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Abstract

Fast-ion losses from LHD plasmas due to toroidal Alfvén eigenmodes (TAEs) were
measured by a scintillator-based lost fast-ion probe (SLIP) to understand the loss
processes. TAE-induced losses measured by the SLIP appeared in the ranges of energy £
of around 50~180 keV and pitch angle y of 35°~45°, and increased with the increase of
TAE amplitudes. Position shifts of the magnetic axis due to finite plasma pressure led not
only to an increase of TAE-induced losses but also to a stronger scaling of fast-ion losses

on TAE amplitudes. Characteristics of the observed fast-ion losses were compared with a



numerical simulation based on orbit-following models in which the TAE fluctuations are

taken into account. The calculation indicated that the number of lost fast-ions reaching

the SLIP increased with the increase of the TAE amplitude at TAE gap. Moreover, the

calculated dependence of fast-ion loss fluxes on the fluctuation amplitude became

stronger in the case of large magnetic-axis shifts, compared with the case of smaller shifts,

just as was observed in the experiments. The simulation results agreed qualitatively with

the experimental observations in LHD.

1. Introduction

For a fusion device such as the ITER, alpha-particle-driven Alfvén eigenmode

(AE) instabilities [1] are predicted to induce local damage of the plasma-facing

components if the AE causes appreciable loss of fusion-born energetic alpha particles.

Studies of fast-ion loss processes in mid- or large-sized tokamaks have been carried out

experimentally and theoretically over two decades to investigate ways to control/reduce

the fast-ion losses in fusion devices [2-4]. In particular, the scintillator-based lost fast-ion

probe (SLIP) has been extensively used as a diagnostic system for understanding the

fast-ion loss process [5-7]. The first SLIP was built at Princeton’s Tokamak Fusion Test

Reactor (TFTR) [8-10]. SLIPs are attractive for their ability to simultaneously measure



the energy and pitch angle of escaping fast ions. SLIPs have played an important role for

the study of alpha particle loss due to magnetohydrodynamic (MHD) instabilities as well

as due to magnetic-field ripple in tracking the orbits of lost alpha particles at TFTR [11].

Fast-ion transport and/or losses caused by AEs have been regularly observed in fusion

plasmas when substantial numbers of super-Alfvénic ions are present. It has been found

that various AE modes can induce fast-ion losses [12]. Study of AE-induced fast-ion

losses with the aid of numerical simulation is also important to obtain deeper

understanding of the physics involved [13]. Recently, an attempt was made to simulate

the nonlinear evolution of a single TAE as well as fast-ion losses using a hybrid

simulation code for MHD fluid interaction with fast ions [14].

Better understanding of the loss processes can be obtained through the

comparison of fast-ion loss data between tokamaks and heliotron/stellarator devices,

because AEs having different structures can be excited by different rotational transform

profiles [15, 16]. The physics of AEs has been extensively studied in heliotron/stellarator

devices. Studies using the SLIP to measure beam-ion losses induced by AEs on

medium-scale devices have been published [17, 18]; these were observations of

TAE-induced or energetic-particle continuum mode (EPM)-induced losses in the

Compact Helical System (CHS) [19] and global Alfvén eigenmode (GAE)-induced loss



in the Wendelstein 7-AS [20]. Recently, beam-ion transport/losses induced by toroidal

Alfvén eigenmodes (TAEs) have also been observed in a large-scale device, namely, the

Large Helical Device (LHD) in Gifu, Japan. In previous works on LHD, the anomalous

radial transport and losses of co-going beam ions due to TAE instabilities have been

observed in plasmas with large Shafranov shifts for LHD configurations that have the

magnetic axis position in the vacuum field at Rax vac= 3.6 m; these measurements were

made using an E//B neutral particle analyzer with a tangential line of sight [21] and using

a SLIP [15, 22]. Although a great deal of effort has been expended on the measurement of

fast-ion transport and loss due to TAE instabilities in heliotron/stellarator plasmas, further

understanding of the effects of the magnetic configuration on fast-ion losses and fast-ion

loss modeling is required.

This work was conducted to clarify the Shafranov shift effect on fast-ion loss

processes in relatively high beta plasmas with super-Alfvénic beam ions in LHD.

Characteristics of TAE-induced fast-ion losses measured by the SLIP are compared with

those of the fast-ion losses calculated by an orbit-following simulation. In particular, we

focused on a comparison of the scaling of fast-ion loss as a function of TAE amplitudes.

This paper is organized as follows. In section 2, a brief introduction of the experimental

set-up on the LHD is described. Experimental observation of TAE-induced losses is



presented in section 3, together with a detailed analyses of the experimental data. The

orbit-following model composed of two orbit codes is described in Sec.4. The

characteristics of TAE-induced losses simulated by the orbit-following model are shown

in section 5. Section 6 summarizes the work.

2. Experimental setups

2.1 Beam ions

A bird’s-eye view of the LHD with negative-ion source-based neutral beam

injectors (N-NBI) together with the SLIP is shown in Fig. 1. The LHD is equipped with

three tangential N-NBIs, providing injection energies up to 180 keV. One beam injects

hydrogen neutral beams in the clockwise direction while the other beams inject them in

the counter-clockwise (CCW) direction, as seen from the top. These ions provide a free

energy source to destabilize the AEs. Strong TAEs are often destabilized when

super-Alfvénic beam ions produced by these neutral beams are present in relatively

low-B: plasmas.

2.2 Diagnostics

The SLIP plays an important role in this work, detecting lost fast-ion flux,



together with the Larmor radius, from which the fast-ion energy can be inferred: namely
p=(2mn E)V2/gnBsuip and y=arccos(vi/v). Here, mn, q, Bsuip vy, and v represent the ion
mass, the electric charge, the magnetic field strength at the SLIP head position, the
velocity of ions parallel to the magnetic field and the velocity of the ions, respectively.
The SLIP is placed at major radius R = 4.62 m, with a toroidal angle ¢ = 19 degrees, and
height from the midplane z = +0.22 m, respectively (Fig. 1 b). The distance between the
head section of the SLIP and last closed flux surface (LCFS) is about 17 cm. The distance
is insensitive to the Shafranov shift when the volume-averaged toroidal beta </> is less
than 2.0 % [23]. The SLIP installed on the outboard side of the LHD is designed to detect
co-going, transition, or trapped fast ions. The scintillator is comprised of ZnS (Ag) (P11),
which is deposited onto a ~10-um-thick aluminum-coated quartz plate. The ranges of p
and y that can be detected by the SLIP are 2-24 cm and 20—70 degrees. For an £ of 180
keV, the energy resolution is AE/E ~ 30 % at x of 30 degrees and increases to 50 % at a
pitch angle of 60 degrees; the resolution in y is 2.5 degrees at all E/y ranges. In these
experiments, the value of p for a fast ion with £~180 keV is about 18 cm at BsLip=0.37 T.
The scintillation light pattern on the screen was measured with a 4x4 photomultiplier
(PMT) array and an image-intensified complementary metal-oxide semiconductor

(CMOS) camera, simultaneously. Rapid changes of fast-ion losses were measured with



the PMT, with a time response up to 5 ps. On the other hand, an image-intensified CMOS

camera with a frame rate up to 2,000 fps and a 352x352-pixel image was used for the

measurement of the detailed £ and y distributions of the loss flux. Detailed information of

the SLIP is available in Refs. [24, 25].

Mirnov coil arrays positioned on the inner surface of the vacuum vessel were

used to observe TAE modes. Toroidal and poloidal arrays of the Mirnov coils (Fig. 1 ¢)

[26] are present. Each array gives the toroidal mode number 7 or poloidal mode number m,

respectively. All Mirnov coils in the toroidal array are placed on the top of the

horizontally elongated section of the vacuum vessel. The TAE amplitude is measured

using a Mirnov coil of a toroidal array placed at R = 3.84 m, ¢ = 18.0 degrees, and z=

+0.64 m, respectively (Fig. 1 b and c). The poloidal magnetic fluctuation amplitude bg at

the position was nearly insensitive to the change in the Shafranov shift of the plasma

because the poloidal magnetic field strength is nearly independent of the magnetic axis

position.

Concerning fundamental plasma parameters, the electron temperature 7e and electron

density ne profiles were measured by Thomson scattering diagnostics [27]. The

line-averaged density was measured with a multi-channel far-infrared laser

interferometer [28].



3. TAE-induced losses in plasmas with small and large Shafranov shifts

Excitation of TAEs and observations of the TAE-induced fast-ion losses were

attempted for two types of plasmas - those with small and large Shafranov shifts in the

configuration of Rax vac =3.60 m at a Bt of 0.60 T. In these experiments, plasmas were

produced and sustained using only NBI heating. The small and large Shafranov shifts

were produced by varying the NBI power and/or ne. The direction of B: was CCW, as seen

from the top. In this configuration, the two NBIs create co-going transiting fast ions.

Note that the co-going ions in LHD circulate in the same direction as the helical coil

current, increasing the rotational transform.

First, experiments were performed on plasmas with small Shafranov shifts. The

position of the actual magnetic axis Rmag was shifted to 3.75 m due to the finite plasma

pressure. A typical discharge waveform together with the magnetic fluctuation

spectrogram is shown in Figure 2a). Two MHD modes are identified from magnetic

fluctuation analysis: one is a TAE and the other is a resistive interchange mode (RIC). At

around 60 kHz, a TAE was observed whose mode number m/n was identified as ~1/1

from toroidal and poloidal Mirnov arrays. The RIC observed at frequency of less than 10

kHz was excited by edge plasma pressure at the magnetic-hill region, having a structure



in which m/n = 1/1. The central electron temperature, 7co, was 0.8 keV, <ne> was
0.9x10"m™, <> was 1.1 %, and the total absorbed NBI power was 7 MW. The profiles
of Te and ne are shown in Figure 2b). Finite 7 and n. exist at #/a=1 because LHD plasmas
have a stochastic region outside the LCFS which consists of a magnetic field line with a
relatively long connection length. The scintillation image in the time-frame of
=4.400—4.402 s captured by the camera is shown in Figure 3a). There are two loss
domains. Fast ions with passing orbits reach one domain having y values of 35-40
degrees (/5Lipo). On the other hand, fast ions with transition orbits reach the domain
having y values of 50-60 degrees (/sLip1). Note that transition ions lie in the y zone
between the passing and the helically trapped orbits, and have toroidal reflection points at
irregular intervals. Those orbits are stochastic with a large deviation from the flux surface.
Figure 3b) shows the time evolution of the magnetic fluctuation at the TAE frequencies
together with the loss fluxes measured by PMTs. The beam-ion losses /sLip having E/ y of
150-180 keV/35-40 degrees increase, and are synchronized with each TAE burst. On the
other hand, 73Lir having E/y of ~180 keV/50-60 degrees always appears, even in the
MHD-quiescent phase. The scaling of the increment of /5Lip induced by TAE instabilities
(AZsLip) on the magnetic fluctuation amplitude of the TAE instability at the Mirnov coil

position (brag) is shown in Fig. 4. A73Lip is evaluated as the increment of 73sLip from that



just before the TAE burst. Note that A/Suip is normalized by the fast-ion content
generated by co-injected NBs Pnpabsco Tse, because loss fluxes are thought to be
proportional to the fast-ion content. Here, Tse indicates the Spitzer slowing-down time of
the fast ions through scattering on electrons. As seen from Fig. 4, AZSLip/PNBabsco Tse
increases nearly linearly with htae/B: when brae/B: is less than 4.0x10* and saturates
above brae/B: of 4.0x10™%. The scaling on brag/B: when this parameter is less than
4.0x10* in plasmas with small Shafranov shift (i.e., Rmag = 3.75 m) follows a convective
type of scaling, as discussed in Refs. [13, 29] for the relatively small btae/Bt regime.
Second, experiments were performed on a plasma with a large Shafranov shift
(i.e., Rmag = 3.86 m). A typical waveform is shown in Figure 5a) and typical 7¢ and ne
profiles are shown in Fig. 5b). The main plasma parameters were as follows: 7o, 0.8 keV;
<ne>, 1.2x10"m; <>, 1.8 %; and Pxgabs, 8 MW. TAE and RIC were identified from
magnetic fluctuation analysis as was done for the small-shift plasmas. The mode numbers
m/n of TAE and RIC were ~1/1 and 1/1, respectively. Note that the TAE mode excited in
this plasma is not exactly the same as that of the small-shift plasma. The same TAE mode
was weakly excited at an early stage of the discharge, but it was damped due to the
increase of the shift. A typical scintillation image in the time-frame of =3.200-3.202 s

measured by the camera is shown in Fig. 6a). Three primary loss domains can be
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recognized. Fast ions with passing orbits reach one domain having y values of 25-35

degrees (/suipi3 and 7siipi4). These losses were mainly induced by RIC, as described in

Ref. 22. Fast ions with passing and transition orbits reach the domains having y values of

35-45 degrees (/suiri0) and 45-55 degrees (/sLipe), respectively. Figure 6 b) shows the

time evolution of magnetic fluctuation together with 7sLip. Enhancement of losses was

observed in the region of E/y of 50—180 keV/35-45 degrees, and are synchronized with

each TAE burst. The scaling of AZSLip/PNBabscoTse On b1ae/Bt is shown in Fig. 7. The

normalized loss flux increases nearly quadratically with the btag/Bt. Unlike the case of a

small Shafranov shift, the TAE-induced loss is thought to follow a diffusive type of loss

scaling in plasmas with an Rmag of 3.86 m [13, 29].

4. Setup for the Orbit-following model

Numerical simulations were carried out to understand the characteristics of

TAE-induced beam-ion losses in LHD. Figure 8 is a flowchart of the present modeling.

As shown in this figure, the simulation is mainly composed of two orbit-following

models. The orbit in the plasma region is followed using the DELTASD code including

TAE fluctuations [30]. Note that DELTASD is applicable to orbit-tracking inside the

plasma. Actually, fast-ion orbits outside the plasma must be followed to simulate
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TAE-induced loss measurement because the distance between the LCFS (~17 cm) and the

SLIP is larger than the transverse Larmor radius (~9 cm). Therefore, the Lorentz orbit

simulation (LORBIT) code is used to follow the Lorentz orbit outside the plasma in the

vacuum magnetic field. The orbit trajectories calculated by both codes are joined at the

LCFS to judge whether escaping fast ions can be detected by the SLIP. In the following

calculation, profiles of ion temperature and density are assumed to be equal to those of

electrons because electron temperature is relatively low in the electron density range and

Te~Ti was observed in similar discharge conditions.

The MHD equilibrium was reconstructed using the VMEC2000 code [31] in the

fixed-boundary mode. The pressure profile was given by the T, ne, Ti, and ni profiles. In

reconstructing the MHD equilibrium, the beam pressure was adjusted so that the

calculated Rmag should agree with the observed Rmag. The birth profile of beam ions is

calculated by the HFREYA code [32]. Although three tangential NB injectors were used

in the experiments, only two co-injected NBs are considered in this calculation, because

the SLIP is capable of detecting only co-going ions. The guiding-center orbit of each

beam ion in Boozer coordinates is followed using the DELTASD code and magnetic

perturbations due to TAEs are taken into account. In order for validity of the

guiding-centre model, the mode frequency should be lower than cyclotron frequency, and

12



Larmor radius should be smaller than scale of the device [33]. The cyclotron frequency (~
9 MHz) is much faster than the fluctuation frequency (70 kHz), implying that the gyration
period is shorter than the variation time of the fluctuating fields. The conditions on the
spatial scale can be separated into components parallel and perpendicular to magnetic
field. The characteristic scale length parallel to toroidal magnetic field in an LHD plasma
will approximately correspond to the toroidal width of the helical field ripple created by
helical coils. The scale is 2%3.9 (major radius [m])/10 (number of field period) ~ 2.5 m
which is much larger than the step size of fast ions (vXAf = 5x10° [m/s] x 1x107? [s] =
0.005 m). The characteristic scale length perpendicular to magnetic field line is the minor
radius of plasma (0.6 m). The ratio of pp (0.06 m for a typical beam ion having £ of 180
keV, ¢ of 30 degrees, and using B=0.6 T) to the minor radius is pp/a~0.1. The ratio is
thought to be small enough to simulate the loss scaling on fluctuation amplitude since the
scale of the Larmor radius might not affect the scaling in this range of py/a. The paper by
Fredrickson [34] shows that guiding center orbit simulations reproduce the neutron drop
due to TAE instabilities in NSTX for pp/a~0.25. Although the NSTX results cannot be
straightforwardly applied to LHD plasmas, the guiding center orbit simulations may give
reasonable answers with regard to the parametric loss scalings, even if the absolute values

of loss flux are not as accurate. The Coulomb collisions between beam ions and the

13



background plasma are taken into account in DELTASD using the Monte Carlo method

[35]. The TAE fluctuations were modeled as b =V x(aB) where o = lva;/g on the
assumption that the parallel electric field £,=0 in the code. The electric field parallel to
the magnetic field produced by 2—? is not canceled in this simulation; the details are
described later. The frequency sweeping of TAE is also taken into account; that is the
frequency of the TAE is changed as a function of time [13]. Here, « represents a general
function of the position, amplitude and frequency of the magnetic fluctuation, ¢
represents the electric potential, and @ represents the angular frequency of TAE. The
profile of ¢ was calculated by the AE3D code [36]. Mode numbers of n =1 and m =-10 to
10 were considered in the calculation, motivated by the fact that the TAE observed in the
experiment has a structure with m/n = ~1/1. A frequency sweeping rate of 20 kHz/s,
similar to the experimental observation, was included in the simulation. The electric field
parallel to the magnetic field produced by aa—(j is expected to be canceled due to the
electric polarization potential and the rapid electron response as assumed in ideal MHD
theory, but such effects are not included in this simulation. In the LHD experiments, the
amplitude of the TAE mode was fairly large, and the electric field due to the polarization

potential would not have had a crucial impact on the TAE-induced loss scaling in the

large amplitude range, above a certain threshold. The DELTASD code provides the

14



escape of fast ions as they exit the LCFS, including information on £ and y. Next, the
fast-ion orbits from the SLIP to the LCFS were calculated, based on the vacuum magnetic
field, using the LORBIT code. Here, magnetic perturbations in the vacuum field cause by
TAE instabilities were not considered. Note that the orbit was calculated from the SLIP to
the LCFS backwards in time in this calculation. This approach is efficient in finding the
orbits reaching the SLIP with respect to calculation time. The velocity at the SLIP
position can be determined from the structure of the front and rear apertures of the SLIP.
The velocity of the ions that can enter the SLIP is limited by the aperture structure as
shown in Fig. 9. We only considered one set of apertures because the counter-going orbits
tend to deviate from the flux surface toward the inboard side, and thus cannot reach the
SLIP. In order to find consistent lost-ion orbits from the plasma interior to the SLIP, the
exit points of fast ions on the LCFS together with £ and y obtained by DELTASD code
were compared with those obtained by the LORBIT code. Here, we judged that the
particle reaches the SLIP if the following three criteria are fulfilled: (1) sqrt( (RLorsIT —
RpELTASD)? + (ZLORBIT — ZDELTASD)?) — Pp < 0.2 X pp, and épertasp — diorsir < 0.1 degrees;
(2) |xpELTASD — YLORBIT| < 5 degrees; and (3) |EpeLrasp — ELorsiT| < 5 keV. The subscripts
indicate which code provided each parameter. This scheme is equivalent to the

calculation that follows the orbits from the LCFS to the SLIP, giving them random gyro

15



phases. We evaluated the effect of the threshold value in the above criterion on the results

of lost fast ions. It was confirmed that the results do not change significantly, even if the

above thresholds are reduced by 1/2.

In LHD plasmas, TAEs are excited during neutral beam injection when beam ions are

generated, slowed down, pitch angle scattered and lost outside the plasma. In order to

simulate appreciable slowing-down, the following method was adopted. The present

version of DELTASD code does not include the source term, so that the velocity

distribution of fast ions before TAE excitation was simulated by a sum of the following

five distribution functions obtained using the DELTASD code at ¢ = 0 (just after the NBI

switch-on), and t = we/5, 2 7se/5, 3 we/S, and 4 e/S, where we=5 ms (Fig. 10). In Fig. 10,

the slowing down time looks longer than tse evaluated using 7e=7¢0/2. The birth profile of

fast ions is peaked around 7/a~0.4, as shown in Fig. 11. Because the birth position

of ,most of the fast ions is at the position R> Rmag, orbits of these fast ions are shifted to the

smaller 7/a region due to curvature and grad-B drifts. That is, these fast ions mostly stay

in the hot plasma region of 7e>Te0/2, and the actual slowing down time in the simulation

is more than a factor of two different from 7. estimated using 7e=7e0/2. Nevertheless, the

fast ions have already slowed down to ~130 keV at t=41s/5, which corresponds to

v/~0.7va, well below the fundamental passing ion resonance condition of the TAE. That

16



i1s, most of the fast ions that can resonate with the TAE through the fundamental

resonance are included in the sum of distribution functions to =41s/5.

TAE fluctuations with a specified amplitude were included in DELTASD for each

velocity distribution, as shown in Fig. 10. The resultant loss fluxes were evaluated by

summing up the loss fluxes calculated for the above five cases.

5. Comparison of the model calculation results with the SLIP data

Figure 11 shows the birth profile of fast ions calculated using the HFREYA code

for a plasma with Rmag of 3.86 m. The resulting birth profiles of the NBs are relatively flat

and, judging from the y distribution, the beam ion orbits were dominated by co-going

transit orbits (y < 50 degrees). A shear Alfvén spectra calculated using the STELGAP

code [37] is shown in Fig. 12 a. Profiles of ¢ for the TAE calculated using the AE3D code

in these experiments are shown in Fig. 12 b. In this calculation, a pure hydrogen plasma is

assumed. The electric potential ¢ profile of the TAE in the plasma with Rmag~3.86 m was

wider than that in the plasma with Rmag~3.75m, as seen from Fig. 12 b. Moreover, the

peak position moved inward. Orbits of 5,120 particles are followed in this calculation.

Both the TAE frequency and the resonance condition change in time. If the frequency

sweeping is not included in the calculation, fast-ion losses do not increase with the

17



amplitude of the TAE. This suggests that the resonance condition is easily mis-matched
due to the narrow mode frequency. The TAE frequency sweep is essential in this analysis.
Figure 13 shows the footprint positions of fast ions on the LCFS; these ions have been
transported from the interior region of the plasma by TAEs. The exit positions of the fast
ions are concentrated on the upper side of the relatively weak magnetic field region. That
area corresponds to the valley between two helical winding coils. The reason why these
footprints deviate slightly to the upper side is due to the fact that the direction of the ion
grad-B drift is upward, since B is directed to be CCW. Though fast-ion losses increase
with the TAE amplitude at the TAE peak position btaro, the above-mentioned footprint
points remain unchanged with the increase in braro. The increment of the total number of
fast ions transported to the LCFS from that obtained in the very low-amplitude case of
braeo/B of 1077 (A(total loss)) is shown as a function of btaro/B in Fig. 14 a. No increase of
loss is observed in the case of htaro/B less than 10, The fast ions reaching the LCFS in
the case of braro/B from 107 to 10~ correspond to classical first-orbit losses. We subtract
them because they are not TAE-induced losses. The scaling shows that the number of fast
ions increases linearly with the TAE fluctuation amplitude in the smaller-Shafranov-shift
plasma while it increases quadratically with TAE amplitude in the larger-shift plasma.

Figure 14 b shows the energy distribution of fast ions reaching the LCFS. Fast ions

18



fulfilling vi~va (E > 140 keV) are lost due to the effect of the TAE instability in the

simulation. No additional loss is expected, even if we use the distribution functions

obtained for longer times than the slowing down time, because the distribution functions

shown in Fig.10 at =4Xts/5 have already slowed down to ~130 keV. In order to

investigate the impact of the finite ratio of pn/a on the fast ion loss characteristics, a

numerical test has been done with Bt artificially increased by a factor of 1.5. The scaling is

then investigated as the value of py/a is lowered down to 0.06 from ~0.1. The enhanced Bt

reduces the loss flux, but the scaling of the flux on brar/B remains unchanged, as shown

in Fig.14 c. It is thus concluded that the GC model employed in this simulation gives

reliable results for the scaling of the flux on btar/B.

In the LORBIT calculation, particles having energy from 120 keV to 200 keV in

10 keV steps are considered: 25,000 values of velocity are considered in each case

according to the aperture structure of the SLIP. The start and end of the velocity vectors

were decided using 0.5 mm % 0.5 mm grid points for each aperture. Figure 15 a) shows

the £ and y distribution for the fast ions measured by the SLIP at an Rmag of 3.86 m.

Figure 15 b) shows the calculated y distribution of the fast ions reaching the SLIP. Note

that the fast ions in the energy range from 120 keV to 180 keV are counted for each y in

Fig. 15 b). The loss flux having y=35-45 degrees increases with the increase in braro/B

19



preferentially, as observed in the experiments. The loss flux AZ3uip calculated by the
model is shown as a function of brare/B in Fig. 16. It increases not only due to the
increasing value of braro/B, but also due to that of the Shafranov shift. The scaling on
braro/B obtained by the simulation agrees well with that observed in large Shafranov-shift
plasmas. For small Shafranov-shift plasmas, the scaling on braro/B obtained by the
simulation is noticeably stronger than that observed experimentally, which is shown in
Fig.4. In this simulation, some of fast ions may be lost diffusively due to the relatively
large amplitude of the TAE, since the TAE mode is not damped in this simulation. It may
cause a steeper scaling of fast ion losses on the amplitude

Note that the fluctuation amplitudes btae and btaro cannot be directly compared since
VMEC2000/AE3D only applies to the region inside the LCFS, so that the fluctuation
amplitude at the Mirnov coil position is not evaluated from VMEC2000/AE3D. However,
based on a crude cylindrical plasma assumption, the magnitude of the poloidal magnetic

field inside the plasma, be, is approximately expressed as (See Appendix)

_nB. 0

o244 O

using the electric potential calculated by AE3D. Here, 6, #/2x, r, and z represent poloidal

g ~

direction, rotational transform, minor radius, and toroidal direction, respectively. The

poloidal field in the vacuum region is expressed as [38]
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where b"%, ®, i, {, A, and b represent the poloidal magnetic fluctuation, angular

; 2

frequency, imaginary unit, a longitudinal direction, amplitude of fluctuation, and the

conducting wall position, respectively. In the present experimental conditions, the

magnetic probe position corresponds to #/a ~ 1.3, and the TAE gap position is at #/a~ 0.7,

where the distance from the magnetic probe to the TAE gap position is ~32 cm. Using

equations (1) and (2), we can estimate the enhancement factors of the poloidal magnetic

fluctuation amplitude measured at the probe position in the gap position, for two cases

shown in Fig.12 (b). It is estimated to be ~20 in the case of Rmag~3.75 m, and ~15 in the

case of Rmag~3.86 m, respectively. Note that the magnetic probe detects dominantly the

Fourier component having the lowest poloidal mode number, i.e, m=1, and m=1 was

assumed in the above equations. Accordingly, the value of braro is expected to be roughly

proportional to braE at the probe position.

The calculated scaling of AZsLip on braro/B is almost the same as that of A(total).

This suggests that the SLIP reflects the global nature of the escaping ions transported by

TAEs from the interior region to the LCFS. This fact also can be seen from Fig.17 a),

which shows the confinement and loss regions of fast ions on the LCFS. This calculation

result is obtained for fast ions having £=180 keV and y=40 degrees, of which the ranges
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of E and y correspond to those typically detected by SLIP in the present experiments. If

fast ions are in the “blue” region on the LCFS shown in Fig. 17 a), they always reach the

SLIP without any losses in the trajectory of the orbit from the LCFS to the SLIP. If the fast

ions are in the “white” region, they are always lost to the wall before reaching the SLIP. If

the fast ions are in the “black™ region, they are confined and never reach the SLIP.

Actually, the DELTASD simulation has suggested that the fast ions having £ of ~180 keV

and y of ~40 degrees are transported by TAEs from the plasma interior to the positions on

the LCFS indicated by red crosses. Most of these points are in the “blue” region, and

should be detectable by the SLIP as lost ions. The loss scaling dependence exponent of 1

in the A(total loss) shown in Fig.14 is changed to 1.5 in the simulated SLIP signal AZ3Lip.

The detection rate of the SLIP as a function of velocity is not uniform because the velocity

is decided by structure of aperture. The detection rate is thought to influence the changing

of the loss scaling dependence. Figure 17 b) shows the confinement and loss regions on

the LCFS for fast ions of £=180 keV having an appreciably large pitch angle y of 66

degrees. Most of these fast ions cannot reach the SLIP and are not expected to be detected

by the SLIP as lost fast ions.

6. Summary
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Measurements of the energy (E) and pitch angle (y) of lost fast ions induced by

m/n = ~1/1 TAE were carried out in two types of plasmas with smaller and larger

Shafranov shifts for the LHD configuration with Rax vac = 3.60 m. TAE-induced losses

were observed in the range of E/y ~50—180 keV/~40 degrees. The normalized loss flux

increased as the TAE amplitude increased, as measured with a Mirnov coil placed outside

the plasma. As the Shafranov shift increased, the TAE-induced losses increased and the

scaling of the loss flux on the TAE amplitude became stronger. It seems that this tendency

was due to the appreciable broadening of the TAE electric potentials and/or the expansion

of the loss boundary due to large deviations of the orbit from the flux surface.

Experimentally observed TAE-induced losses were simulated by the orbit-following

model. The TAE-induced loss fluxes deduced by this model were concentrated around a

particular range of y that was nearly the same as that observed in the experiments. The

loss fluxes increased with the increase in braro/B and/or Rmag. The loss scaling on the TAE

amplitude became steeper as the Shafranov shift increased. The characteristics of the

TAE-induced losses measured by the SLIP had the same tendency as the calculated

characteristics of the fast ions transported by TAEs from the plasma interior to the LCFS,

because most of the fast ions reaching the LCFS having a particular ¢ around 40 degrees

could be detected by the SLIP in the LHD magnetic configurations.
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Appendix
The magnetic fluctuation amplitude in an ideal MHD plasma is represented as:

b=Vx[§xB] (A.1)
Here, b and & represent the magnetic fluctuation and displacement. In cylindrical

coordinates (r, 6, z), the unit vector is set to e, =Vr, e, =rV0 and e, = RVz, where e

represents the unit vector in the j direction. I we assume B =(0,B,,B.), §=(¢,,&,.¢.),

then the poloidal magnetic fluctuation by is derived as

0 0
b=—(&,B.—¢B,)——(&EB A2
(4 az(fﬂ z é:z 9) 6r(é:r 6’) ( )
I the TAE is modeled as a shear Alfvén wave, then

10 1 0 0
V&=—— )+ —— +— =0 A3
e= (r& )t Gk (A3)
& =0 (A.4)

The perturbations are respectively assumed to vary as: &,¢ oc exp [i(wtﬁtm@—”%e)},

from equations (A.3) and (A.4)
1 0

=—— A5
% im Or (&) (A->)
is derived. From equations (A.2), (A.4) and (A.5), by is expressed as:
nB. 0 0
b=—=— -——(¢B A.6
9 mR ar(ré:r) 6}’ (é:r 9) ( )

The displacement induced by TAE is approximately derived from the ¢
obtained from the AE3D code as:

X ] kxB
€=J vdtz—_[ VizBdtz—éqj(B—j) (A.7),

where v and & represent the velocity and the wave number. Then, the radial

displacement is:

me

roB,

E ~i (A.8).

Hence, b can be derived from equations (A.6) and (A.8) as
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m
— 5{(&(1—; %’fﬂ (A.6),

B,R
Br

z

where we use / =
2
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The top view The poloidal cross section

c)
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X Toroidal array
Q Poloidal array

270

LHD centre

Fig. 1 a) A bird’s-eye view of the LHD. The positions of the SLIP and three tangential NB

injectors that provided super-Alfvénic ions are depicted. b) Schematic drawing of the

SLIP installed on the outboard side of the LHD, the position of the Mirnov coil, and a

Poincaré plot of the typical orbit that can be detected with the SLIP. The orbits of

detectable ions deviated from magnetic flux surfaces. c) Positions of the Mirnov coil. The

toroidal array consisted of six probes and the poloidal array consisted of thirteen probes.
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Fig. 2 a) Time evolution of NBI absorbed power, Te, </?>, <ne> and a spectrogram of the
Mirnov coil signal in small-Shafranov-shift plasma where TAE and RIC fluctuations

were identified. b) Profiles of electron temperature and electron density at # = 4.30 s.
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Fig. 3 a) Typical scintillation image captured by an image-intensified CMOS camera.
Two dominant-loss domains can be recognized. The circles denote single-PMT
observation regions. The value of p for a fast ion with £~180 keV is about 18 cm. b) Time
trace of magnetic fluctuation at the TAE range and two SLIP signals. TAE-induced loss is
clearly observed in I'sLipg (E/y range of 130-180 keV/30-40 degrees). The signal in

Isuie1 (E/ y range of ~180 keV/50-60 degrees) is dominated by collisional loss.
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Fig. 4 Dependence of the increment of the loss flux induced by TAE on the magnetic

fluctuation amplitude of TAEs. Error bars represent the white-noise level. The white

noise in the loss flux signal 7sLir was removed by the moving average technique.
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Fig. 5 a) Time evolution of NBI-absorbed power, Te, <>, <ne> and a spectrogram of the

Mirnov coil signal in large-Shafranov-shift plasma where TAE and RIC fluctuations were

identified. b) Profiles of electron temperature and the electron density at £ = 3.30 s.
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Fig. 6 a) Typical scintillation image captured by an image-intensified CMOS camera.
There are three dominant-loss domains. The value of p for a fast ion with £~180 keV is
about 18 cm. b) Time trace of magnetic fluctuation at the TAE range and RIC range and
the three SLIP signals. TAE-induced loss is clearly observed in 7/sLipio (E/y range of
40-150 keV/35-45 degrees), RIC-induced loss is clearly observed in /sLip13(E/ y range of
100-180 keV/25-35 degrees) and collisional loss appear in /sLips (E/y range of 40—-180

keV/45-60 degrees).
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Fig. 7 Dependence of the increment of the loss flux induced by TAEs on the magnetic

fluctuation amplitude of TAEs.
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Magnetic field
in vacuum

Pressure profile, T Birth position of NB Follow the orbit
from the SLIP position
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VMEC2000 DELTASD

Vacuum

reach LCFS =

Are position, energ
and pitch angle
the same?

fluctuation

Loss cannot be detected with the SLIP

Loss is detected by SLIP

Fig. 8 Flowchart of the orbit-following models. Fast-ion orbits in the plasma are followed
using the DELTASD code, which takes into account TAE fluctuation. On the other hand,

orbits outside the plasma are followed using the Lorentz orbit code.
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Rear aperture

Front aperture

Fig. 9 Model of apertures of the SLIP with the velocity of fast ions that can pass through
the aperture of the SLIP. The velocity is decided by two points located on the front and

rear apertures.
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Fig. 10 Energy distributions of fast ions before TAE excitation calculated by DELTASD
at =0 and ¢ = 1se/S, 27se/5, 31se/5, and 41se/S. Fast-ion distribution was modeled by

summing up the five cases.
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Fig. 11 Birth profiles of fast ions calculated by HFREYA in a plasma with Rmag=3.86 m. a)

Pitch-angle distributions of beam ions for co-injected NB1 and NB3. 5120 of beam

particles are considered on the calculation. b) Radial profiles of beam ions.
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Fig. 12 a) Shear Alfvén spectra in the plasma with Rmag= 3.75 m (blue curve) and 3.86 m
(red curve) calculated by STELGAP code. b) Electric potential ¢ of TAE calculated by
AE3D code in the plasmas with Rmag=3.75 m (blue curves) and 3.86 m (red curves). Solid
lines and broken lines represent the m/n = 1/1 and m/n = 2/1 components of TAE,

respectively. The profile of ¢ becomes wider in the case of Rmag = 3.86 m.
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Fig. 13 Exit points of the fast ions on the LCFS calculated by the DELTASD code in the

large-shift case. The thick blue lines show the high-magnetic field region where

two-helical-coils were placed at such poloidal/toroidal angles.
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Fig. 14 a) The increment of the total number of fast ions reaching the LCFS as a function
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of the TAE amplitude at the TAE gap position btaro obtained using the DELTASD code.

The number of fast ions increases with the increase of the fluctuation amplitude and

Shafranov shift. b) Energy distribution of fast ion loss in the case of no TAE and with

TAE with a large shift plasma. No fast ions having £ less than 140 keV are lost due to the

TAE. ¢) The increment of the total number of fast ions reaching the LCFS as a function of

btaro using DELTASD by artificially increased Bt by a factor of 1.5.
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Fig. 15 a) Energy and pitch-angle distribution of escaping fast ions arrive at the SLIP in

calculation. b) The calculated y distribution of fast ions reaching the SLIP. There are three

loss domains as obtained in the experiments.
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Fig. 16 Increment of fast-ion loss reaching the SLIP induced by the TAE as a function of

TAE-fluctuation amplitude at the TAE gap position btako in the calculation.
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Fig. 17 The LCFS confinement and the loss regions obtained using the LORBIT code

extended poloidally and toroidally. The white region corresponds to loss to the wall

without detection by the SLIP. The blue region corresponds to fast ions reaching the SLIP.

The black region corresponds to fast ions confined in the plasma region without reaching

the SLIP. The position of exit points on LCFS of fast ions is indicated by red crosses. a)

This evaluation was conducted for fast ions having an £/ y of 180 keV/ 40 degrees. b) This

evaluation was conducted for fast ions having E/y of 180 keV/ 66 degrees.
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