty originates from the finite size of the scattering volume which
implies a distribution of k?. In the experiment the CTS signal will be measured for a
convolution over the distribution of k® whereas only the nominal k° is assumed in our
model. Moreover, we note that the nuisance parameters may not be constant within
our scattering volume. However, these uncertainties can be shown to be small compared
with the uncertainty due to uncertain nominal values of the nuisance parameters.

For the discussion of Figure 7 we keep in mind that the simulation results are
uncertain with respect to an overall scaling factor between 0.5 and 2. We note that
the computation predicts a significantly steeper gradient in the spectra for the two-NBI
configuration (S3+S8) compared with the one-NBI configuration (S8). This difference
in gradient is smaller in the measured spectra. A second difference is that the measured
bulk ion feature has a tendency to be narrower than the expected bulk ion feature as
is also visible in Figure 8. It can furthermore be noted that the expected decrease in
spectral power densities, after S3 is switched off, for negative frequency shift is too small
to be measured. The error bars in this frequency range (below 104.3 GHz) are larger
due to the higher ECE background levels for these frequencies in this experiment.
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Figure 8. Sensitivity of the spectra to changes in the fast ion density, the ion
temperature, the electron density and the frequency independent scaling factor for
the two-NBI configuration. The spectra are here presented in logarithmic scale. The
baseline spectrum (red) was also displayed in linear scale in Figure 7. One parameter
is varied in each figure as indicated. The fast ion velocity distribution function has not
been recomputed in each case.

4.2. Comparison of measured and simulated fast ion velocity distributions

In Figure 9 we present the inferred fast ion distributions from the CTS measurements
and compare them with the simulated fast ion distribution from TRANSP/NUBEAM or
ASCOT. Also in velocity space the simulations and experiments agree in several points.
First, the projection of the beam ion distribution function onto the resolved direction is
asymmetric: the measured g(u) is larger for positive u compared with negative u which
was expected from the simulations. Second, g(u) decreases for positive u when neutral
beam S3 is turned off as expected. This decrease is only evident for positive u whereas
g(u) for both NBI configurations coincides for negative u within the asserted confidence.
The different shape of g(u) for each NBI configuration can be clearly observed and
originates from the different beam energies. The asymmetry is more pronounced in the
two-beam configuration. There are also some discrepancies: there is a tendency that
the simulated fast ion velocity distributions lie below the measured ones. Furthermore,
the difference in the gradients between the two-beam and one-beam phases for positive
u is larger in the computations than in the CTS measurements. The causes of these
tendencies are presently under investigation.

As noted before, the projections g(u) of the simulation results from
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Figure 9. Comparison of the measured and computed one-dimensional fast ion
velocity distributions g(u) for plasma heating by two beams (S3+S8, red) and one
beam (S8, blue); — TRANSP/NUBEAM, — — — ASCOT, o - measurement, - - - - bulk
ions. The measured distribution is restricted to outside indicated bulk ion distributions.
The beam ion energies 60 keV and 93 keV correspond to 2.4 - 105 m/s and 3- 105 m/s
for Z(Vion, ké) = 0, respectively.

TRANSP/NUBEAM and ASCOT onto k° are very similar for large u (see Figure 9).
They cannot be told apart with the CTS diagnostic in this experiment as the dis-
crepancies between TRANSP/NUBEAM and ASCOT are below the uncertainty of the
experimental results for large u. We stress that small velocity components u are not
necessarily related to small ion velocities: the d-function in Equation (2) picks out
uw=v-k° /K%, and so u will be small even for large ion velocities v if v and k° span
a large angle. The bulk ions mask this fast ion information for small v components.
Therefore, the inferred fast ion velocity distribution is plotted only for velocities beyond
the Maxwellian bulk indicated in Figure 9. The error bars show the 1o confidence in-
terval for the phase space density of fast ions at each velocity. They are affected by the
measurement uncertainties of the spectral power density and also those of the nuisance
parameters. The uncertainties in the velocity distribution are correlated and are mostly
such that they could be represented by uncertainty in a scaling factor for the velocity
distribution. It can be shown to mostly originate from the uncertain frequency indepen-
dent scaling factor of the spectral power density discussed in Section 4.1 in combination
with other uncertainties in the nuisance parameters [54]. Considering the uncertainties
of both theory and experiment, these first comparisons of CTS results to numerical
plasma simulations show a reasonable level of agreement.

Finally, we revise our comparison between the simulations and the experiments
in frequency space after consideration of the measured spectral power densities. The
comparison before consideration of the measured spectral power densities was shown in
Figure 7 which was therefore a prediction of the signal to be observed. Here we pick the
comparison of the measurement with NUBEAM data and compare the prediction before
the experiment with the newly computed maximum likelihood estimate. The maximum
likelihood solution for all parameters also contains revised estimates for the nuisance
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Figure 10. Comparison of measured and synthetic CTS spectra for discharge 24089 for
auxiliary heating with two NBI sources (S34S8, red) and one NBI source (S8, blue); —

TRANSP/NUBEAM before consideration of the CTS data, —-— TRANSP/NUBEAM
after consideration of the CTS data consistent with the corresponding g(u) from
Figure 9, o - measurement, - - - - gyrotron frequency.

parameters, in particular the magnitude of the frequency independent scaling factor.
The maximum likelihood solution suggests this factor to be smaller than estimated
originally. The measured spectral power densities for small frequency shifts are lower
than the predicted values which leads to a downward revision of the magnitude of
the frequency independent scaling factor by 30%. Therefore, the simulated levels of
spectral power densities are overall lower after consideration of the CTS data as shown
in Figure 10. This downward revision was also illustrated in Figure 8(d). We note that
the scaling factors determined with the maximum likelihood solution are very similar
for both NBI configurations as expected from the discussion on the nature of the scaling
uncertainty in section 4.1. Thus we reconciled the comparison in frequency space with
our maximum likelihood solution of the one-dimensional velocity distribution.

5. Discussion

We have noted some points of agreement and some points of disagreement
between measurements and simulations. We observe agreement among the ASCOT
and TRANSP/NUBEAM simulation codes in experimentally accessible parameters.
However, it may be possible to find a heating scenario for which the two codes make
different predictions which could be experimentally distinguishable by CTS. This will
require some benchmarking efforts among the codes and additional CTS experiments
which is beyond the scope of the present work. In future experiments the results of
simulations could be compared with CTS measurements for several locations in the
plasma and several resolved directions for various heating scenarios. Furthermore, it will
be feasible to reduce the uncertainties of the CTS measurements. Recent modifications
of the CTS receiver will allow the spectral power density to be measured with higher
accuracy. Additionally, CTS data analysis will benefit from more accurate measurements
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of the nuisance parameters. In the present work the full capabilities of the CTS system
have not yet been fully exploited: the signal-to-noise ratio has been increased at the
expense of time resolution. In future experiments it may be possible to inject higher
gyrotron powers [52] which may improve the signal-to-noise ratio and thus enable us to
increase the time resolution. This may allow detailed studies of plasma dynamics on
millisecond time scales by CTS — the results of which may be interesting to compare
with numerical simulations. It would also be of great benefit to add a second receiver to
the CTS system at ASDEX Upgrade. A second receiver located in a different port would
enable CTS measurements resolving simultaneously two directions and would allow a
reconstruction of two-dimensional fast ion velocity distribution functions [55].

6. Conclusions

The fast ion populations in the plasma center of ASDEX Upgrade were compared for
two NBI configurations: one neutral beam versus two neutral beams. One-dimensional
fast ion velocity distributions g(u) were inferred for both NBI configurations. The
inferred g(u) and the measured CTS spectra for both heating regimes have different
shapes and can, as expected, clearly be distinguished. The CTS measurements were
compared with simulations using the TRANSP/NUBEAM and ASCOT codes. Salient
features of the measured spectral power densities and one-dimensional fast ion velocity
distributions are in reasonable agreement with the simulations within the limits of the
given uncertainties. Quantitative discrepancies between measurement and simulation
in absolute values and gradients were observed which will drive future activities in the
development of the diagnostic and the codes.
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