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ABSTRACT: A feasibility study for installing fast-ion loss diagnostics (FILDs) is initiated to
understand energetic ion loss process in a quasi-axisymmetric stellarator CFQS. The
calculations of beam ion orbit, the guiding center orbit code including the slowing down by bulk
plasma in the Boozer coordinates and the collisionless Lorentz orbit code in the Cartesian
coordinates, are performed to estimate the toroidal/poloidal distribution of beam ion losses on a
vacuum vessel. We observed that loss points on the vacuum vessel are mainly located at the
upper side of torus according to gradient magnetic field drift direction. Based on the loss
distribution on the vacuum vessel, a possible location of FILD for CFQS is investigated.
Although the energy of lost beam ions is ~10 keV, relatively high-energy (> 20 keV)
components can be measured on the upper side of the torus in the low-density case. Furthermore,
the radial or vertical dependence of beam ion loss flux at candidate movable scintillator-type
FILD positions is obtained. A considerable number of particles reach the scintillator-type FILD
position. The energy and pitch angle distribution of beam ions reaching the FILD position
shows that scintillator-type FILDs can measure co-going transit beam ions with energy of ~25
keV and pitch angle of ~140 degrees and transition beam ions with energy of 10-15 keV and
pitch angle of ~80-100 degrees.

KEYWORDS: CFQS; QAS; Energetic ion confinement; Fast ion loss detector; Orbit following
model.
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1. Introduction

The study of fast-ion losses caused by magnetic field ripples and various
magnetohydrodynamic (MHD) instabilities plays a key role in understanding the fusion-born
alpha particle losses of a fusion reactor. Moreover, the velocity distribution and flux of escaping
energetic ions are essential in understanding confinement-loss boundary and energetic ion
transport through wave-particle interaction. Fast-ion loss detectors (FILDs) [1], which provide
energy, pitch angle, and flux of lost energetic ions, have been commonly used to understand the
energetic ion loss in tokamaks [2-9] and stellarator/helical devices [10-14]. Under a joint project
of the National Institute for Fusion Science and Southwest Jiaotong University [15], physics
[16-20] and engineering design [21-25] of the world's first quasi-axisymmetric stellarator CFQS
have been progressed and CFQS is currently in the course of construction. In CFQS, a neutral
beam (NB) injector is considered to be installed. Therefore, a study of energetic ion
confinement based on experimental results in quasi-axisymmetric stellarator configuration will
be possible for the first time. A feasibility study for the installation of FILD is reported herein.

2. Setups for orbit following calculation

CFQS is classified into a quasi-axisymmetric stellarator with a major radius of 1.0 m and a
minor radius of 0.25 m, as shown in Fig. 1. The toroidal magnetic field strength is 1.0 T. CFQS
will be equipped with a tangential NB injector with injection energy and power of 30 keV and 1
MW, respectively. A previous numerical study of the NB injection angle was reported in Ref.

Figure 1. CFQS with NB injector



63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
&3
84
85
86
87
88
&9
90
91
92
93
94
95
96
97

98

99

100
101
102
103
104
105
106

26. In previous analysis, a hydrogen beam is injected into a hydrogen plasma. Notably the NB
direction is counter-aligned with respect to the equilibrium magnetic field. The level of the NB
injector axis is located on the equatorial plane of the plasma. This numerical simulation
comprises of two parts. One is guiding center orbit calculation based on the birth position of NB,
including the slowing down with bulk plasma in the Boozer Coordinates. The other is the
collisionless Larmor orbit calculation from the last closed flux surface (LCFS) position where
the beam ion reached. The birth position of NB ions is calculated using the HFREYA code,
which is a part of the FIT3D code [27], using the three-dimensional MHD equilibrium
reconstructed through the VMEC2000 code [28]. Herein, the number of injected particles is set
to 5 x 10°. The radial profiles of the electron temperature and density are assumed to be
parabolic. The central electron temperature (keV) is set to 2.0 / ne (10" m™), and the ion
temperature is assumed to be the same as the electron temperature. Further, the effective ion
charge is 1. The impurity may enhance the pitch angle scattering of beam ions, especially in the
relatively low-density/high-temperature case due to the relatively high critical energy. However,
in this study, the effective charge is set 1 because the main objectives of this study are to
determine whether FILD can work and show the candidate density range. The orbit following
calculation, including the finite impurity density based on the experimentally obtained effective
ion charge, will be studies in our future work. In this calculation, the central electron density
varies from 1 x 10" to 5 x 10" m™. The DELTASD code [29] is used to calculate the guiding
center orbit within 100 ms from the birth position, including the collision with a background
plasma in the Boozer coordinates. In the DELTASD calculation, 10° orbits are considered. Note
that 10° particles are chosen randomly from the deposited particles calculated using the
HFERYA code because of the limitation of the computational time. Furthermore, the reaching
position and velocity of the energetic ion on the LCFS are obtained. We employ the LORBIT
code [30] to calculate the collisionless Lorentz orbit of the NB ion from the LCFS. The orbit
following time is set to 0.1 ms, the number of particles is set to 10°, and the initial position of
the collisionless Lorentz orbit is randomly selected from the reaching points on the LCFS
calculated using the DELTAS5D code with a random number generator. Herein, the gyro phase is
also randomly chosen using the random number generator. The number of particles are set to ten
times higher than that of DELTASD code to consider the gyro phase effect. A particle is
considered to be lost when the particle reaches the vacuum vessel, whereas the particle is
detected by a FILD if the distance between the particle and FILD is less than the Larmor radius.
It should be noted that the response of the FILD is not included in this analysis. Therefore, the
beam ions coming to the FILD position are considered to be detected. The design of the FILD
head will be studied in our future work.

3. Results of the beam ion loss calculation

3.1 Distribution of lost beam ions on the vacuum vessel

A radial distribution of beam ions at different densities is shown in Fig. 2a. The number of
source particles corresponding to the deposition efficiency increases with the density in this
density region. The integrated number of source particles becomes approximately three times
higher in the high-density case (e of 5 x 10" m™) than the number in the low-density case (7o
of 1 x 10" m™). The peak of the number of source particles appeared at the normalized minor
radius (7/a) of approximately 0.5-0.6. Moreover, the peak position shifts outward owing to the
density increase because the penetration length is short in the high-density cases. Note that the
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Figure 2. (a) Radial and (b) pitch angle distributuion of beam ions.

number of source particles becomes almost zero at the plasma axis because of the little volume
of the plasma. Figure 2b shows the pitch angle distribution of beam ions. The pitch angle of
beam ions is mainly greater than 140 degrees, which has co-going passing transit beam ion orbit.
A peak at a pitch angle ~150 degrees corresponds to the main components of NB deposition.
The other peak at the pitch angle 175 degrees appeared because the tangency point of the
plasma axis and the NB sightline exists near the plasma axis as shown in Ref. 19.

Herein, we used the DELTASD code to obtain the distribution of the reaching points of
beam ions with an energy greater than 10 keV on the LCFS (Fig. 3a). In this calculation, the
toroidal magnetic field is directed counterclockwise with a topview. Therefore, the reaching
points mainly appear at the upper side of the plasma, which is consistent with the gradient
magnetic field drift direction. The toroidal and poloidal distribution of the reaching points of
beam ions is plotted in Fig. 3b. Here, the size of the toroidal/poloidal angle grid is set to four
degrees. In the low-density case, where neo = 1 x 10" m™, relatively concentrated regions
appear at the toroidal/poloidal angle of 0-40/100-140and 180-220/100-140 degrees. It is worth
note that the two preferred toroidal positions appear because of the shape of the equilibrium
magnetic field. Thus, the positions are relatively insensitive to the magnetic field strength.
However, the positions are relatively sensitive to the equilibrium magnetic field or the magnetic
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Figure 3. (a) Three dimensional plot of reaching points of beam ions on the LCFS at neo of 1 x 10" m™
(b) Toroidal/poloidal angle distribution of beam ion reaching the LCFS.
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field direction. The concentrated region corresponds to the relatively high NB heat flux region.
Such a concentrated region disappeared in the high-density case, where neo = 5 x 10" m™.
Figure 4 shows the energy and pitch angle distribution of beam ions reaching the LCFS. For the
energy distribution, two sharp peaks appeared at 15 and 30 keV in all density cases,
corresponding to the prompt loss of full and half energy components of the NB injector. A
relatively broad peak is observed at the energy less than 10 keV. The beam ion reaches the
LCFS owing to the orbital effect. The energy decreases as the density increases owing to the
shorter slowing down time of beam ions due to a high density and low temperature. For the
pitch angle distribution, a relatively significant peak is observed at a pitch angle of 60-110
degrees and relatively small peaks are present at the pitch angle of 130-175 degrees. The former
peak corresponds to the thermalized components with energy of less than 10 keV, whereas the
latter peak appeares due to the beam ion reaching the LCFS within a short time. The peak at a
pitch angle of ~100 degrees might appear at the lowest density case because of the relatively
longer slowing down time.

Furthermore, the lost points of beam ions on the vacuum vessel are obtained using the
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Figure 4. (a) Energy distribution of beam ions reaching the LCFS. (b) Pitch angle distribution of beam
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Figure 5. (a) Three dimensional plot of loss points of beam ions on the vacuum vessel at #eo of
1 x 10" m?. (b) Toroidal/poloidal angle distribution of beam ion loss.




140 LORBIT code (Fig. 5a). The lost points mainly appear at the upper side of the vacuum vessel
141  because of the gradient magnetic field drift. The distribution of lost particles has a stripe-like
142 distribution as shown in Fig. 5b, which is similar to the distribution of the reaching points of
143 beam ions on the LCFS.

144 3.2 Candidate positions of the fast-ion loss detector

145 Regarding the beam ion loss disctibution on the vacuum vessel, we investigate the
146  candidate positions for stacking-foil-type and scintillator-type FILDs. Figure 6 shows the top
147  and three-dimensional views of the candidate location of FILDs. A point at the upper side of the
148 vacuum vessel (x, y, z) = (0.35 m, 0.57 m, and 0.43 m) is selected as the candidate position for
149  the stacking-foil-type FILD, where relatively high beam loss flux is expected (Fig. 7a). Here,
150 the size of the stacking-foil is set to be substantially large, i.e., 10 cm x 10 cm, to obtain

Candidate for stacking-foil type FILD position
(port#28 for current lead)

a @ ® /
@, .‘

b Positions of scintillator-type FILDs

/ N

FILDpos3

o FILDpos2
FILDpos1

Candidate ports for scintillator-type FILD port
Figure 6. (a) Diagnostics port candidate for FILDs. (b) Position of scintillator-type FILDs.

151 significant data points in the calculation. Note that port #28 can be used for the current lead

stacking-foil type FILD position
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connection port. Figure 7b shows that the energy distribution of beam ion reaches the stacking-
foil-type FILD position. Some energetic ions having an energy greater than 20 keV can be
measured especially in relatively low-density cases (nep of less than 4 x 10" m™). The plot
shows that the energy of detectable ions by the stacking-foil-type FILD is mainly less than 10
keV. The relatively low-energy unwanted beam ion flux will be eliminated by the aperture or
foil thickness designs.

In Fig. 8, the number of particles detected by the scintillator-type FILD is shown as a
function of the position of FILD. In this study, the particle energy greater than 10 keV is
counted, and the FILD moves along the FILD axis starting from the diagnostic port. In
FILDposl, the major radius R should be less than 1.3 m to obtain a considerable number of
particles (Fig. 8a). The expected signal becomes almost two times higher if the R of the FILD is
1.28 m. However, the density dependence of the number of particles is unclear. In the FILDpos2,
height Z should be less than 0.15 m to obtain a considerable number of particles (Fig. 8b). The
expected signal becomes almost flat if Z of the FILD becomes less than 0.06 m. The number of
particles is higher in relatively low-density cases (ne of 1 x 10" and 2 x 10" m™). However, the
number remains almost unchanged in the higher-density cases. In FILDpos3, the height Z
should be less than ~0.31 m to obtain a significant number of particles (Fig. 8c). The expected
signal increases with the decrease of Z from 0.31 m to 0.25 m. The number of particles is almost
saturated at Z of 0.23 m. The number of particles is higher in relatively low-density cases (7o of
1 x 10" and 3 x 10" m™). However, the number of particles is almost the same in the high-

density cases.
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Figure 8. Radial or vertical profile of the number of reaching particles at (a) FILDposl1, (b) FILDpos2,
and (c) FILDpos3.

Figure 9 shows the energy and pitch angle distributions of beam ions detected by the FILD
at R =1.28 m for FILDposl, Z = 0.02 m for FILDpos2, and Z = 0.25 m for FILDpos3. Here, the
three spots that exist for energy/pitch angle are ~10 keV/~70 degrees, ~10 keV/100 degrees, and
~25 keV/140 degrees. The former two spots correspond to the barely-trapped ion, whereas the
third spot corresponds to the co-going ions near the injection energy. An experimental study of
energy/pitch angle resolved toroidal/poloidal distribution of beam ion losses due to magnetic
field ripples as well as MHD instabilities becomes prospective for the first time in quasi-
axisymmetric stellarator using multiple FILDs.
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and (c) FILDpos3.

182 4. Summary

183 CFQS provides the first opportunity for an experimental study of beam ion confinement in
184 a quasi-axisymmetric configuration. A feasibility study of beam ion loss diagnostics was
185  performed using beam ion loss calculation based on the orbit following models. The distribution
186  of beam ion loss on the vacuum vessel shows that the loss points are mainly located at the upper
187  side of the vacuum vessel due to the gradient magnetic field drift. We investigated the candidate
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positions for FILD and concluded that the measurement of beam ion loss is possible using
stacking-foil type and scintillator type FILDs. We hope that the energetic ion confinement study
on a quasi-axisymmetric stellarator will be largely progressed using multi-FILDs in CFQS.
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