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Tomography of fast-ion distributions in EAST
1. Introduction

Fast ions play a key role in present-day tokamak
operation. Loss of fast ions can lead to reduced
heating efficiency and can damage plasma-facing
components [1,2]. In addition, fast ions will be
vital for the next generation tokamaks such as ITER
and CFETR which will strongly rely on continuous
plasma heating through collisions with highly energetic
fusion-born alpha particles [3H6]. Studies on the
fast-ion distribution during various scenarios in
different experimental devices are, therefore, of utmost
importance. Through tomographic inversion, the fast-
ion distribution can be reconstructed from combined
measurements by multiple fast-ion diagnostics |[7}-
9]. Fast-ion velocity-space tomography has been
especially well-established at the ASDEX Upgrade
tokamak where the five-view fast-ion D-alpha (FIDA)
diagnostic setup offers excellent coverage of velocity
space allowing reliable reconstructions of the fast-ion
distribution [10H13]. Previous studies have shown that
reconstructing the velocity distribution function from a
diagnostic system with incomplete coverage of velocity
space is a challenging task |7/11}|14H16]. Specifically
at the EAST tokamak, the two-view FIDA diagnostic
|[17,/18] is sensitive to fast ions in substantial regions
of velocity space, but leave other regions covered by
only one view [19]. To nevertheless enable reliable
reconstructions of the fast-ion distribution from sparse
datasets, a palette of prior information has“been
developed [14}(15,/20]. We here introduce a new
approach to include prior information in.reconstruction
problems. This approach relies on changing the basis,
in which the distribution is described, to ome ,that
carries a physical understanding of (the behaviour
of fast ions in fusion plasmas, namely theslowing
down of ions through Coulomb/ collisions with the
plasma constituents. Employing'this, we reconstruct
fast-ion distributions created/ from simultaneous co-
and counter-current injection frem two neutral beam
injectors (NBIs) in the EAST tokamak. This type of
distribution has a more ¢omplex structure than single-
beam distributions which have until now been the main
focus in tomographic studies,en the fast-ion velocity
distribution in NBI-heated plasmas:

The tomographic approach, requires knowledge
of the velocity=spacersensitivities of the employed
diagnostics. / This is encoded in weight functions
that have been dewveloped for collective Thomson

2

scattering (CTS) [21], FIDA [22, 23], fast-ion loss
detectors (FILD) [24], neutron emission speetroscopy
(NES) [25,[26], and gamma-ray spectroscopy (GRS)
[27,128]. By combining measurements/from different
diagnostic methods in integrated fast-ion velocity-
space tomography, the velocity-space reselution and
coverage can be improved. This has\been suceessfully
pursued for combined FIDA and/CTS measurements at
ASDEX Upgrade [29], NES and GRS at JET [30L31]
and for synthetic CTS and’GRSsignals envisioned
for ITER [16]. At EAST, weight functions have
recently been developed [for three commissioned NES
diagnostics [32H35]. Whereas FIDA is mostly sensitive
to fast ions with erergies near or below the neutral
beam injection energy’ (typically ~ 10 — 100 keV)
due to the relative-speed dependence of the charge-
exchange probabilities [36], NES diagnostics generally
have increasédisensitivity above the injection energy
as a result of thenrelative-energy dependence of the
fusion cross-section. Combining FIDA with NES for
fast-ion»velocity=space tomography, therefore, offers
simultaneous, measurements of keV- and MeV-range
ions. In this work, we present the first reconstructions
from combined FIDA and NES spectra by employing
measurement from the compact single-plate EJ301
scintillator installed at EAST. The approach can be
further extended to include also the compact stilbene
scintillator and the time-of-flight enhanced diagnostics
(TOFED) [35L[37].

This paper is structured as follows. Section
provides an overview of the EAST setup and discharges
studied in this work. The formalism of changing
the basis of tomographic inversions is presented in
section[3|and tested on synthetic signals in section[d In
section [5] this approach is applied to measurements in
a selection of EAST discharges heated by various NBI
sources. The tomographic dataset is extended to also
contain NES measurements in section [f] In section
derived quantities such as the fast-ion pressure and
current density are computed from measurement-based
reconstructions. Section [§] concludes the paper.

2. Experimental approach

Four NBIs are installed at the EAST tokamak: two
co-current injectors (NBI1R and NBR1L) from the A-
port and two counter-current injectors (NBI2R and
NBI2L) from the F-port, as illustrated in the top-view
schematic of EAST in figure NBI1L serves as the

Page 2 of 15
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Figure 1. (a) Top-view and (b) poloidal cross-section of the
EAST tokamak showing the four neutral beams and the locations
of the O- and B-port FIDA views (red lines) as well as the EJ301
line-of-sight. The major and minor radii are 1.85 m and 0.45 m,
respectively.

diagnostic beam for the tangential O-port and vertical
B-port FIDA views and is utilized in all discharges
with FIDA measurements. The discharges studied in
this work additionally employ one of the other beams.
The full injection energies and powers of the NBI
configurations employed here are given in table

Discharges #75439, #75448 and #75455 serve
as reference shots used to evaluate the capabilities
of purely FIDA-based reconstructions for. various
combinations of NBI injection in section 4| and
section These discharges were operated in, L-
mode and reached similar parameters. The electron
temperature was T, ~ 0.2 keV, the, line-averaged
electron density was n, ~ 3 x 10 m=2 and the
normalized beta value was Sy ~ 1 — 1.1, 4The
discharges had a clockwise toroidal magnetic field of
By ~ 2.4 T on the magnetic axis,and @ counter-
clockwise plasma current of I, [~ /600 \kA, as also
indicated in figure[I] Due to highersieutron counts and
hence improved measurement’statisties for the EJ301
compact single-plate scintillator;, discharge #75469
offers the opportunity to combine FIDA and NES
measurements in integrated data analysis in section [6}
Discharge #75469 was operated in H-mode and was
additionally heated<by. electron cyclotron resonance
heating with a power of 0.55 MW during measurement
sampling. For this.discharge, the electron temperature
and normalized beta wvalue reached T, ~ 0.3 — 1 keV
and By ~ 1,[respectiyely.

During the discharges, the main heating beam
(NBI1R¢#NBI2R or NBI2L) continuously injected par-
ticles, whereas the diagnostic beam (NBI1L) was mod-
ulated imordertto allow FIDA background subtraction.
This modulation is illustrated for discharge #75469 in
figurey2h.. From the neutron counts simultaneously
meagured by the EJ301 scintillator in figure 2p, it is

Power [MW]
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H ﬂ thBIZL

3 4 5 6 7 8
time [s]

IS)
o o
——
—

IN

6 7 8
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o
w
F s
o

neutron counts [a.u.]
n

Figure 2. Time traces of thei(a) NBI powers and (b) EJ301
neutron counts during disecharge #75469. The shaded areas
enclose NBI1L blips.

evident that the NBILL beam modulation strongly af-
fects the neutron production. As the neutron produc-
tion is dependent omgthe fast ions, we consider only the
distribution during dual-beam injection

The . neoclassically expected fast-ion velocity
distributions,close to the plasma center during dual-
bedm linjections are given in figure ]  These are
computed 'with the TRANSP/NUBEAM code |[38].
The distributions are expressed in the commonly used
energy-pitch coordinates given as F = %mwQ and
p =y /v. Here m; is the fast-ion mass, v =

T+ ’uﬁ is the fast-ion speed and the subscripts of the

velocity components v, and v indicate the directions
relative to the magnetic field. Drifting Maxwellian
distributions, as described in [39], with estimated local
bulk ion temperatures, densities, and drift velocities:
T ~12—-15%keV, n ~ 25—28 x 10" m™3 and
vg ~ 2.5 — 8 km/s, have been added to the TRANSP
distributions in order to emphasize the much higher
ion densities at energies below 10 keV compared to the
dilute populations at higher energies.

2.1. FIDA and EJ301 measurements

Using tomography, we search for the most likely local
fast-ion distribution given the available measurements.
From the FIDA diagnostics, we obtain information
about the fast-ion velocity distribution through
measurements of the Doppler-shifted Balmer-alpha
radiation following charge exchange between injected
neutrals and fast deuterium ions [40,/41]. The EJ301
scintillator, on the other hand, is a passive diagnostic
that measures fusion-born neutrons escaping the
plasma from the entire line-of-sight [33|34]. As the
signal-to-noise ratio of FIDA measurements is typically
superior close to the plasma center, where the fast-
ion density is typically highest, we focus on central
measurement volumes of the O- and B-port FIDA
views at major radii R ~ 196 cm and R ~ 194 cm
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Table 1. Employed NBI sources during the studied discharges. The power fractions are given for each full-, half-'and one-third
energy component as (Pp.11 * Phalf * Prhird)-
# 75439 # 75448 # 75455 # 75469
Beam NBI1L NBI1R NBI1L NBI2R | NBI1L NBI2L NBI1L NBI2L
Injection energy [keV] 50 56 50 54 50 56 92 95
Power [MW] 0.82 0.95 0.82 0.98 0.82 1.05 0.72 0.97
Power fractions 70:16:14 | 76:13:11 | 70:16:14 | 74:18:8 | 70:16:14 | 81:11:8 | 69:17:14 | 81:LL:8
’ (a) 'ITF{ANSP #75439 ’ (b) TRANSP ?75448 ] (c) TRANS‘P #75455 : (d) TRANSP #75469
0.5 3 0.5 I — 6
2 2
Z 0 2 Z o < o 4
1 1
-0.5 1 -0.5 0.5 2
- 0 1 e 0 -1 0 . 0
20 40 60 80 20 40 60 80 20 40 60 80 20 40 60 80
E [keV] E [keV] E [keV] E [keV]

Figure 3. TRANSP distributions for discharges (a) #75439, (b) #75448, (c) #75455 and (d) #75469. The unit of the colorbar is
1016keV~'m—3. In panels a-c, the dotted black lines separate the target areasdrom,the null-measurement regions at higher energies
as determined from measurements, whereas the dashed line in panel d indicates thelargest fast-ion energies obtained at each pitch

value as predicted by TRANSP.

neutron rate [1013 m'3s'1]
= N [
- (6] nN (9] w (9,1

'
3

p

Figure 4. Neutron birth profile for neutrons born in beam-
target reactions simulated by the NUBEAM module in TRANSP
plotted as a function of normalized/minor radius p.

(normalized minor radiis ph~ 0.2), respectively.
These measurements have a spatial resolution of a
few centimeters [17]. /Forathe EJ301 scintillator, we
assume that the majority of the detected fusion-born
neutrons are generated in beam-target reactions close
to the magnetic ‘axis as’argued for in [33]. The
predominant €ore-localization of neutron production is
further supported by figure [4] that shows the neutron
birth profile ‘simulated by the NUBEAM module in
TRANSP.“The neutron birth rate is highest in the
center as more fast ions reside in the plasma core than
near the plasma edge. The slightly different locations
of the FIDA and EJ301 measurements is not expected
to have asstrong effect on reconstructions based on
combined FIDA and EJ301 measurements as spatial

gradients aré small close to the plasma center.

Figure [5| shows the absolutely calibrated signals
measured by the two FIDA views. A notch filter
with. as width of 2 nm blocks the light around the
unshifted D-alpha line at 656.1 nm in order to avoid
saturation of the camera [42]. The instrumental
broadening is estimated to be 0.1 nm for the B-
port view and 0.33 nm for the O-port view [17].
Background radiation has been subtracted from the
signals by beam modulation [40], and small residual
off-sets, arising due to slightly imperfect background
subtraction, have additionally been subtracted from
the O-port signals. The measured signals are shown
together with the signals predicted by the simulation
code FIDASIM [43-45], including the FIDA, halo and
beam emissions with applied instrumental broadening.
For the vertical B-port signals, the beam emission
feature is within the notch filter. Conversely for the
O-port signal, the beam emission is in the red-shifted
wing due to the tangential viewing geometry. This
reduces the experimentally accessible spectral ranges
that are reliable for fast-ion velocity-space tomography,
but allows a comparison between the simulated and
measured beam emission intensities. For all discharges,
the intensity of the simulated O-port beam emission
feature differs from the measured signals by a factor
of two. This is possibly due to uncertainties in the
absolute calibration of the signals or uncertainties
in the assumed divergence of the NBI. In FIDA-
based reconstructions of the fast-ion distribution, this
disagreement translates to uncertainties in absolute
values of solutions.

Both the red- and blue-shifted wings of the mea-
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sured O-port signals are well-modelled by FIDASIM
for all discharges. However, especially the blue-shifted
wings of the B-port measurements show discrepancies
from the simulations. This might be caused by pas-
sive FIDA emission and is expected to cause discrepan-
cies between measurement-based reconstructions and
simulations especially at low energies according to the
velocity-space sensitivities of measurements with small
Doppler-shifts. Nevertheless, we choose to include
these measurements in measurement-based reconstruc-
tions in order to retain sufficient velocity-space cover-
age and sensitivities.

In order to reliably reconstruct the dilute high-
energy part of the ion distribution despite the strong
signal caused by the high-density population at low
energies, we use only the part of the spectra solely
sensitive to ions with energies above 8 keV. This
corresponds to spectral measurements with an absolute
Doppler-shift of at least AX ~ 1.9 nm. We avoid
also the parts of the spectra surrounding the carbon
emission lines near 658 nm and the red-shifted beam
emission in the O-port spectra. The resulting utilized
spectral ranges are grey-shaded in figure [f] In the
solely FIDA-based reconstructions in section [] and
section parts of the spectra that are below the
detection limit of the diagnostics are employed as null-
measurements . These are marked by hatches
in figure ] The velocity-space boundariesginto the
corresponding null-measurement regions are indicated
by dotted lines in figure [3ga-c.

Figure [6] presents the measured EJ301 pulse
height spectrum during discharge #75469 expressed.
in units of kiloelectronvolt electron equivalent (keVee
[33]). This spectrum relates to the fast-ion welocity
distribution through instrument-specifie.EJ301 weight
functions and is shown together.with thesexpected
signal based on the neoclassical TRANSP\distribution
in figure 3. The measurements aré sampled over the
four NBIIL blips in the timé interval'3.5 s — 7.5 s,
as marked by the four latter gray-shaded areas in
figure @b. This samplingmethod” is employed in
order to achieve a statistically significant measurement.
From high-resolution /mneutron |yield measurements
during the dischargesthe fast=ion slowing-down time
is estimated to be ~ 10\ms. “EJ301 measurements
obtained during thefirst 10 ms after turning on NBI1L
are, thereforegomitted in the analysis. Since EJ301
ultimately measures‘an averaged fast-ion distribution
during the four NBI1L blips in the time interval 3.5 s —
7.5 s, the FIDA spectra obtained during discharge
#75469 are, likewise, averaged over NBIIL blibs in
times without ELM contamination.

The EJ301 compact single-plate scintillator has
goodireapability of neutron/gamma discrimination
[33./46]. " However, the absolute calibration of the

(a) O-port #75439 (b) B-port #75439

= 2 1 T
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Figure 5. Absolutely calibrated measurements and simulated
signals from the FIDA O- and B-ports at R ~ 195 cm and
t = 4.2 s during discharges (a-b) #75439, (c-d) #75448 and (e-f)
#75455 as well as at ¢ = 6.2 s during discharge (g-h) #75469.
The experimentally reliable measurements lie within the grey-
shaded areas. In panels a-f, null-measurements are marked by
hatches.

EJ301 measurements remains uncertain. In combined
tomography from different diagnostic methods (here
NES and FIDA), good relative calibration of the
spectra is paramount. As the absolute calibration
of the EJ301 scintillator is uncertain, we calibrate
both the FIDA and EJ301 measurements to signals
based on the TRANSP distribution (figure ). In
order to retain the relative calibration between the
O- and B-port FIDA views, we apply only a single
calibration factor to the signals from each of the FIDA
views. This calibration has been applied only to
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Figure 6. Neoclassically expected and experimentally measured
EJ301 pulse high spectrum during dual-beam injection in
discharge #75469.
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Figure 7. Weight function coverages of the (a) O-port (FIDA-
O) and (b) B-port (FIDA-B) FIDA views as well as (c) the EJ301
scintillator computed as the sum of all weight functions for the
experimentally available spectral ranges.

measurements obtained during discharge #7546, For
discharge #75469, we, therefore, make no statements
about absolute values for reconstructions based on
combined FIDA and EJ301 measurements:

2.2. Weight functions

The velocity-space sensitivities of measurements are
determined by weight functions w |22,[23] that relate
the measured signal s to the distribution’f, through

s=/11 /OOO wfdEdp. (1)

Weight functions are kéy to understand the measured
signal and allow reconstruetions of the distribution
as they link fast-ion velocitiesnto signals in specific
spectral ranges [22]./The sum of all weight functions
reveals which regions,in velocity-space are observed by
the diagnosti¢ [16]. Thisis shown in figure [7|for FIDA
and EJ301 utilizing lonly the experimentally reliable
spectral rangess Whereas FIDA is sensitive to a large
energy fange in the target region, EJ301 significantly
increases its sensitivity at energies close to and above
the highest,beam injection energies.

Previous tomographic studies on fast-ion velocity
distributions have shown that multiple-view coverage
in /the target region is essential for providing

6

reliable reconstructions using standard tomographic
approaches [7,/14416]. Especially at low energies and
small absolute values of the pitch, this is not fulfilled
for the solely two-view FIDA setup installed at EAST.
However, as the largest fast-ion densities are expected
to be at greater absolute pitch valuesy (figure ,
reconstructions can still be obtained, keepingrin mind
that regions with single-view coverage are less reliable
than regions with dual-view feoverage as argued for
in [15].

The reconstructions ¢an additionally be aided by
changing the tomographic approach. In the following
section, this is pursued by expressing the distribution
in a basis relying on/the physically expected functional
shape of the distribution.

3. Slowing-down basis functions in
tomographic problems

Throughout the physical sciences, a common approach
to improve the solution of tomographic problems is to
expand thersolution in a set of basis functions [47].
Here we_adopt this approach by employing a set of
basis funetions relying on the neoclassically expected
slowing down of ions in a fusion plasma. This basis
is. chosen in order to reflect the expected nature of
the ‘distribution. Note, however, that many other
choices of basis functions will also work and might
prove beneficial or even superior in later studies.

In a steady-state scenario with neoclassical
transport, a fast ion with a specific energy and
pitch will change its velocity through Coulomb
collisions. At high energies, the energy is transferred
predominantly to electrons causing little pitch-angle
scattering. Collisions with ions dominate below the
crossover speed [39]. For the EAST discharges, this
is evaluated to be ~ 26 keV for deuterium. As
estimates for the collision-caused slowing down of ions
described by a steady-state distribution, we use the
analytical expressions derived in [48,/49]. Owing to
possible non-neoclassical transport and uncertainties
in the crossover speed, we further dampen the slowing-
down functions farther from the birth velocity by the
complementary error function. A selection of resulting
slowing-down functions is shown in figure [§] These
functions are contained in the full slowing-down basis
used in section [d] section [5 and section [6]

In this work, we create the slowing-down basis
such that for each pixel in the pixel basis, the slowing-
down basis contains one error-function-dampened
slowing-down function with birth energy and pitch at
that pixel. The pixel and slowing-down bases, hence,
contain the same number of basis functions, allowing
the slowing-down basis to span the entire pixel space.

A change-of-variables to the slowing-down basis

Page 6 of 15
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Figure 8. Selection of normalized slowing-down basis functions.
The dotted lines indicate the shape of the slowing-down functions
before dampening by the error function.

can be introduced in tomographic problems by
reformulating the forward problem. To do so, assume
that the distribution f is the sum of k slowing-down
functions:

k
f=> aifspi
=1

where (fsp.1,...,fspk) detones the slowing-down
basis, whilst (ai,...,ax) is the set ofpcoefficients that
computes f given the basis. The forwardiproblem
then takes the form

1 [e%s} k
s :/ / wZaing,idEdp
—170 i=1
k 1 e3¢}
= Zai/ / wfspdEdp.
i=1 Y7170

Consider now the discretization of :

S=WEF. (4)
Here S is the vector' comtaining the measurements,
F is the vector cemtaining the, distribution, and W
is the matrix containing the weight functions |[7].
Introduce now the matrixFsp with columns given by

the discretized slowing-down functions in energy and
pitch and the vector A = [ay, ..., a7 such that

F = Fgp#
Then the discretized form of can be written as
S = W FspA=WspA (6)

where,. Wsp, = WFsp. Note that Wgp does not
directly link the energy-pitch location of a fast ion
to/the generated signal, but rather gives information

(2)

3)

()

7

about which slowing-down distributions caw cause a
signal in a specific wavelength range. A \eomparison
of W and Wgp is given in figure [9] for a number
of spectral ranges. The outer shapes of the weight
functions are not significantly affected by the change
of basis. On the other hand, the inner structure of
Wsp is noticeably less fine-structured than the inner
structure of W. This is especially prominent at the
low-energy border of the weight functions. Here the
pixel-based weight functions W hawve a sharp sensitivity
increase that often causes’artefacts in reconstructions
from sparse FIDA measurements), This indicates that
applying the slowing-down basis.can ultimately provide
a smoothing of the réconstructions, which is not always
attainable from pixel=based reconstruction methods.

4. Inversions of synthetic FIDA signals in
various bases

Fast-ion [ velocity-space tomography determines the
most [likely fast-ion velocity distribution from a
collection ofisignals. This is essentially done by finding
F Arom, S and W in . However, this problem is
ill-posed ‘and must be regularized in order to provide
a stable solution [13]. Here, we use the zeroth-order
Tikhonov method where solution norms are penalized,
as ity dias been found to provide better results for
the two-view FIDA system at EAST [19] than the
more commonly used first-order Tikhonov method that
penalizes large gradients in energy and pitch [13]. We
additionally impose a non-negativity constraint [20] on
the solution. In the standard pixel-basis, the non-
negative zeroth-order Tikhonov solution is found as

(3 )r=(3)

subject to F' >0

F* = min
F

2

(7)
where I is the identity matrix and A is the
regularization strength. In the slowing-down basis
we instead seek to invert @, i.e. we seek the vector
A holding the basis-function expansion coefficients
(a1,...,ax). This is also an ill-posed problem that we
likewise regularize by a zeroth-order Tikhonov penalty

term:
Wsp S
(% )a-(%)

subject to FspA >0

A™ = min
A

2

(8)
such that the reconstructed distribution is F** =
FgpA*™™ according to . The constraint in
expresses non-negativity of F. For reconstructions
computed from both @ and 7 we normalize the
forward problem by the measurement uncertainty [§],
and include null-measurements as a constraint [20]. We
apply null-measurements as a constraint rather than a
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Figure 9. Selection of weight functions (a-d) in the pixel basis (W), and (¢-h) in the slowing-down basis (Wsp) for the O- and
B-port FIDA views. The weight functions are shown for the measured spectral resolution’and each weight function is normalized by

its own maximum value.

penalty in the null-measurement region [14] in order to
highlight the effect of changing the basis.

If the basis matrix Fgp is invertible, the change
of basis can be interpreted as a modification of the
regularizing term. This is evident when introducing
the inverse of ,

A=FgpF )
in :
kk . W _ S
e[y )= (5]
subject to F' > 0. (10)

Equation allows a direct [computation of the
reconstructed distribution F**,"\but relies on the
existence of Fyg; 5. Mathematically, @ suggests that
the expansion of the velocity ‘distribution into basis
functions is equivalent toa coordinate transformation
. In the inverse problem literature, this is referred
to as a standard-form transformation. The long-
range correlation given by the basis functions can
be quantified and visualized through the covariance
matrix C. The inverse of €' appears as the prior in the
Bayesian picture . When the invertible basis Fgp
acts as the only imposed regularization, as in , the
covariance matrix can be determined as

C=(NFspFg)) ' =\ "2FspFip,. (11)

Examples of entries in C' are shown in figure From
these, it is'evident that the covariance matrix ensures
smoothness by correlating a given pixel to the pixels in
its yicinity. The correlation decreases with increasing
distance in (E,p)-space, with a pattern depending

(a) E=2keV, p=-0.24  (D)E=43keV,p=03

4 L
a 600 - 250
0.5 g 500 0.5 . 200
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Figure 10. Examples of entries in the covariance matrix C' when
the invertible slowing-down basis determines the regularization.

on the position in (E,p)-space due to the physics of
the slowing-down process: For low energies, where
ion collisions dominate, the correlation is ensured
over a large pitch range. For high energies, where
collisions with electrons dominate, the correlation is
rather narrow in pitch. The slowing-down process is
thus encoded in the regularization of our tomography
problem. This long-range correlation of pixels in the
reconstructions is reasonable to include in the analysis
of the discharges studied in this work, as transport in
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these discharges are expected to be neoclassical.

If an arbitrary regularizer L is used rather than the
zeroth-order Tikhonov regularizer I in , takes
F** = min

the form
w S
i areey )= (5)
(12)

subject to F' > 0.

Here, the full regularizer is LFs}l). However, as
the chosen basis functions provide a smoothness to
the solution, it is often unnessecary to include an
additional regularizer L in order to obtain smooth
solutions. We, hence, employ only the basis functions
as regularization in the following. Additionally, note
that since and are equivalent, they provide
identical solutions within the expected numerical
accuracy. As the conditioning number of Fgp can
be quite large, computations are often more stable
when using rather than . For basis function
expansion reconstructions we will, therefore, show only
results computed with ().

For the EAST two-view FIDA system, the
differences in reconstructions based on and
are shown in figure for the three reference
discharges.  Here, synthetic signals based on the
TRANSP simulations (figure [3h-c) were generated
in the experimentally reliable spectral ranges. For
each spectrum, 10% Gaussian noise was added. The
regularization strength for each of the reconstructions
based on these synthetic signals is chosen as the one
that produces the smallest two-norm of the pixel-
differences between the reconstruction and the true
solution for £ > 20 keV. Both approaches succeed
in locating regions of high densities. / However,, the
reconstructions in the slowing-down basis (figure —
f) perform better than the pixel reconstructions in
especially two respects: Firstly, they provide smoother
solutions as a consequence of the long-range correlation
following the expansion in ba$is funetions. Secondly,
they manage to more accurately. determine the fast-
ion birth velocities.

2

5. FIDA measurement-based reconstructions

Also the reconstructions \from EIDA measurements
in figure find\\that the solutions using slowing-
down basis funetions(figure [12d-f) are smoother than
the pixel reconstructions (figure [12h-c). Within the
measurement ) uncertainty, forward-modelled spectra
based onsthe recomstructed distributions in figure
agree well withi the measurements in figure Ph-f. At
small Deppler-shifts, forward-modelled signals based
on the slowing-down reconstructions tend to follow the
measurements more accurately than forward-modelled
signals based on the pixel reconstructions. This is due
tolthe large densities at £ < 25 keV that appear

9

in the slowing-down reconstructions but, net in the
pixel reconstructions. Recall, however, that the exact
origin of the disagreement between measurements
and simulation at small blue-shifts in the, B-port
signals (figure is still uncertain. /Hence, a better
agreement at the smallest accessible Deoppler-shifts
between measurements and forward-modelled, signals
based on reconstructions does not neecessarily provide
a better reflection of the physies at play.

As for the synthetic case, thewpixel-norm regular-
izing approach tends to greate solutions with shapes
dictated by the boundary of the null-measurement re-
gion. This results in densities significantly above the
injection energy. As$ similar features are observed in
reconstructions basedson synthetic signals, where the
true solution is known, these high-energy densities are
likely artefacts caused by the limited weight function
coverage, measurement noise and a consequently lim-
ited velocity-spacezesolution.

Despite the limited velocity-space resolution, the
reconstructions from measurements clearly distinguish
the differences in'birth pitch of fast ions generated from
different NBI sources. This is especially evident from
figure that gives the velocity-space resolved pixel
differences between discharges #75439 and #75455
as well“as between discharges #75448 and 75455
as_calculated by TRANSP and from measurement-
based reconstructions. From figure [[3p, it is evident
that discharge #75439 has an excess of ions with
negative pitches compared to #75455 due to NBI1R
heating, whereas the NBI2L heating in discharge
#75455 creates a surplus of ions born with pitches close
to 0.5 compared to discharge #75439, as also predicted
by TRANSP. Likewise in figure [I3{, the larger pitch
values of ions born from NBI2R in discharge #75448
compared to ions born from NBI2L in discharge
#75455 is clearly evident.

6. Integrated data analysis of FIDA and NES
spectra

In this section, we illustrate some of the benefits
and limitations of combined FIDA and NES tomog-
raphy using measurements obtained during discharge
#75469. We employ the O- and B-port FIDA views
using the same geometry as for the discharges studied
in section [5 as well as EJ301 measurements given in
figure [6]

Figure shows reconstructions for discharge
#75469 both from solely FIDA measurements (panels
a and c¢) and from combined FIDA and EJ301
measurements (panels b and d). For both datasets,
we present reconstructions calculated in the pixel basis
(panels a and b) and in the slowing-down basis (panels
c and d). We employ a non-negativity constraint on the
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Figure 11. Reconstructions from a synthetic signal based onythe TRANSP /distributions for EAST discharges #75439, #75448
and #75455 using (a-c) the zeroth-order Tikhonov method actingion pixels of the solution, and (d-f) the zeroth-order Tikhonov
method acting on expansion coefficients in the slowing-down basis:. The colormap unit is the same as in figure [3} and the dotted
lines separate the target areas from the null-measurement regions at higher energies.
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Figure 12. Reconstructions from measurements. The notation, unit and layout are the same as in ﬁgure and the dotted lines

separate the target areas from the null-measurement regions at higher energies.
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Figure 13. Velocity-space resolved pixel differences between
the fast-ion distributions during (a-b) discharges #75439 and
#75455 and (c-d) discharges #75448 and #75455 as computed
by TRANSP and from slowing-down reconstructions from
measurement. The dotted lines mark the boundaries to the null-
measurement regions for #75439 (red) and #75455 (blue) in the
upper panel and for #75448 (red) and #75455 (blue) in the lowér
panel. Same notation and unit as in figure [3] and figure [I2]
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Figure 14. Reconstructions of the fast-ion velocity distribution
during EAST discharge #75469 using (a-b) the pixel basis
and (c-d)" the slowing-down basis employing only FIDA
measurements and combined FIDA and EJ301 measurements.
All paneélsrare’ scaled by the same factor. As in figure Eﬁ, the
dasheéd lines indicates the largest fast-ion energies obtained at
each pitch value as predicted by TRANSP.
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distribution, but do not include null-measurements in
order to allow the measurements to directly determine
the density distribution above the full injection
energy of the neutral beam. In both tomographic
approaches, the reconstructions from' measurements
reveal the two-beam slowing-dewn distribution.created
by simultaneous NBI1L and NBI2Linjection.

At energies above the full injection energy,
the pixel-based reconstruction from solely FIDA
measurements is plagued by artefaets that also appear
in reconstructions fromys/ noisy symthetic two-view
FIDA signals based on| the TRANSP distribution.
Including the EJ301 signal, togéther with the FIDA
measurements strongly improves the reconstruction at
these energies, evenythough the EJ301 measurement
are relatively sparse. This is an effect of the low
neutron count rates, (figure [6) that indicate that
only few iomshhave velocities in the region covered
by the EJ301 “scimtillator which is predominantly
above the meutral beam injection energies. Hence,
in thishcase the EJ301 signal ultimately serves as
null-measurements allowing suppression of artifacts
in /thennull-measurement region without including a
dedicated penalty or restriction on the solution in
this region. This effect is less pronounced when
reconstructing in the slowing-down basis (panel ¢
andhd). Here the inclusion of EJ301 measurements
only slightly improves the reconstruction at negative
pitches for £ ~ 60 — 80 keV without significantly
affecting the reconstruction at lower energies. The
reason for the different benefits gained from including
EJ301 measurements in the pixel and slowing-down
approaches is still uncertain. The energy-dependence
of the benefits, on the other hand, can be explained
by the velocity-space sensitivities of the diagnostics:
during this discharge, fast deuterium ions are created
purely by neutral beam injection at energies close to
the lower energy limit of the EJ301 sensitivity range.
The EJ301, therefore, serves as a third diagnostic view
that in combination with the dual-view FIDA setup
provides multiple-view coverage for all pitches at high
energies. This improves the reconstructions in the
high-energy range, but does not necessarily strongly
affect the solution elsewhere.

7. Moments of the distribution function

Taking the moments of the distributions allows
estimations of the fast-ion densities, pressures and
current densities . In this section, we compute
absolute values from the FIDA-based reconstructions
in section [5| with the purpose of evaluating the level of
agreement between reconstructions in the two bases as
well as to quantitatively compare measurement-based
reconstructions and predicted TRANSP distributions.
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This is followed by a discussing on moments from
the FIDA+NES reconstructions in section [f] We,
however, restrain from including absolute values
based on FIDA+NES reconstructions, as the FIDA
and NES spectra are scaled to expected signals for
discharge #75469 due to the uncertainty in the
absolute calibration of the EJ301 spectrum. With a
better resolution and greater velocity-space coverage
of the low-energy range of velocity space, also the
bulk deuterium densities, pressures, currents and
temperatures could be directly calculated from the
reconstructed ion distribution. However, currently this
is not possible from FIDA measurements at EAST.

The kinetic pressure can be determined as the
trace of the pressure tensor, i.e. the second moment
of the distribution. This yields

1
P, = / / ( — Vi ||PV 2m; B + 2mivfli|>
f(E,p)dEdp (13)

for rotational symmetry about the magnetic field. Here
the drift velocity is assumed to be fully parallel to the
magnetic field and, hence, given by

et [

where n; is the fast-ion derlslty computed as the zeroth
moment of the distribution. From the drift velocity and
density, the fast-ion current density can be computed
as

) 1 oo 2E
Jill = qniva;| = q p\/—f(E{p)dEdp  (15)
—1Jo m;

where ¢ is the fast-ion charge. The resulting values for
the measurement-based reconstructions relative to the
expected TRANSP values are summarized,in<table [2]
for fast ions with energies above/20 keVy The results
are consistent for measurement-baseéd reconstructions
using both of the tomographic approaches.

For the purely co-current injection in discharge
#75439, the reconstructed, density, pressure and
current density are well-modelled by TRANSP.
On the other hand, for simultaneous co- and
counter-current injection imndiScharges #75448 and
#75455, discrepancies between 'reconstructed values
and simulations \are present, jwith reconstructed
densities and pressurésrexceeding the TRANSP values
by up to 70%. The larger densities in reconstructions
compared to, the TRANSP predictions is partly
explainedsby the strong B-port signals that exceeds the
FIDASIM simulation in the spectral range 653—654 nm
(figure . Other important factors that can cause
discrepancies between simulation and reconstructions
arepuncertain absolute calibration of measurements
as well “as the complex structure of distributions
consisting of ions born simultaneously at both positive

f E,p)dEdp (14)

12

and negative pitches as these are more, challenging
to reconstruct from sparse datasets than distributions
that are strongly lopsided towards either positive or
negative pitches.

For discharge #75455, the reconstructed fast-
ion current density is well-modelled by, TRANSP.
For discharge #75448, on the other hand, the lack
of fast-ion current density suggested by, TRANSP is
not observed in reconstructigns from measurements.
The large apparent discrepancynin the TRANSP-
predicted and reconstricted current density for
discharge #75448 is partly explained by division
by a small denominator: A more reasonable
comparison between” the reconstructed and simulated
current density for discharge #75448 can be obtained
by instead computing .the/ current densities driven
solely by either positive- or negative-pitch fast ions:

j;ﬂ,dataz;s/ji—ﬂ,Tms ~ 1.2 for positive-pitch fast ions

and jiﬂ,data48/ji_|‘7TR48 ~ 1.9 for negative-pitch fast
ions. Both of these numbers are close to the relative
difference, between the reconstructed and simulated
density. It'issworth noticing that the best agreement
betweemreconstruction and simulation is obtained for
positive-pitch fast ions. This is explained again by
the large/B-port signal between 653 nm and 654 nm
that mostly affect the inferred fast-ion densities of
the megative-pitch population as measurements in
this/ spectral range is predominantly origining from
negative-pitch fast ions.

For discharge #75469, we scale the NES and FIDA
spectra to the expected signals based on the TRANSP
distribution. As a result of that, the reconstructed
densities are within 10% of the TRANSP density
for £ > 20 keV for all reconstructions presented
in section [f] This agrees with the uncertainty
in moments of reconstructed distributions based on
noisy synthetic signals. The reconstructed pressure
exceeds the TRANSP prediction by 30 — 40% in
the FIDA-only reconstructions. In both the pixel
and slowing-down reconstructions based on combined
FIDA and NES measurements, the reconstructed
pressure agrees within a few percent with the pressure
derived from TRANSP. The disagreement between
predicted and reconstructed pressure in the FIDA-
only reconstructions is, hence, expected to be caused
predominantly by the artefacts at high energies
that are avoided when including measurements from
the EJ301 scintillator. The reconstructed current
densities, on the other hand, are only 20 — 45% of the
predicted value for all inversions. This is explained
partly by a disagreement between the distribution
of ions about the line p = 0 in reconstructions
compared to TRANSP. From the TRANSP simulation
the distribution is expected to be strongly asymmetric
about the line p = 0. The ratio of fast-ion densities
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Table 2. Absolute densities n;, pressures P; and current densities j;| for fast ions with energies above 20 keV from|the TRANSP
distribution (Frg) and relative values to TRANSP for measurement-based reconstructions using either the pixel basis (F*) or the
slowing-down basis (F**). The sign of Ji|| is positive in the direction of the plasma current. For reconstructions from synthetic
signals with 10% Gaussian signal noise plus a Gaussian background noise of 10% of the averaged bremstrahlung devel, the derived
quantities, n;, P; and jy, lie mostly within 10% of the true values for £ > 20 keV.

# 75439 # 75448 #75455
FTR F* Frx FTR F* FEx FTR F* Frx
n; | 82x107m =3 ]09] 09 |55x107 m 3| 14 | 1.4 | 4.6 x 107 ol 5 | L.6Wp/L.7
P, 2.9 kPa 0.9 ] 0.8 2.2 kPa 14 | 13 1.8 kPa 1771 16
gl 91 Am~? 09| 1.0 | —74Am2 | —37]| —3.6 25 Am: 2 10| 12

for p < 0 and p > 0 is n=/nt = 2.3 for energies
between 20 keV and 60 keV. Such a strong asymmetry
is not detected in the pixel reconstructions based on
either solely FIDA measurements or combined FIDA
and NES measurements. Here the density of ions with
positive pitches exceeds the density of negative-pitch
ions by less than 10% for 20 keV < F < 60 keV. On the
other hand, the reconstructions in the slowing-down
basis both suggest a density fraction of n=/n™ = 1.3,
i.e. a smaller than expected but detectable density
asymmetry about p = 0. As for discharge #75448, the
disagreement between reconstructions and TRANSP in
current density produced by ions with £ > 20 keV
is likely to be explained by the relatively large
signal in the blue-shifted range of the B-port FIDA
measurements along with the complex shapesef. the
dual-beam distribution.

8. Conclusions and outlook

Measurements from the two-view FIDA' diagnostic
setup installed at EAST enables reconstruetions
of NBI-generated fast-ion velocity distributions for
energies above ~ 15 keV in the »plasma center.
With the incomplete coverage of velocity space and
the limited amount of data provided by a two-view
FIDA system, prior information must be imposed
on reconstructions. Using a standard non-negativity
constrained zeroth-order! Tikhonov regularization on
pixels provides solutions that overall distributes the
fast ions accurately " andy allows identification of
high- and low-density regions .when employing null-
measurements. [Thé zeroth-order Tikhonov pixel-
reconstructions, however, tend tolose resolution of the
fast-ion birth” velocities and are strongly dependent
on including null-measurements as prior information.
The reconstruetions are significantly improved by
introdu¢ing a new approach to the toolbox of fast-
ion velocity-space tomography: namely the utilization
of the neoclassical slowing down of fast ions through
Coulomb collisions in a fusion plasma. This is achieved
by expressing the distribution as a linear combination
of a selection of slowing-down distribution functions

and perform the recenstruetion in this basis. For
FIDA-based reconstructions at EAST, this approach
is beneficial in order to obtain smooth solutions
with reduced artefacts+~and improved velocity-space
resolution.  Restrieting the slowing-down basis to
contain only a limited number of judiciously-chosen
basis functions, based on e.g. geometric consideration
of neutral beam injection, is likely to, furthermore,
enable/velocity-space reconstructions from single-view
measurements, which has until now been unattainable.
Examples of systems that are likely to benefit from
the) restricted basis function approach are FIDA
measurements at MAST [14], TCV [51] and NSTX
[52,53], CTS measurements at Wendelstein 7-X [54]
and LHD [55], as well as NES and GRS measurements
at JET [56L[57].

The expansion in base functions will, additionally,
be essential for fast-ion phase-space inversion problems
with sparse fast-ion measurements. Using full phase-
space distribution functions computed by numerical
simulations as base functions, it should be feasible to
infer the distribution in the entire phase-space rather
than in a single point as in velocity-space tomography.
This method could be used in tokamaks in cases where
an insufficient amount of measured data is available
to do orbit tomography [58,[59]. Furthermore, the
method is applicable to stellarators where the phase-
space distribution is 5D (3D in position space and
2D in velocity space) which cannot be covered by
measurements at present.

Derived quantities, computed as moments of the
distribution, are consistent using both the pixel basis
and the slowing-down basis in reconstructions with
null-measurements.  For purely co-current neutral
beam injection at EAST, the fast-ion density, pressure
and current density derived from measurement-based
reconstructions are well-modelled by the neoclassical
TRANSP distribution.  For simultaneous co- and
counter-current injection, on the other hand, no
consistently good agreement between the modelled
and reconstructed quantities is achieved. This is
likely explained by three factors: uncertain absolute
calibration of measurements, the relatively complex
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structure of fast-ion distributions generated from
simultaneous co- and counter-current injection, or the
disagreement between measurements and simulation at
small blue-shifts in the B-port FIDA signals that might
be caused by passive FIDA emission.

The good spatial localization as well as temporal
and velocity-space resolution offered by the FIDA
diagnostics along with the framework presented in
this work will allow investigation of the interactions
between fast ions and collective modes in future EAST
campaigns and is an encouraging approach to study
potential bulk heating through parametric decay of
fast-ion-driven toroidal Alfvén eigenmodes proposed
in [60].

Combining FIDA measurements with fast-ion
sensitive NES measurements increases the available
diagnostic information in the tomographic problem.
The framework for this is illustrated in reconstructions
of a fast-ion distribution generated from simultaneous
co- and counter-current neutral beam injection. Here,
we employed combined FIDA and NES measurements,
obtained from the single-plate EJ301 scintillator. For
the considered discharge, the improved high-energy
velocity-space sensitivity offered by the FIDA+NES
setup compared to the FIDA-only setup ultimately
obviated null-measurements in the standard nomn-
negative zeroth-order Tikhonov pixel reconstruction:
This effect was, however, less pronounced for.slowing-
down reconstructions.

At higher energies than considered here % the
sensitivity of NES diagnostics strongly surpasses
the FIDA sensitivity due to the /strong relative-
energy dependence of both the fusion reaction cross-
section and the charge-exchange probabilities. ‘Hence,
combining FIDA with NES provides a\possibility to
simultaneously reconstruct a large energy range (keV
to MeV), somewhat similar to the/CTS/GRS symbiosis
planned for ITER [16].  Additionally, extending
the diagnostic suite by the time-of-flight neutron
spectrometer TOFED and "thensingle-plate stilbene
scintillator [32H35]37] willfurther improve the high-
energy range of fast-ion velocity-space reconstructions,
enabling detailed studies on the full fast-ion population
during combined NBl,and ICRF heating.
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