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Abstract

The 9™ IAEA technical meeting on “Energetic particles in Magnetic Confinement
Systems” was held from 9 November to 11 November 2005 at Takayama, Japan. This meeting
was organized by National Institute for Fusion Science, Toki, Japan. Over 60 participants
attended this international meeting. 16 invited talks, 13 oral talks and 24 posters were presented.
In this meeting, the present status of experimental and theoretical studies on energetic ions and runaway
electrons in various magnetic confinement geometries were discussed toward future burning plasma
experiments.
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Preface

The 9th IAEA Technical Meeting on Energetic Particles in Magnetic Confinement Systems
was held in Takayama, Japan from 9 November to11 November 2005, of which series of meeting
was held at Kiev (1989), Aspenas (1991), Trieste (1993), Princeton (1995), JET/Abingdon (1997),
Naka (1999), Géteborg (2001) and San Diego (2003).  This meeting was organized by the
National Institute for Fusion Science, Toki, Japan. Over 60 participants from 9 member states of
IAEA attended this international meeting.

In this meeting, the present status of experimental and theoretical studies on energetic ions,
alpha particles and runaway electrons in a wide variety of magnetic confinement geometries was
discussed. The meeting focused on the following important topics: (A) Alpha particles physics,
(B) Transport of energetic particles, (C) Effects of energetic particles in magnetic confinement
fusion devices, (D) Collective phenomena: Alfvén eigenmodes, energetic particle modes and others,
(E) Runaway electrons and disruptions, and (F) Diagnostics for energetic particles. 16 invited
talks, 13 oral talks and 24 posters were presented. About half of presentations devoted themselves
to discussing Alfvén eigenmodes and their effects on energetic ion transport in tokamaks, helical
devices or stellarators, and spherical tori. About one third of them devoted themselves to
discussing various diagnostics for energetic particle measurements. An invited talk discussed
generation of energetic electrons during plasma disruption.  This volume includes papers
submitted for the proceedings. For the case that the authors did not submit their paper, this
volume includes a submitted abstract. Most of invited talks will be published as a cluster paper in
a special issue of Nuclear Fusion journal. In addition, files used for presentations of all talks and
posters can be downloaded from the web site:
http://htpp.lhd.nifs.ac.jp/IAEATM-EP2005/index.html.

On behalf of the Local Organizing Committee (LOC), | would like to thank all participants
for their contributions to this meeting. | also thank all members of the International Advisory

Committee and IAEA for their support and cooperation. 1’m grateful to Director General Prof.
Motojima and staffs of the National Institute for Fusion Science for their support.

Kazuo TOI
Chair of LOC
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This paper will be published as a cluster paper
ITO1 in a special issue of Nuclear Fusion journal.

Alfven cascades in JET discharges with NBI-heating

S.E. Sharapov?, B.Alper', H.L. Berk?, D.Borba®, C.Boswell*, B.N.Breizman?,
E.A.Evangelidis®, S.Hacquin®, V.G.Kiptily*, S.D.Pinches®, P.Sandquist’, N.P.Young?,
and JET EFDA contributors*

'Euratom/UKAEA Fusion Association, Culham Science Centre, Abingdon,
Oxfordshire OX14 3DB, UK
%Ingtitute for Fusion Sudies, University of Texas at Austin, Austin, Texas, USA
3Euratom/I ST Fusion Association, Centro de Fusao Nuclear, Lisboa, Portugal
4 PSFC, Massachussets | nstitute of Technology, Cambridge, USA
°Euratom/Hellenic Fusion Assoc., Democritos University of Thrase, Xanthi, Greece
®Max-Plank Institute for Plasmaphysics, Euratom Association, Garching, Germany
"Euratom/VR Fusion Association, Chalmers Univ. of Technology, Goteborg, Sweden
8Department of Physics, University of Warwick, Coventry, UK
* See the Appendix of J.Pamela et al., Fusion Energy 2004 (Proc. 20th Int. Conf.
Vilamoura, 2004) |AEA, Vienna (2004)

The recently developed interferometry diagnostics for detecting Alfvén eigenmodes
on JET [1] reveals excitation of Alfvén cascades (ACs) in JET discharges with high-
power NBI heating when the external Mirnov magnetic coils show almost no sign of
ACs because of the high level of magnetic noise. With the use of interferometry, the
ACs in NBI-heated plasmas are studied experimentally to assess their stability in
burning plasma relevant high-density JET discharges and as a diagnostic tool.
Theoretically, the particle-to-wave power transfer as a function of frequency and
parallel wave-vector of ACs is analysed for the resonant interaction between ACs and
NBI-produced passing ions and the conditions for the AC damping/drive due to such
ions are obtained [2]. The experimentally observed excitation of ACs by sub-Alfvénic

NBI-produced ions with parallel velocities as low as V., ~0.2-V, on JET is

analysed and the comparison of a DIII-D — JET experiment on NBI-driven ACs and
their effect on the beam power deposition profile [3] is discussed. New opportunities
for MHD spectroscopy, which are associated with the larger number of detected ACs
and with the possibility to excite the modes by sub-Alfvénic ions are demonstrated
including the use of grand-cascades as indicators of triggering events for internal
transport barriers in NBI-heated discharges. MHD-spectroscopy based on the
interferometry detection of ACs, when no mode number can be identified, is
discussed and alternative ways to obtain the necessary information on the mode
numbers from the Doppler-shift effect in toroidally rotating NBI-heated plasmas for
ACs are described.

This work was funded partly by the UK EPSRC and by the European Communities
under the contract of Association between EURATOM and UKAEA. The views and
opinions expressed herein do not necessarily reflect those of the European
Commission. This work was carried out within the EFDA framework.

[1] S.E. Sharapov et al., Phys. Rev. Lett. 93 165001 (2004).

[2] E.Evangelidis et al., work in progress (2005).

[3] R.Nazikian et al., Fusion Energy 2004 (Proc. 20" Int. Conf. Vilamoura, 2004)
(Vienna: IAEA), paper EX/5-1.
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This paper will be published as a cluster paper
ITO2 in a special issue of Nuclear Fusion journal.

Alfven Eigenmode Observations on DIII-D*

M.A. Van Zeeland,! G.J. Kramer,2 R Nazikian,2 H.L. Berk,3 T.N. Carlstrom,
W.W. Heidbrink,* G.R. McKee,> W.A. Peebles,® T.L. Rhodes,®
W.M. Solomon,2 G. Wang,% L. Zeng®

General Atomics, P.O. Box 85608, San Diego, California 92186-5608 USA
1Qak Ridge Institute for Science Education, Oak Ridge, Tenessee, USA
2Princeton Plasma Physics Laboratory, Princeton, New Jersey, USA
3Institute for Fusion Studies at University of Texas at Austin.
4University of California, Irvine, California, USA
I University of Wisconsin, Madison, Wisconsin, USA

6University of California, Los Angeles, California, USA
Corresponding author: vanzeeland@fusion.gat.com; Phone: (858) 455-3315; Fax: (858) 455-4156

For next-step devices such as ITER, alpha particle driven Alfven eigenmode (AE)
instabilities are predicted and there is a concern that substantial loss of hot fusion-born alpha
particles will occur. Understanding the spatial structure and stability properties of such
modes through modeling and direct experimental observation is essential in order to have
confidence in our ability to predict Alfvenic activity and their nonlinear consequences in
future devices. Recent upgrades to many of the diagnostic systems on DIII-D such as the CO;
interferometer, FIR scattering, BES, and quadrature reflectometer have significantly extended
their capabilities and made possible the experimental study of AEs. Measurements have
revealed the presence of several different classes of AEs including both the TAE and reverse
shear Alfven eigenmode (RSAE) in various DIII-D discharges. Due to the nature of these
density fluctuation measurements, information about the AE internal mode structure beyond
that obtainable with magnetic pick-up loops alone is demonstrated. Experimental data are
compared with NOVA calculations of the linear TAE and RSAE spatial structure.
Theoretical predictions of RSAEs show strong localization to regions of low shear near the
minimum of the magnetic safety factor when there is an inverted shear profile, suggesting

additional information can be obtained from these diagnostics about the g-profile itself.

*Work supported by the U.S. Department of Energy under DE-FC02-04ER54698, DE-ACO05-760R00033,
DE-ACO02-76CH03073, SC-G903402, DE-FG03-96ER54373, DE-FG03-01ER54615, DE-FG03-86ER53266.
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ITO3 This paper will be published as a cluster paper
in a special issue of Nuclear Fusion journal.

Enhanced radial transport of Energetic Particles with Alfven Eigen mode on
LHD

M.Osakabe, S.Yamamoto *, K.Toi, Y.Takeiri, S.Sakakibara, K.Tanaka,
K.Narihara, and LHD-experimental Group

National Institute for Fusion Science, Toki 509-5292, Japan
"t Graduate School of Enginnering, Osaka University, 2-1 Yamadaoka Suita, Japan

Abstracts
The interaction of Alfvén Eigen (AE) modes on the transport of super Alfvénic energetic

particle is one of the most important issues in fusion reactor research since the interaction
with fusion produced alphas might cause serious problem on the performance of a fusion
reactor. On LHD, energetic hydrogen neutral beam, up to 180 keV, are tangentially injected
to plasmas and the operational magnetic fields are ranging from 0.4-3.0[T]. These
conditions enable us to study the interaction with super Alfvénic particles on LHD.

During the high-beta experimental campaign on LHD, where the magnetic field
strength is set around at 0.5[T], the fast change of energetic neutral particles being associated
with toroidal-AE(TAE)-burst signals were observed on the tangential E//B-NPA[1,2]. The
signals of neutral particles at high energy(typically ~130-keV) were increased with the bursts,
while the signal increase of lower energy particles occurred after the increase of the high
energy particles. From the analysis, it turned out that the signal increase at high energy
region is the result of a formation of a “clump” with the enhanced transport of energetic
particle by the TAE-bursts and that the increase at low energy is simply the result of the
energy slowing-down of the “clump”. Recently, the creation of a “hole” and its slowing-
down are also observed on LHD. Using the NPA data, the slowing-down time of both the
clump and the hole are evaluated. With this slowing-down information being combined with
the orbit analysis on the NPA sight line, the location of the clump and hole formations are
identified and the enhanced transport of energetic particles with TAE-bursts are clearly
observed by the experiments. Moreover, the enhancement of heat loads close to the diverter
regions are also observed with these bursts by an infrared-camera. The heat loads are
enhanced at the different regions from the diverter trace, and are considered to be the results
of the loss of energetic particles.  In the presentation, the analysis for these phenomena will
be shown.

[1] M.Osakabe, et al., Proc. 30th EPS Conf. (2002) P1-083
[2] M.Osakabe, et al., Proc. EX-P4/44 20™ IAEA Fusion Energy Conf. (2004)
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ITO4 This paper will be published as a cluster paper
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Studies on fast ion transport induced by energetic particle modes
using fast particle diagnostics with high time resolution in CHS

M. Isobe’, K. Toi', H. Matsushita?, M. Takeuchi®, K. Nagaoka’, Y. Yoshimura®, C. Suzuki®,
T. Akiyama®, T. Minami*, M. Nishiura', K. Matsuoka®, S. Okamura®, D. S. Darrow*,
K. Shinohara®, M. Sasao® and CHS group
!National Institute for Fusion Science, Toki 509-5292 Japan
*The Graduate University for Advanced Sudies, Toki 509-5292 Japan
¥Nagoya University, Nagoya 464-8603 Japan
“Princeton Plasma Physics Laboratory, Princeton 08543 USA
>Japan Atomic Energy Research Institute, 311-0193 Naka Japan
®Tohoku University, 980-8579, Japan.

Energetic particle modes (EPMs) are thought to be important in a burning plasma, similar to
energetic-ion driven Alfvén eigenmodes. EPMs are often observed in CHS when high power neutral
beam (NB) is tangentially co-injected into a relatively low density target plasma. This mode is
characterized by periodic recurrence and fast frequency sweeping for each burst [1]. Currently, effects
of EPMs on fast ion transport and resulting losses are investigated by use of neutral particle analyzer
(NPA) and escaping fast ion probes [1] with high time resolution. Coinciding with appearance of EPM
bursts, the NPA viewing co-going transit beam ions indicates that flux of high energy neutral particles
whose energy is close to injection energy E, of NB rapidly increases and subsequently decays with a
time constant less than 1 ms. H, light emissivity from only peripheral domain of large R (R : major
radius) side also behaves like the NPA signals in the energy range of ~Eyp. It should be noted that there is
no significant change on neutral flux in somewhat lower energy range than E,. These imply that beam
ions only near E;, are lost toward large R side by excited EPMs. It is interesting to note that enhanced
neutral flux correlated with EPM bursts appears in the range of higher energy than E,. The clear
evidence to prove the existence of beam ion losses induced S rINas ; - -
by the EPM is a signal from scintillator- based escaping fast o ° w
2 . | , .

ion probe. The probe indicates that the beam ions whose

dB_/dt

energy is near E, are dominantly lost and the losses to the

probe begin just after the mode amplitude reaches the

maximum. In addition to these observations, the relation 02 | A

el A\ ]
N, Il o
v N VY A S Ml

Hit (a.u.)  Lostions (a.u.)

between spatial structure of EPMs measured with soft X-ray 0.1

85 86 87 88 89 90

detector's array and the mode-induced fast ion losses will be o fmems)
Fig.1 Time traces of a) magnetic probe, b)
also presented. escaping fast ion probe signal, c) H,, light

[1] K. Toi et al., Nuclear Fusion 40(2000)1349
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Observation of Confinement Degradation of Energetic Ion due to Alfvén
Eigenmodes in weak shear plasmas onJT-60U

M. Ishikawa , M. Takechi, K. Shinohara, Y. Kusama, G. Matsunaga , V. A. Krasilnikov 1), Yu. Kashuck
1), M. Isobe 2), T. Nishitani, A. Morioka, M. Sasao 4), C. Z. Cheng 4), N. N. Gorelenkov 5), G. J.
Kramer 5), R. Nazikian 5), and JT-60 team

Japan Atomic Energy Agency, Naka-Shi, Ibaraki 319-0193, Japan

1) Troitsk Institute of Innovating and Fusion Research, Troitsk, Moscow region 142092, Russia
2) National Institute for Fusion Science, Toki-Shi, Gifu 509-5292, Japan

3) Department of Engineering, Tohoku Univ., Sendai-Shi, Miyagi 980-8578, Japan

4) National Space Organization, Hsin Chu City 300, Taiwan

5) Princeton Plasma Physics Laboratory, Princeton University, Princeton, NJ 08543, USA

E-mail: ishikawm(@fusion.naka.jaeri.2o.jp

Abstract. Confinement degradation due to Alfvén Eigenmodes has been investigated with negative ion based injection at ~
370 keV into weak shear plasmas on JT-60U. The AEs with a rapid frequency sweeping and then saturation as the minimum
value of safety factor (qy,i,) decrease have been observed. These frequency behavior can be explained by reversed-shear induced
AE (RSAE) and the transition from RSAE to TAE. Reduction rate of total neutron emission rate in the presence of AEs is
evaluated by calculation with Orbit Following Monte-Carlo code taking into account changing in bulk plasmas. The changes in
total neutron emission rate and CX-NP flux suggested energetic ion transport due to these AEs. The evolution indicates
confinement of energetic ions is degraded due to AEs. In particular, it is found confinement degradation is maximum during
transition from RSAE to TAE and the maximum reduction rate (ASn/Sn)yax is estimated ~ 45 %..

1. Introduction

Burning plasmas are self-sustained by alpha-particle heating. However, high alpha particle
pressure gradient can destabilize Magnetohydrodynamics (MHD) instabilities such as toroidicity-
induced AEs (TAEs) [1] or Energetic particle modes (EPMs) [2]. These MHD instabilities can induce
enhance transport of a-particles from a core region, which degrade the performance of burning plasmas.
Further lost oi-particles may also damage first walls. Thus, the understanding of ot-particle transport due
to these instabilities is one of the urgent research issues for ITER. So far, TAEs or EPMs have been
studied theoretically and experimentally. Furthermore, effects of TAEs or EPMs on energetic ions have
been studied in TFTR [3], DIII-D [4], and JT-60U [5, 6] and so on. In particular, it was found that
bursting modes in the frequency range of TAE, which is called Abrupt Large-amplitude Events, expelled
a significant energetic ion population from core region to outer region and induce redistribution and loss
of energetic ions using neutron emission profile measurements [7] and charge-exchange (CX) neutral
particle flux measurement [8] in JT-60U [9].

Recently, another type AEs, which have a rapid and large frequency sweeping as the
minimum values of safety factor (qmin) changes, are extensively studied and experimentally observed in
JET [10], CHS [11, 12] and JT-60U [13] in reversed shear (RS) plasmas. AEs with a strong frequency
dependence on Qmin in reversed shear plasmas were first explained by numerical studies using the
Transport Analyzing System for Tokamak/Wave Multimode (TASK/WM) code[ 14], which is a full code
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assuming that thermal particles follows their guiding center motion. Then, AEs with large frequency
sweeping observed in JT-60U RS plasmas were identified as reversed-shear Alfven eigenmodes (RSAE:)
[13]. On the other hand, the existence of observed large frequency sweeping modes, are called Alfvén
cascades (ACs), by using the model of EPMs by Berk ez al. [15]. However, it has not been reported how
RSAE:s or ACs affect energetic ions, so far.

In JT-60U weak shear (WS) plasmas, AEs with rapid frequency sweeping and then
saturation of frequency as gmi, decrease have been observed during Negative-ion-based Neutral Beam
(NNB) injection [ 16]. The frequency evolution can be explained by RSAE and transition from RSAE to
TAE. In the present work, we evaluate confinement degradation in the presence of RSAEs and TAEs in
WS plasmas from the comparison between measured neutron and calculated neutron with Orbit
Following Monte-Carlo (OFMC) code [17]. Further the energetic ion transport due to these modes is
estimated using CX neutral particle flux measurement [8]. In this paper we present results of the
experiment conducted in N-NB injected WS plasmas in order to investigate confinement degradation
due to AEs. Section 2 describes diagnostics utilized to investigate energetic ion transports. The property
of observed AEs in WS plasmas is described in Section 3 and the evolution of confinement degradation
of energetic ions using OFMC code is given in Section 4. The summary is presented in Section 5.

2. Experimental

We performed AE experiments using N-NB in WS plasmas with the following parameters:

Ip=1.0 MA, Br= 1.7 T, Pxng~ 3.9 MW, Exng ~ 370 keV, where Pxng and Exng are the power and
energy of N-NB, respectively. The slowing down time of energetic ions from NNB injection is
calculated using OFMC code as ~ 500 ms. In order to measure ion temperature and safety factor, two
units of positive-ion-based NB (PNB) were also injected, where both power and energy of PNBs are ~
2.0 MW and ~ 80 keV respectively. In this discharge, v,/ va~ 0.6 and calculation with the OFMC code
shows <By> ~ 0.4 %, where vy / va is the ratio of the beam ion velocity and <g,> is the volume
averaged classical energetic ion beta. Figure 1 shows the plasma configuration in this experiment and
two NNB beam lines.

In order to investigate energetic ion behavior, we measure total neutron emission rate using Fission
Chamber [ 18]. Because beam-thermal neutron, Sny. g,

Sty <f npn<ov> dv,

accounts for ~ 90 % of total neutron emission rate in such AE experiments, changes in neutron emission
rate mean directly those in the energetic ion population if bulk plasma parameters don’t change. Here, ny,
and n; are a density of beam ions and bulk ions, respectively, and <ov> is a fusion reactivity of beam-
thermal reaction.The sampling late of the Fission Chamber is 1ms. The charge exchange (CX) neutral
particle flux and spectrum are also measured by a NDD [9,19,20]. The NDD detects neutral particles
whose pitch angles are almost the same as that of birth energetic ions produced by the NNB injection,
since energetic ions are neutralized through charge exchange reactions with the neutral particles D° or the
hydrogen-like carbon ions C*"and are emitted from the plasma as neutral particles. Therefore we can
investigate behavior of NNB ions. The sampling rate of the CX neutral particle measurement is 1 ms.
Frequencies, amplitudes and mode numbers of the instabilities are measured by Mimov coils located near
the first wall.
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Fig.1 plasma configuration, two beam lines Plasma current, Ip, and beam injection power of N-NB
of NNBs and two units of P-NB for diagnostics of q-profile and ion

temperature. The beam energy of N-NB and both P-NB is
~370 keV and and ~80keV, (b) Frequency spectrum of
magnetic  fluctuations. (c) Amplitude of magnetic
fluctuations with frequency of 100-160 kHz.

3. Property of Instabilities in NNB Injected Weak Shear Plasmas

Shown in Fig.2 are the waveforms of plasma parameters in the discharge described in Sec.2.
Figure 2 (a) shows the time evolution of plasma current and injected NNB and PNB power. Figures 2
(b) and 2 (c) show the time traces of the frequency spectrum and mode amplitude with frequency of 100
- 160 kHz, respectively. An instability appears with a frequency of about 100 kHz at about 4.6 s and its
frequency chirps up to about 150 kHz at about 4.8 s. After the saturation of the frequency sweeping from
4.8s to 5.5s, instabilities were almost stabilized for ~ 0.4 s from t ~ 5.5 s. Further another frequency
sweeping started from t ~ 5.9 s. So far, such instabilities with frequency sweeping have been labeled as
the slow Frequency Sweeping modes [16]. However, the cause of the mode has been not identified yet.

In order to understand the large and rapid frequency sweeping and its subsequent saturation in
WS plasmas, we propose a model of RSAE and its transition to TAE as gmndecreases [14]. RSAE is a
global AE near the zero shear region of the RS plasma. However, we consider RSAE can be applied to
AEs with the large frequency sweeping in WS plasmas. Shown in Fig. 3 are the Alfvén continuum
spectrum for n = 1 mode and the safety factor versus minor radius (1/a) at (a) t =4.7s, (b) 5.3s and (c) 5.7s
in the discharge shown in Fig. 2, respectively. Values of gmi, in Fig. 3 are (a) 1.7, (b) 1.4 and (c) 1.2,
respectively. Frequency gaps outside the region (r/a > ~ 0.7) are similar in all three figures. The gap
structures around the gmn» region, however, are entirely different even if change in gwin is small. Gaps
shown in Fig. 3 (b) and (c) are the TAE gaps formed by toroidal coupling of the m = 2 and m = 1
harmonics around g = 1.5 locations. On the other hand, in Fig. 3 (a), there is no ¢ = 1.5 and the continuum
gap is formed due to the weak shear g-profile in center region. The lower continuum is due to the m = 2
harmonic and the upper continuum is due to m = 1. Around the upper and the lower boundary of this
continuum around gmin (/2 ~ 0.0), AEs can be destabilized by large energetic ions pressure and its
gradient as shown in Fig. 4. Shown in Fig. 4 is classical pressure profile of energetic ions calculated with

3
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the OFMC code. A peaked pressure profile of NNB S 2 i
ions was produced with upper beam line shown in 2

Fig.1. These modes can be called RSAE because the E el ]
resonance condition for this mode is the same as for i s ]
RSAE described in Ref.14. Therefore, the large and go_s | |
rapid frequency sweeping of AEs can be explained by

RSAE and the subsequent frequency saturation by the % 0z o4 o 05 08 1
evolution from RSAE to TAE. The AE frequencies

are estimated as follows [14] : Fig.4 Profile of classical energetic ion beta
(i) as gmndecreases in the range of produced by NNB injection.

(m+12)/n + ¢ < gmn< (m+1)/n,
there are two RSAE:s: the frequency of the high frequency RSAE (HRSAE) decreases as

fimsae ~ (1-m/qwin) VA/2TUR, (1)
and the frequency of the low frequency RSAE (LRSAE) increases as
firae ~ ((m+1) Guin- 1) VW/27R, )
(i) for m/n < gun< (m+1/2)/n+c, TAE gaps form and TAE frequency is approximately given by
frae ~ VA/4TIZqTAE R, (3)

where ¢ ~ twi/nR, R is the major radius, and gme= (m-1/2)/n. Note that the toroidal effect causes the m and
m+1 harmonics to couple in the range of m/n < gwn< (m+1/2)/n +c. Thus, AEs have changed from
RSAEs to TAEs in this gmnrange. Here, we estimate frequency of RSAE and TAE for the case of the
instabilities shown in Fig.2 (b) using eqs. 1-3, where R ~ 3.3 (m) ny(qmir) ~ 1.2x10" (m™), ¢ ~0,B=1.7T.
The broken lines in Fig. 2 denote the estimated frequency. As shown in Fig. 2 (b), the large and rapid
frequency sweeping and its subsequent saturation can be explained by RSAE and its transition to the TAE.
On the other hand, any AEs are not observed although there is the TAE gap in the case of Fig. 3 (c). This
is considered to be due to small pressure of energetic ion and its gradient around TAE gap (/a ~ 0.5) as
shown in Fig, 4. Thus, we show the property of AEs in WS plasmas by the RSAE model.

4. Confinement Degradation of Energetic Ions by RSAE and TAE

Figure 5 shows time trace of the frequency spectrum of magnetic fluctuation, the total
neutron emission rate, neutral particle flux in energy of 20 ~500 keV and line integrated electron density.

4
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One can see that an increase of total neutron emission rate (Sn) seems to be suppressed in the presence
of RSAE and TAE for t ~ 4.5 — 5.5 s. After TAE was stabilized at t ~ 5.5 s, the increasing rate of Sn is
enhanced rapidly. However, Sn decrease after another RSAE appear after t ~ 5.9 s. On the other hand,
CX neutral particle (CX-NP) flux increases for t ~ 4.5 — 5.5 s. Then, after ~ 100 ms from distablizing
TAE, the CX-NP flux starts decreasing. Further the CX-NP flux increases again after ~ 100 ms from
appearance of another RSAE. This time lag (At) the change in CX-NP flux for the change in Sn in
Fig.5(c) can be explain by time scale of energetic ion transport due to AEs to outer region. Because the
NDD detects energetic ions neutralized through charge exchange reactions with D° or C** in outer region
of the plasma, Such changes in Sn and CX-NP flux suggest that energetic ions is transported due to these
AEs. However, as can be seen in Fig. 5 (d), line averaged electron density changes in similar way as
changes in Sn. Figure 6 shows radial profiles of (a) electron density, (b) electron temperature and (c) ion
temperature with AEs (at t = 5.4 s) and without AEs (at t = 5.9 s), respectively. One can see that all
parameters of bulk plasmas increase after AEs was stabilized. Because neutron emission rate depends on
bulk plasma parameter, in particular is proportional to bulk ion density, the change in Sn might be
dominantly due to changes in bulk plasma, not energetic ions.

Then, in order to evaluate how does confinement of energetic ions degrade, neutron emission
rate is calculated with OFMC code, taking into account the changes in the bulk plasma. The calculation
is performed assuming that the confinement of energetic ions is classical and the beam-target fusion
reaction is dominant in total neutron emission rate. Actually, the beam-target neutrons account for ~ 90%
of the total neutron emission in this discharge according to the calculation by TOPICS [21]. Shown in
Fig. 7 (b) is measured total neutron emission rate (solid line) and calculated one with OFMC code
(circle). Compared with both neutron emission rates, measured neutron emission rate is smaller than
calculated one in the presence of RSAE and TAE. Whereas, after AEs are stabilized, measured neutron
rate 1s close to calculated one, then consistent with that at t = 5.9 s. This result indicates confinement of

5
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energetic ions is degraded due to RSAE and TAE. Further, it is considered that the difference between
the measured one and the calculation one decreased after AEs disappeared because the confinement of
energetic ions is close to classical. Figure 7 (c) shows time trace of reduction rate of neutron emission
rate. This reduction rate is estimated from the ratio of calculated neutron rate to measured one. The
reduction rate is large in the transition phase from RSAE to TAE from ~ 4.8 s to ~ 5.2 s, Here the
maximum reduction rate is estimated (ASn/Sn)yvax ~ 45 % at t ~ 5.0s.

In the previous studies in JT-60U RS plasmas, it was observed in experimentally and
predicted by numerical studies using TASK/WM code in theoretically that AEs are most unstable in the
transition phase from RSAEs to TAEs [13]. Figure 8 shows the results of AE experiments in RS plasmas
(I, = 1.3 MA, B = 3.73 T). In these experiments, in order to investigate the dependence of mode
amplitude on the g-profile change, the time of NNB injection was changed in three shots, where the
values of qmin at the time of the NNB injection are about 3.0, 2.8 and 2.6 for the shots of E40739,
E40744 and E40743, respectively. For all cases the n = 1 modes was observed and the amplitude was
largest in the range 2.4 < gmin < 2.7, whose range corresponded to the transition phase from RSAEs to
TAEs, as shown in Fig.8. Thus understanding of the excitation mechanism of RSAE and its transition to
TAE was progressed. However, effects of RSAE, TAE and the transition from RSAE to TAE on
energetic ion confinement have been understood yet. In present study, confinement degradation of
energetic ions in the presence of RSAE and TAE is evaluated for the first time.

5. Summary

In present work confinement degradation due to Alfvén Eigenmodes has been investigated
with negative ion based injection WS plasmas on JT-60U. The AEs with a rapid frequency sweeping
and then saturation as the minimum value of safety factor (qmin) decrease have been observed. These
frequency behavior can be explained by RSAE and the transition from RSAE to TAE. The changes in
total neutron emission rate and CX-NP flux suggested energetic ion transport due to these AEs. The

6
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reduction rate of total neutron emission rate in the presence of AEs is evaluated by calculation with Orbit
Following Monte-Carlo code taking into account changing in bulk plasmas. The result indicates
confinement of energetic ions is degraded due to AEs. In particular, it is found confinement degradation
is maximum during transition from RSAE to TAE and the maximum reduction rate (ASn/Sn)vax 1S
estimated ~ 45 %.
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The confinement of fast particlesis of crucia importance for future large fusion devices [1].
The ICRF heating systems on ASDEX Upgrade and JET are capable of accelerating minority
ions up to energiesin the MeV range. On JET, protons with energies exceeding 5 MeV have
been detected using a gammarray spectrometer and a 19 channel array of 2D gamma-ray
detectors to view the emissions from the inelastic scattering of such energetic protons with
carbon, **C(p,p’y)**C [2]. Recent experiments on JET have shown a significant decrease in
the gamma-ray emissivity from this process (by afactor of 2) during so-called tornado modes
(TAE within the q = 1 surface) and standard TAE in sawtoothing plasmas. This is indicative
of aloss or extensive re-distribution of these (> 5 MeV) particles from the plasma core [3].

In ASDEX Upgrade, a new fast ion loss detector has been mounted on the midplane
manipulator [4]. Due to its high resolution in pitch angle, energy and time it has enabled the
direct observation of fast ion losses during various MHD phenomena to be studied in detail.
ELM induced fast ion losses have been directly observed for the first time in a fusion plasma
device. The enhancement of fast ion losses has been observed from specific areas of phase-
space in the presence of (3,2) and (2,1) NTMs. Measurements during TAE activity have
revealed particle losses localized in velocity-space and with the same frequency as the mode
(f ~ 180 kHz). This has been interpreted as clear evidence of a mode-particle resonance.

In this paper, simulations with the HAGI'S code [5] are presented describing the interaction of
the energetic particles present and the modes observed in JET and ASDEX Upgrade. In the
latter case, the additional effects of toroidal field ripple are aso included. The spectrum of
modes used is calculated using a linear MHD stability analysis based upon reconstructions of
the MHD equilibriafrom the experiments. In the JET case of simultaneous TAE and tornado
mode activity, the calculations show that the combined eigenfunctions of all the modes
present extend almost completely across the minor radius of the device allowing an extensive
interaction with, and consequent expulsion of, the energetic ions.

This work has been conducted under the European Fusion Devel opment Agreement.
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Theoretical analysis shows that frequency sweeping of kinetically driven instabilities, near
marginal stability, may arise due to spontaneous formation of phase space structures[1]. The
JET observation of axisymmetric (n=0) chirping modes induced by energetic particles
(produced by high-field-side off-axis ICRH) is indicative of the formation of such structures.
Both up and down frequency sweeping appear ssimultaneously in ~5 msintervals with a ~40%
upsweep and ~25% downsweep from the initial frequency. The puzzles in this data have
been: (1) What causes the instability, as the typical instability drive, spatial gradients in the
energetic particle distribution, requires that the perturbed modes be non-axisymmetric (n=0),
(2) What basic plasma mode frequency is being excited at a frequency that is roughly one
third of the TAE frequency? (3) What plasma-wave resonances allow the observed frequency
sweeping? (4) Why should the modes disappear after neutral beam heating is turned on? (5)
Why should the modes only be excited with high-field-side off-axis ICRH? A consistent
explanation attributes the linear mode excitation to the geodesic acoustic mode which requires
n=0 for mode existence. The SELFO Monte Carlo code [2] shows that a bump-on-tail fast
ion distribution is established with high-field-side ICRH and that the trapped particle bounce
frequencies are found to coincide with the range of the chirped frequency span. Additional ion
heating by tangential neutral beams makes the energetic particle distribution more isotropic,
weakening the instability drive and increasing the damping mechanisms, thereby causing a
gquench of the mode. The understanding of the linear and nonlinear characteristic of the
axisymmetic phase space structures gives a good example of plasma-wave interactions.

[1] Berk H L et al. (1999) Phys. Plasmas 6 3102
[2] Hedin J, Hellsten T and Carlsson J (1998) Proc. Joint Varenna-Lausanne Workshop
“Theory of Fusion Plasmas’ 467
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Abstract. Alfvén eigenmodes (AEs) excited by fusion born « particles can degrade the heating efficiency of a
burning plasma and throw out as. To experimentally study the effects of excitation of AEs and the redistribution
of the fast ions, ion cyclotron resonance heating (ICRH) is often used. The distribution function of thermonuclear
as in a reactor is expected to be isotropic and constantly renewed through DT reactions. The distribution function
of cyclotron heated ions is strongly anisotropic, and the ICRH do not only renew the distribution function but also
provide a strong decorrelation mechanism between the fast ions and the AE. Because of the sensitivity of the AE
dynamics on the details of the distribution function, the location of the resonance surfaces in phase space and the
extent of the overlapping resonant regions for different AEs, a self-consistent treatment of the AE excitation and
the ICRH is necessary. Interactions of fast ions with AEs during ICRH has been implemented in the SELFO code.
Simulations are in good agreement with the experimentally observer pitch-fork splitting and rapid damping of the
AE as ICRH is turned off. The redistribution of fast ions have been studied in the presence of several driven AEs.

1. Introduction

Alfvén eigenmodes (AEs are used here as a common name for various types of Alfvén eigen-
modes) are often seen in experiments during ion-cyclotron resonance heating (ICRH). The
ICRH produces peaked density profiles of anisotropic high-energy ions with wide trapped or
non-standard drift orbits which can resonate with AEs. The AEs redistribute the high-energy
resonant particles and can affect the performance of ICRH. The resonance is defined by two-
dimensional surfaces in the three dimensional phase space of drift orbit invariants. Interactions
with AEs displace the particle along a one-dimensional characteristic in phase space. In ab-
sence of decorrelation of the phase between the particle and AEs, the particle will undergo a
superadiabatic oscillation in phase space without a net exchange of energy with the mode. The
decorrelation caused by Coulomb collisions will be weak for high-energy ions while ICRH pro-
vides a strong decorrelation mechanism for these particles. In some parts of phase space the
distribution function of resonant ions is increasing with energy along the characteristics of an
AE, and hence drive the mode while the distribution function is flattened in the resonant re-
gions. In other parts of phase space the distribution function decreases with energy along the
characteristics, which will damp the mode as the distribution function is flattened. In absence
of mechanisms restoring the distribution function an unstable mode will grow while flattening
the distribution function in the most unstable parts of phase space. As the mode grows and the
unstable parts of the distribution function is flattened the stable parts in phase space will become
more important and damp the mode.

Coulomb collisions and ICRH will displace ions in and out of the AE resonant region with
an energy above or below the mean energy along the AE characteristic. An ion entering at the
high-energy part of the characteristic will drive the mode while if it enters at the low-energy
part it will damp the mode and vice versa for an ion leaving the resonant region. The effect
of decorrelation by Coulomb collisions and ICRH is important since it leads to an effective
broadening of the resonant regions in phase space, and hence increases the energy transport, the
saturation level of the AE and the number of regions with overlapping modes.

In experiments it has been observed that when the ICRH is turned off the ICRH-excited
AEs are damped much faster than the time scales of both slowing down and resistive damping
by the background plasma [1]. Another observation is the pitch fork splitting, appearing as
symmetric side bands centred at the mode frequency in the Fourier decomposed time evolution
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of the measured magnetic signal [1, 2]. The splitting is interpreted as an oscillation of the mode
amplitude [3, 4], and are related to an effective collision frequency [2]. The observed separation
of the side bands is larger than can be explained by Coulomb collisions [2]. It has been proposed
that the renewal of the distribution function by ICRH can explain this difference [1].

Interactions with several AEs lead to a decorrelation of the 1D superadiabatic oscillation
resulting in a two dimensional redistribution. It also leads to several resonant regions and if
these regions overlap in phase space the distribution function is flattened over a larger region.

The SELFO code [5] used for calculating the distribution functions and the fast magne-
tosonic wave field self-consistently during ICRH has been upgraded to include the effects of
interactions with AEs [6]. The SELFO code consists of the FIDO code for calculating the dis-
tribution functions during ICRH, including effects of finite drift orbit widths, and the LION
code for calculating the electric field.

Detailed studies of the dynamics of toroidicity-induced Alfvén eigenmode (TAE) excitation
during ICRH is in good agreement with experiments on the separation of the side bands and
the fast damping of the TAE when the ICRH is turned off [6]. The effects on the distribution
function of a single unstable TAE is, in general, small, since the resonant regions in phase space
are rather narrow. The effects of several modes significantly increases the transport of resonant
particles in phase space. The change in energy of the particle distribution is still rather small, but
the relatively large redistribution in space caused by the change in toroidal angular momentum
can affect the heating profile. Whereas the redistribution in toroidal angular momentum takes
place on a time scale of an orbit time, the effect of the redistribution on the fast particle energy
content takes place on a slowing down time.

2. Theory

Three invariants of the equation of motion (E, P,, ;1) are used to describe the guiding centre
orbit of a charged particle. E is the energy, P, = mRv, + eZ V¥ is the canonical toroidal
angular momentum where W is the poloidal flux and y is the magnetic momentum. There is
also a label, o, to distinguish between different types of orbits with the same invariants, e.g. co-
and counter-passing orbits. The change in invariants due to interactions with AEs are obtained
by integrating the equation of motion along the drift orbit

where index 0 indicates unperturbed quantities and 1 first order perturbations. The zeroth order
drift velocity, v, is given by gradients and curvature of B,. The first order perturbed electric
and magnetic field can be written on the form ®(r, ) A(t)e!?~<t=2®) where ®(r, ) is the
poloidal structure of the eigenmode, A(¢) is the mode amplitude, » is the toroidal mode number,
w is the mode frequency and « the phase of the mode. The resonance condition is given by

n% —wtj 2 =0 2
Ty Ty
where A¢ is the precessional drift during a bounce time 7, and j is an integer representing
higher harmonics which lead to a set of resonance surfaces in phase space. In the space defined
by (E, P,, i) for an axisymmetric plasma, the superadiabatic oscillation of an orbit takes place
near its resonance along a characteristic defined by AP, = “AE and Ap = 0 [7].

Phase decorrelations of the interaction between a particle and an AE occur due to changes
in the invariants by collisions or interactions with other waves, such as the magnetosonic waves
used for cyclotron heating. The changes in invariants due to these interactions move the particle
to a neighbouring AE characteristic where the guiding centre orbit has a different orbit time.
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As time passes, the phase between the particle and the AE starts to differ from what it would
have had if it had not been subjected to ion-cyclotron interactions or Coulomb collisions. After
several such interactions the phase between the guiding centre orbit and AE will change but the
displacement from the original AE characteristic will be small due to the diffusive nature of the
interactions. The decorrelation time is given by [6]

3 3-2m

T _—

d ~EE 2 ~EE 2 ~ AN Y2
016 Gie + 067Gy + op G

(3)

where afj‘" is the covariance of the invariants 7, and I;, where A = B,/ E, from the interaction
with operator L, where C' denotes collisions and /C' ion-cyclotron interactions. The rate of
change in phase of the particle along the invariant [ is denoted by G, where the invariant
direction I C' denotes the characteristic of the ion-cyclotron interactions. By limiting the allowed
deviation of phase between AE and particle to 27 during a decorrelation time, the resonance
surfaces are expanded into volumes and the resonance condition can be written as

A 2
n—gb—w:i:j—ﬂ
T Ty

T <27 4)

Outside the resonance region the phase between the particle and AE varies rapidly, giving only
a small contribution, which has been neglected here.

AEs which overlap along a characteristic in phase space will increase the extent of the region
in which the modes redistribute the ions. An unstable distribution function in such a continous
region in phase space will be flattened over a larger region and thus decrease its energy more
than if the resonant regions were barely overlapping. A distribution function which is unstable
along some part of the characteristic will during mode excitation be flattened and possibly build
up an unstable distribution function in a neighbouring overlapping AE region, which in its turn
grows up and flattens the distribution function and further redistribute the ions, leading to a
cascade of AEs.

The transport of resonant particles caused by AE interactions inside the resonant regions
lead to an energy transfer, AF 4 , to the mode according to

AEqp — / / AE,T 45 - dsdt / A%dt )

where AE,.(E, P,, A, o) is the extension in energy of the resonant region along a characteristic,
I" 4% is the flux of particles inside the resonant region caused by AE interactions and A is the
mode amplitude. Since the change in particle energy is related to a change in toroidal angu-
lar momentum according to AP, = “AFE the change in mode energy is thus proportional to
[ JAP,T 4 - dsdt. For trapped particles, which in general are those responsible for desta-
bilization of AEs, the change in P, is related to a radial displacement of the turning points
Ar = (0¥ /0r) ' APy/eZ. The radial redistribution of trapped particles depends on the width
of the resonant region, which in its turn depends on the phase decorrelation caused by ICRH
and Coulomb collisions and the flux of particles across the resonant region, which depends on
the renewal rate of the distribution function caused by ICRH. As a trapped ion heated by ICRH
enters the resonant region of the AE with an energy higher than the mean energy of the resonant
part of the AE characteristic it will transfer energy to the mode and at the same time be displaced
outwards, where it will leave the AE resonant region by ion-cyclotron interactions.

The evolution of the distribution function is calculated with a Monte Carlo method. The dif-
fusion coefficients of AE interaction is obtained by integrating Eq. (1) for a set of mode numbers
during a decorrelation time assuming the phase to be randomly distributed in the interval [0, 27].
The resonance condition, Eq. (4), yields a set of resonant regions in phase space in which the
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variation of the changes in energy, AF, due to interactions with the AE have a rather complex
structure. The structure of the diffusion coefficient is determined by the structure, ®(r,#), of
the eigenmode.

3. Results

In the first scenario the dynamics of an unstable TAE during ICRH is studied for a JET-like H-
minority heating scenario with 5 MW of ICRH power at 51 MHz with +90° phasing between the
currents in the antenna straps in a plasma with circular cross-section, ro = 0.9 m, Ry = 2.97 m,
ng/np = 0.04, np = 2 x 10 m=3, Z;; = 2.2, T.(0) = Tp(0) = 10 keV, By = 3.45 T
and I, = 2.6 MA. The steady state distribution function of H ions in the absence of TAEs is
first computed. The effect of the renewal of the distribution function on the evolution of the
mode amplitude of an unstable TAE, which is described by a simplified model [3], is shown in
Fig. 1 and a close up of the initial stage in Fig. 2. The effect of the renewal of the distribution
function by collisions and ICRH have been studied for three cases: in the absence of collisions
and ICRH; in the absence of ICRH and including collisions; and including collisions and ICRH.
To isolate the effect of the renewal rate from the effect of the change of the width of the resonant
regions, which is determined by the diffusive contribution from collisions and ICRH according
to Egs. (3) and (4), the decorrelation time is determined by both collisions and ICRH in all
three cases. The initial growth rates for the three cases are almost identical with /w = 2.6 %
where the mode frequency is w = 1.45 x 10% s71. When the mode grows the distribution
function in the high-energy regions in phase space is flattened along the TAE characteristics and
at the same time reducing the drive. The interactions in the regions in phase space where the
resonant ions have lower energy then become more important. If the local distribution function
decreases with energy along the TAE characteristics, these interactions will then damp the mode
on longer time scales. Whereas the calculation of the linear growth rate is rather straightforward,
the damping of the mode is more difficult to estimate since it is subjected to both fluctuations,
caused by statistical noise and chaotic behaviour of the non-linearity of the system. The intrinsic
damping rate coming from ion Landau damping, essentially of high-energy ions, in the absence
of collisions and ion-cyclotron interactions is estimated to be v,;/w ~ 1 %. In the absence of
mechanisms restoring the distribution function, such as collisions or ion-cyclotron interactions,
the intrinsic damping will damp out the mode even in the absence of a background damping.
The Coulomb collisions will still cause a flow of particles through the resonant regions, as
discussed earlier, giving rise to new bursts as the distribution function is partially restored. The
simulations demonstrate that the renewal rate of the distribution function and the start of the new
burst are strongly affected by ICRH, but the initial growth rate is not significantly affected by
Coulomb collisions or by ion-cyclotron interactions. When collisions are included we estimate
the damping rate to be ~,/w = 1.4 % while collisions and ion-cyclotron interactions together
yield an estimate of v, /w = 0.5 %.

As the particles are heated by ICRH and enter the resonant region they are, in general,
displaced outwards with respect to the minor radius while transferring energy to the mode.
This may lead to an oscillation of the mode amplitude; or rather bursts of TAE activity, since
the flattening and renewal of the distribution function take place on different time scales. The
initial condition for starting the TAE simulation with a preheated distribution function affects
essentially only the first TAE burst. In the following bursts the distribution function is partially
restored by collisions and ion-cyclotron interactions. The fact that the growth and damping of
the TAE take place on the same time scale suggests that the unstable TAE takes off when the
linear growth rate just exceeds the damping as assumed in the model by Berk et al [3].

The frequent bursts give rise to a frequency splitting of the Fourier decomposed time-
dependent wave field as illustrated in Fig. 3. In the absence of ion-cyclotron interactions the
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energy versus ICRH power.

ICRH is turned off at 10 ms.

typical period of the fluctuations of the mode amplitude is 1.5 ms, corresponding to Aw = 27 X
6.7 x 102 s~1. When both ion-cyclotron interactions and Coulomb collisions are included the re-
sulting period between the bursts decreases to 0.5 ms, corresponding to Aw = 27 x2.0x103s7L.

The dynamics of the TAE activity is strongly affected by the strength of the ion-cyclotron
interactions. This is clearly seen in Fig. 4, which illustrates the time variation of the mode am-
plitude for different ICRH powers. When the power rises from 2 to 5 MW there is a significant
change in the repetition rate of the TAE bursts. As the power increases further from 5 to 10 MW
it is not so much the frequency of the bursts that increases but rather the mode amplitude that
stays at a higher level for a longer time.

To analyse how the spatial redistribution of the fast ions by a single TAE is affected by
cyclotron interactions, we use the fact that the time-averaged redistribution of resonant ions by
a TAE is in steady state related to the time-averaged mode energy, assuming that the damping
of the mode by resonant ions and background damping is constant in time. To reduce the effect
of the preheating and the associated growth of an initially unstable mode we average the mode
energy from 1.5 to 10 ms. In Fig. 5 we have plotted the time-averaged mode energy versus
ICRH power for simulations using the same initial distribution function obtained through 5 MW
of heating.

To study the intrinsic damping by the resonant ions in the simulation with 5 MW of ICRH
power the ICRH is turned off after 10 ms of TAE activity. The rapid decay of the mode ampli-
tude is illustrated in Fig. 6 and the damping rate is estimated to v, /w = 0.6 %.

Interactions with several modes can be added straightforward in the Monte Carlo operators.
However, analysis of the AE dynamics in presence of several modes become very difficult since
the structure of the diffusion coefficient in phase space is very complicated and the location of



6 ITO8

024 0.5 5 25
= — — —no modes
0.22 i Ofe= —— 1 mode
20f| —— 2 modes
0.2 -0.5 —— 3 modes
[N
018 \ o 15 5 modes W/\ /
\ =) s P
> 016 \ = E e
L N\ B-15 = 10 N

0.14 \ z [ V ] S
0.12 \ 5 2 ) /Q//\,fv//'/ o

.. \ 5 _ -/

\ — — — nomodes 7
0.1}| — Before TAE activity \ ~25/ — 1 mode Nl
|| — After 1 driven TAE \\ —— 2 modes , BN
0.08l| — After 3 driven TAES \ -3l — 3modes N
—— After 5 driven TAES \\ — 5modes
%1 2 3 4 5 s 35 -5
N ; 0 05 1 1.5 2 2.5 0 0.5 1 15 2 25
® x 10 t[ms] t[ms]

Fig. 7:  Change in P,- Fig. 8 Change in fast particle Fig. 9: Change in power
distribution of trapped energy content during TAE ac-  transer from ions to electrons
particles above 100 keV. tivity. during TAE activity.

the resonant regions and their overlap is not known. To isolate the effect of the redistribution
of resonant particles and how it effects the heating profiles the power transfer from ions to elec-
trons has been studied using constant mode amplitudes. Several modes significantly increases
the redistribution of fast particles towards higher P,. As P, increases the turning points of
trapped particles are displaced outwards where the electron temperature is lower. The collision
frequency, and hence the power transfer, between the high-energy ions and electrons depends
on the electron temperature and density according to v, oc n7. /2. The redistribution in P,
of trapped particles above 100 keV is shown in Fig. 7 after 2.5 ms of mode activity with both
one single mode, 3 modes and 5 modes. The change in fast particle energy content for different
number of driven modes is shown in Fig. 8 and the case with no modes is simulated to determine
noise level. As the orbits are displaced outwards by AE interactions the power transfer to the
electrons increases as shown in Fig. 9. In the simulation with one single mode it is seen that
even though the change in fast particle energy content and the redistribution in P, is small, the
effect on the power transfer from ions to electrons is noticeable. As more modes are added it is
clear that the effect on both fast particle energy content and redistribution in P, is increasing. In
Fig. 10, the sum of the fraction of resonant particles in each separate mode and the total fraction
of resonant particles is plotted. The fraction of particles resonating with more than one mode
increases as more modes are added indicating an increased overlap in phase space.

From Fig. 9 it is not possible to determine if the increased power transfer is a sum of the
contributions from each mode or if overlap between modes has a stronger effect. To study the
effect of the increased overlap caused by an increase in ICRH power the case with three driven
modes is studied. An increase in the overlapping regions can be seen in Fig. 11 where the frac-
tion of particles resonating with more than one mode increases as the ICRH power is increased.
In Fig. 12 it is shown how the power transfer from ions to electrons is altered by an increase
in ICRH power. As the ICRH power is increased the overlap increases, the redistribution takes
place over a larger region in phase space and the restoration of the distribution function is faster.
With driven modes with constant amplitude it is seen in Fig. 12 that the redistribution of the
distribution function reaches a steady state after about 3 ms and that the increased restoration
rate has a stronger effect than the increased overlap and increased redistribution.

4. Conclusions

A model allowing self-consistent studies of the effects of decorrelations by ICRH and Coulomb
collisions of ions interacting with AEs has been developed and implemented in the SELFO
code taking into account the complex structure of the resonant regions in phase space [8]. The
variation of the distribution function in phase space produces regions with destabilizing and
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stabilizing AEs. A typical intrinsic damping rate of about 1 ms is found, comparable with the
damping by resistivity and ELD, and the growth rate of the AEs. The decorrelation of fast ions
and the renewal of the distribution function by ion-cyclotron interactions have a strong effect
on the dynamics of the modes and the redistribution of resonant ions. The typical oscillation
period, which is of the order 1 ms, of the mode amplitude is seen to decrease with increasing
decorrelation by ion-cyclotron interactions, which is in agreement with experimental observa-
tions [2, 9, 10] and numerical simulations. The fast decay of the TAE-mode, which is observed
in experiments when the ICRH is turned off, is also reproduced in the simulations.

One single driven TAE with constant amplitude have a small effect on the fast particle energy
content and the redistribution in toroidal angular momentum. Several TAEs however have a
significant effect on the radial redistribution and the associated loss in power from high-energy
ions to electrons. There are three effects associated with an increased ICRH power: increase of
resonant regions in phase space; increased overlap of resonant regions; faster restoration of the
distribution function. Which of these effects is the dominant depends on where in phase space
the resonant regions are located and the distribution function within these regions.
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Analysis of the supra-thermal electrons during disruption instability in the
T-10 tokamak
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Russian Research Center ‘‘ Kurchatov Institute,’’ 123182, Moscow, Russia

Generation of electron beams with nonthermal energies (E, ~100keV) is one of the
common feature of disruption instability in tokamaks [1,2]. Resent experiments in T-10
tokamak have indicated that the beams are often characterised by narrow localisation around
magnetic surfaces with rational values of the safety factor (q=1,2). Such localisation of the
beams can be connected with strong electric fields induced due to reconnection of the
magnetic field lines during growth of the large-scale MHD perturbations (see [3]). Analysis
[4] indicated, that while density of the nonthermal electrons induced during magnetic
reconnection is two orders of magnitude smaller than the equilibrium plasma density, they can
substitute considerable fraction of the plasma current around the rational g surfaces and can
lead to growth of the runaway avalanches during major disruption. Present paper represents
analysis of spatial localisation and temporal evolution of x-ray burst connected with the
electron beams during density limit disruption and evaluate role of the primary electron
beams in intensive hard x-ray spikes in post-disruptive plasmain the T-10 tokamak. The x-ray
intensity is identified using standard S detectors array and gas detectors with orthogonal view
of the plasma column and in-vessel CdTe detectors with tangential view of the plasma column
[5].

The x-ray bursts connected with the non-thermal electrons are observed most clearly in T-
10 plasma, as well as in experiments in other tokamaks (see Ref. 1,2), during energy quench
at the density limit disruption. Typical evolution of x-ray emissivity is shown in the case in
Fig.1. Unstable plasma configuration with large-scale m=1,n=1 and m=2,n=1 modes is
formed in the case after additional gas puffing at the quasi-stationary stage of the discharge
(t>700ms). Energy quench observed at t=750.7ms (see Fig.1) is accompanied with intensive
bursts of the x-ray emission. Energy quench leads to cooling down of the bulk plasma,
increase of the total radiated power, and strong influx of impurities due to enhanced plasma-
wall interaction. This follows by considerable increase of the loop voltage and production of
beams of the runaway electrons, which eventually hit the plasma facing components (see

“secondary” x-ray bursts at t=756msin Fig.1).



Relatively small size of the bright spots observed at the initial stage of the disruption (see
t=750.7ms in Fig.1) can indicate indirectly narrow localisation of the non-thermal electrons
inside a specific area of the plasma cross section (see also [2]). The bright spots are typically
observed when maximum x-ray perturbations (associated with position of the X-point of the
m=2 magnetic island) are placed in field of view of the detectors. Appearance of the bursts at
specific angular position of the MHD perturbations can indicate indirectly connection of the
bursts with the m=2 magnetic island.

While typically observed at the initial stage of an energy quench, the x-ray bursts are also
often observed prior to the disruption. The non-thermal x-ray bursts have maximum
amplitude at the growing phase and at the top of the m=2,n=1 mode (see Fig.2). Amplitude of
x-ray intensity during a single burst can be modulated in the case with repetition rate of order
of 10-30 kHz (see [4]).

The burst are aso observed in plasma after an energy quench at the density limit
disruption. Time evolution of the plasma parameters is shown in the case in Fig. 3. Energy
guench (appeared in the case in series of two minor disruptions at t = 811.5 msand t = 824.0
ms) is followed by intensive x-ray spikes observed with the TX array (see, txray2 at t>~ 824
ms in Fig. 3). The spikes are generally observed as non-regular perturbation of the x-ray
emissivity, while sometimes oscillations with typical repetition rates of order of y~0.2 ms*, 3
ms®, and 30 — 40 ms™ can be identified in the signals (see Fig. 3). The repetition rate is close
to one of the bursts observed prior the disruption in similar plasma conditions. The spikes
represented in Fig. 3 are generally not observed with the orthogonal view x-ray array
(xcdtea2) and gas detector (xwda35). This can indicate, indirectly, that spikes can appear as a
result of forward bremsstrahlung radiation produced by nonthermal electrons “in flight”
interacting with the residual plasma. Limited observation of the x-ray radiation during the
“internal” spikes is in sharp contrast with hard x-ray bursts due to loss of the runaway
electrons onto the vessel wall observed with all x-ray detectors.

Possible connection of the x-ray bursts with the electron beams accelerated in longitudinal
equilibrium electric field can be checked in experiments with additional current ramp up just
prior adisruption at high density (see Fig. 4). Growth of the plasma current is accompanied in
the case by considerable increase of the longitudinal electric field at the outer part of the
plasma. (Loop voltage is increased from quasi-stationary value U, ~ 1.5 V upto U, ~ 16 V just
prior the energy quench and further up to U, ~ 70 V during disruption. It should be pointed out
that power supply system used in T-10 for control of plasma current is capable to provide

increase of the loop voltage even after the energy quench.) The process should be



accompanied by amplification of runaways electron beams with possible subsequent increase
of the x-ray bursts amplitude. Growth of the x-ray intensity is in fact observed during
secondary bursts after the energy quench in comparison with discharges with no current
ramp-up [seet > 822.6 ms, in Fig. 4 and t > 824 ms in Fig. 3]. However, no considerable
difference in amplitude of the x-ray perturbation prior the energy quench is observed in the
experiments (see t < 807.8 ms in Fig. 4 and t < 811.9 ms in Fig. 3). While present
experiments can not provide detailed information for qualitative comparison of the runaway
electrons acceleration in both cases, it seems that increased loop voltage during current ramp-
up (in the analysed U, - range) does not change considerably initial stage of the disruption.
Further studies of the phenomena are planned in the T-10 tokamak using in-vessel array
with adjustable field of view of the CdTe detectors.
The work is supported by Russian Fund for Basic Research (Grant 05-02-17294).
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Fig.1. Time evolution of the x-ray intensity and x-ray contour plot measured during
density limit disruption with the use of array of S detectors with orthogonal view of the
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FIG. 3. Time evolution of plasma parameters
after an energy quench during density limit
disruption in ohmically heated plasma. Here,
Ip is plasma current, U, loop voltage, P4q total
radiated  power, Te electron_ (ECFE) intensity of the x-ray radiation
temperature, Ilyxg hard Xx-ray intensity, measured using CdTe detectors
lowda35) xray intensity measured using with orthogonal (xcdteal, xcdteb?2)
XWDA gas detector. Also shown, intensity of and tangential (txray2) vi'ew of the
the x-ray radiation measured using CdTe plasma column

detectors with orthogonal (xcdtea?) and '
tangential (txray2) view of the plasma column.
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* See the Appendix of J.Pamela et al., Fusion Energy 2004 (Proc. 20th Int. Conf. Vilamoura,
2004) IAEA, Vienna (2004)
In a reactor based on the tokamak concept, it could be important to have a capability to
control the sawtooth activity. For instance, there is evidence that crashes of fast ion induced
long sawteeth can trigger neoclassical tearing modes (NTMs). In view of the strong presence
of fast alpha particles in a reactor, it is likely that they will influence the length of the
sawtooth period, i.e. induce long sawtooth free periods. Consequently it is of interest to
control the sawtooth behaviour and try to avoid long sawtooth free periods. One possibility is
to perturb the current profile near the g = 1 surface. Several methods could be used for this
purpose, e.g. Electron Cyclotron Current Drive (ECCD) and lon Cyclotron Current Drive
(ICCD). The principle behind ICCD is to use directed waves in the lon Cyclotron Range of
Frequencies (ICRF) and place a cyclotron resonance of an ion species (normally a minority
species) near the g = 1 surface. The fast resonating ions will then drive a bi-polar current,
which can increase the shear at the g = 1 surface and thereby shorten the sawtooth period.
Experiments with ICCD on JET have, for the first time, demonstrated that fast ion induced
long sawteeth can be shortened by the application of ICCD (previously only normal sawteeth
had been influenced). In order to improve the understanding of the ICCD mechanism for
sawtooth control, which could be relevant for ITER, a number of experiments were carried
out at JET. These included a scan of the concentration of resonating minority ions and a
change of the spectrum of the launched waves. Results of these experiments are presented

together with a theoretical discussion of the main features observed.
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Overview of fast ion driven MHD in NSTX

E.D. Fredrickson, D. Darrow, S. Medley, J. Menard, H. Park, L. Roquemore,
Princeton Plasma Physics Laboratory, Princeton, NJ
D. Stutman, K. Tritz, Johns Hopkins University, MD,
S. Kubota, University of California, Los Angelos, CA.
K.C. Lee, University of California, Davis, CA

A wide variety of fast ion driven instabilities are excited during neutral beam injection (NBI)
in the National Spherical Torus Experiment (NSTX) by the large ratio of fast ion velocity to
Alfvén velocity, Vis/Vaisven, together with the relatively high fast ion beta. The modes can
be divided into three categories; chirping Energetic Particle Modes (EPM) in the frequency
range 0 to 120 kHz, the Toroidal Alfvén Eigenmodes (TAE) with a frequency range of 50
kHz to 200 kHz and the Compressional and Global Alfvén Eigenmodes (CAE and GAE,
respectively) between 300 kHz and the ion cyclotron frequency. Calculated fast ion
distributions find a bump-on-tail in the perpendicular energy direction that satisfies the
Doppler-shifted ion cyclotron resonance believed to excite the CAE. The same resonance is
believed to drive the GAE, and is found to support behavior similar to “hole-clump pairs”
under special circumstances. The internal amplitude, and to a lesser extent the spatial
structure, of the TAE, CAE, GAE and EPMs has been measured with Heterodyne
reflectometry in L-mode plasmas. Soft x-ray cameras provide more detailed information on
the structure of the lower frequency EPMs. The TAE bursts have internal amplitudes of up to
fi/n = 1% and toroidal mode numbers 2 < n < 6. The EPMs are core localized, kink-like
modes similar to the fishbones in conventional aspect ratio tokamaks. Unlike the fishbones,
the EPMs can be present with q(0) > 1 and can have a toroidal mode number n > 1. The
range of the frequency chirp can be quite large and the resonance can be through the
fishbone-like precessional drift resonance, or through a bounce resonance. Fast ion driven
modes are of particular interest because of their potential to cause substantial fast ion losses.
In all regimes of NSTX NBI heated operation we see transient neutron rate drops, correlated
with bursts of TAE or fishbone-like EPMs. The CAE and GAE may also affect fast ion
confinement, but there is little direct evidence for direct fast ion losses caused by these
instabilities. The fast ion loss events are predominantly correlated with the EPMs, although
losses are also seen with bursts of multiple, large amplitude TAE. The latter is of
particular significance, because the transport of fast ions from the expected resonance overlap
in phase space will reveal a "sea of Alfvén modes" kind of physics similar to that expected in

ITER.
*This work supported by U.S. DoE  Contract DE-AC02-76CH03073.
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Perturbative versus non-perturbative modes in Spherical Tokamaks

M.P. Gryaznevich', S.E. Sharapov’, and the MAST Team’,
H.L. Berk?, S.D. Pinches®, RG.L. Vann®.

'EuratomYUKAEA Fusion Association, Culham Science Centre, Abingdon, UK
?|ngtitute for Fusion Studies, University of Texas at Austin, Austin, Texas, USA
3Max-Plank Institute for Plasmaphysics, Euratom Association, Garching, Germany

“Department of Physics, University of Warwick, Coventry,UK

The physics of highly energetic ions in tokamaks and their associated instabilities is one of
the most important issues for the fusion programme. Such instabilities are often excited by
fast super-Alfvénic ions produced by neutral beam injection in plasmas of the spherical
tokamaks START and MAST. These instabilities are seen as discrete weakly-damped toroidal
and elliptical Alfvén eigenmodes (TAEs and EAESs) with frequencies tracing in time the
Alfven scaling with the equilibrium magnetic field and density, or as energetic particle modes
(EPMs) whose frequencies sweep down in time faster than the equilibrium parameters change.
It is important to distinguish EPMs of two types: linear EPMs [1], the frequencies of which
don't start from the TAE-frequency, and non-linear EPMs [2,3], the mode frequencies of
which start from the TAE-frequency, but deviate significantly from the TAE-frequency
during non-linear mode evolution, when BGK-type non-linear modes are formed.

Recent progress in the diagnosis of AE and EPM in tokamaks, including passive and active
MHD spectroscopy, reflectometry and visualisation techniques have opened new
opportunities for the detection of Alfvén instabilities. It is now very important to be able to
classify them, in particular, to specify which modes could be potentially dangerous and
important for plasma performance and tokamak operation in present and future devices.
Perturbative modes in STs have been studied intensively recently, both theoretically and
experimentally [4]. These modes are widely used for diagnostics purposes and new
diagnostics opportunities will be discussed. In some discharges, NBI excites modes that start
from the TAE frequency range and sweep both up and down. These modes are interpreted as
‘hole-clump’ nonlinear fluctuations of the fast ion distribution function first found in [2].
Modelling of the up-down sweeping modes on MAST with the particle-following HAGIS
code [3] is discussed.

Recent progress in the modelling allows detailed investigation of non-perturbative modes,
which play an important role in plasma performance. We are now able to distinguish and
classify these modes both from their starting frequency and frequency evolution. They are
characterised by the linear sweep in frequency and may start outside the main TAE gap.
Analysis of the experimental data from MAST and START indicates that the Alfvén
instabilities weaken in both the mode amplitude and in the number of unstable modes as the
pressure of the thermal plasma increases. Interpretation of this data is given in terms of
increased thermal ion Landau damping and the high-pressure effect on TAE existence. The
effect of plasma pressure on AEs now found to play an important role on STs was considered
for conventional aspect ratio tokamaks in [5], and observed on TFTR and JET [6].

This work was funded jointly by the UK EPSRC and by the European Communities under the contract
of Association between EURATOM and UKAEA. The views and opinions expressed herein do not
necessarily reflect those of the European Commission

[1] F Zonca, L Chen, Phys. Plasmas 3 (1996) 323;

[2] H.L.Berk, B.N.Breizman, N.V.Petviashvili, Phys. Lett. A238 (1998) 408

[3] S.D.Pinches, H.L.Berk, M.P.Gryaznevich, S.E.Sharapov, PPCF 46 (2004) S47

[4] M.P.Gryaznevich and S.E.Sharapov, Nuclear Fusion 40 (2000) 907; M.P.Gryaznevich and
S.E.Sharapov, Plasma Physics Controlled Fusion 46 (2004) S15

[5] L.Chen, in Theory of Fusion Plasmas (Proc. Joint Varenna-Lausanne Int. Workshop 1988), Editrice
Compositori, Bologna (1988) 327

[6] G.Y.Fu, Phys. Plasmas, v.2 (1995) 1029; H.L.Berk et al., Phys. Plasmas, v.2 (1995) 3401;
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Discrete Compressional Alfven Eigenmode Spectrum in tokamaks

N.N. Gorelenkov, E. Fredrickson, W.W. Heidbrink”
Princeton Plasma Physics Laboratory
bUniversity of California, Irvine, California and
e-mail: ngorelen@pppl.gov

Sub-cyclotron frequency instabilities of Compressional Alfvén Eigenmodes (CAE) have
been observed in the similarity experiments on National Spherical Torus (NSTX) and DIII-D
[W.W. Heidbrink, et.al. submitted to Nuclear Fusion]. Theoretical analysis of these instabilities
predicts their localization in poloidal (at the low field side) and radial (toward the plasma edge)
directions [N.N. Gorelenkov, et.al., Nucl. Fusion, 42 977 (2002)]. In this work we apply a
numerical ideal MHD code NOVA to study CAE properties in similarity experiments on NSTX
and DIII-D. NOVA is applied using the numerical equilibrium and is able to recover main prop-
erties of these modes predicted by the theory. Among those are the discrete spectrum of CAEs,
which are characterized by three quantum numbers (M, n, s), where M, n, and s are poloidal,
toroidal, and radial mode numbers, respectively. In the example shown in the figure for DIII-D
shot #122806, we present one CAE mode structure, its magnetic field in the poloidal cross
section, and the discrete spectrum versus M, for two branches (M, 0,1/2) and (M, 0,1). For
better numerical convergence and to avoid interaction with the continuum, only n = 0 modes
were analyzed. In the analyzed case of DIII-D plasma it was found that the observed mode
frequency splitting between s and s + 1 branches is similar to the one numerically obtained.
Poloidal mode number splitting, i.e. between M and M + 1 modes, is larger by a factor of two,
which is possibly due to neglecting the Hall term. Obtained modes are used for the numerical
stability analysis with the NOVA-K kinetic code. CAE properties and their implications are
discussed.
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Figure 1. Normal to the surface component of the plasma displacement of (4,0,1/2) CAE poloidal
harmonics, m, is shown in Figure (a). Perpendicular magnetic field of CAE in the tokamak cross
section is shown in Figure (b). CAEs discrete spectrum for (M,0,1/2) and (M,0,1) modes is shown
versus the poloidal mode number. Here frequencies are normalized t0 w4 = v40/Rgedge, SO that
wa/2m = 36.64kH z.
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Gamma-Ray M easurements of Fast Alpha Particles

V. G. Kiptily and JET EFDA contributors”

Euratonm/UKAEA Fusion Association, Culham Science Centre, Abingdon, Oxon, UK
vkip@ijet.uk  Seethe Appendix of J.Pamela et al., Fusion Energy 2004 (Proc. 20th Int. Conf.
Vilamoura, 2004) | AEA, Vienna (2004)

An overview of y-ray diagnostic observations of fast a-particles and “He-ions in JET is
presented and capabilities of this diagnostics in ITER are discussed. The tak will cover the
following points: 1). An introduction to the physics of the used a-particle diagnosis, which
based on measurements of the y-ray emission from the °Be(a,ny)**C nuclear reaction. 2). A
description of the experimental equipment used for the measurements, in particularly, y-ray
spectrometers and 2-D y-cameras. 3). First measurements of y-ray spectra from nuclear
reactions between fusion-born a particles and Be impurities, which were done in JET D-
majority plasmas just after short blips of T-NBI. In the performed experiments the time
dependence of the measured spectra allowed the determination of the density evolution of
alphas, and in this way a correlation between the y-ray emission decay and plasma parameters
in different plasma scenarios was established. 4). Results of the y-ray measurements of fast
“*He and D -ions accelerated with 3°-harmonic ion-cyclotron-resonance heating of “He-beam
[2]. Gammaray images of fast “He and D-ions and evolution of the y-ray emission were
simultaneously recorded for the first time in JET experiments [3] dedicated to the
investigation of burning-like plasmas with 3.5-MeV fusion a-particles. 5). An application of
this technique for ITER. Simultaneous measurements of several fast-ion species are
paramount for the burning plasmain ITER. At least two types of fast ions are expected in the
ITER plasma 1-MeV deuterons from NBI heating and fusion a-particles. A principa
diagnostic problem in ITER will be discriminating the NBI deuterium from the fusion a-
particles. The similar measurements with 2-D y-cameras could be used in ITER, but the y-ray
detector array should be protected against severe neutron emission with special neutron filters
[4]. Simultaneous measurements of the NBI power deposition and evolution of the a-particle
density profiles are very important for optimisation of different plasma scenarios and

understanding of the a-particle confinement effects.

[1] Kiptily et al 2004 Phys. Rev. Lett. 93 115001, [2] Mantsinen et al 2002 Phys. Rev. Lett. 88 105002;
[3] Kiptily et al 2005 Nucl. Fusion 45 L21; [4] Kiptily et al 1998 Tech. Physics 43 471

Thiswork was funded jointly by the UK EPSRC and by the European Communities under the contract of
Association between EURATOM and UKAEA. The views and opinions expressed herein do not necessarily
reflect those of the European Commission. This work was carried out within the EFDA framework.
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D-Alpha Measurements of the Fast-ion Distribution Function in DIII-D’

W.W. Heidbrink (wwheidbr@uci.edu), Y. Luo,
University of California, Irvine
K.H. Burrell and the DIII-D Team
General Atomics

Hydrogenic fast-ion populations are common in toroidal magnetic fusion devices, especially in devices with
neutral beam injection. As the fast ions orbit around the device and pass through a neutral beam, some fast ions
neutralize and emit Balmer-alpha light. The intensity of this emission is weak compared to the signals from the
injected neutrals, the warm (halo) neutrals, and the cold edge neutrals but, for a favorable viewing geometry, the
emission is detectable. The intrinsic spatial resolution of the technique is ~5 cm for 40 keV/amu fast ions; the
energy resolution is ~10 keV. In DIII-D experiments, we have measured the fast-ion velocity distribution and
spatial profile under a wide variety of operating conditions. The technique is best suited for measurements of ~
40 keV/amu hydrogenic fast ions but useful information on the confinement of 1000 keV deuterium beam ions
in ITER may be obtainable.

Diagnosis of the fast-ion population is important because the fast ions are often a major
source of energy, momentum, and particles for the plasma. Moreover, the fast-ion pressure
and driven current can have a significant impact on macroscopic stability properties.
Although dilute populations of fast ions often behave classically, intense populations can
drive instabilities that redistribute or expel the fast ions from the plasma. This is often the
case in experiments in the DIII-D tokamak, where anomalous fast-ion diffusion rates of
approximately 0.5~m”/s are commonly inferred during neutral beam injection [1]. In DIII-D,
it is difficult or expensive to detect diffusion at this level using standard techniques [2].

Excited states of atomic hydrogen radiate the Lyman and Balmer series of spectral lines. The
most familiar of these are the Lyman alpha line, which is a transition from the n=2 to n=1
energy level, and the Balmer alpha line, which is the 3->2 transition. Because Lyman alpha
is in the ultraviolet, it is relatively difficult to measure but the Balmer-alpha transition emits a
visible photon, which is easily measured with standard lenses, spectrometers, and cameras.
Light from this transition is commonly called H-alpha or D-alpha.

Conceptually, the use of D-alpha light to diagnose a fast deuterium population is similar to
the diagnosis of fast helium populations using charge exchange recombination spectroscopy
[3]. Fast helium populations during *He neutral beam injection were measured on JET [4].
Alpha particles produced in deuterium-tritium reactions were measured on TFTR [5]. For
spectroscopic measurements of either fast helium ions or fast hydrogenic ions, avoiding the
bright emission from other sources is a major challenge. There are several populations of
hydrogenic neutrals in a typical tokamak plasma: cold edge neutrals, injected neutrals, and
thermal (halo) neutrals created when the injected neutrals undergo a charge-exchange
reaction. Fortunately, for a judicious choice of viewing angle, the light from fast ions is
Doppler shifted away from the bright light produced by the other neutral populations.

A paper that explains the diagnostic concept and presents the first observation of signals from
fast ions was already published [6]. This paper also discusses several possible applications of
the technique. After the first successful measurements using the existing charge-exchange
recombination (CER) diagnostic, a dedicated instrument was assembled for this application;

" Supported by U.S. DOE subcontract SC-G903402 and DE-FC02-04ER54698.
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Figure 1. Spectra measured with and without 60 MHz, 4" harmonic ion cyclotron heating.
Wavelengths that correspond to a perpendicular energy of 60 & 80 keV are marked.

an instruments paper [7] describes the design of this instrument. Data from this instrument
and from spare CER channels were obtained during the 2005 experimental campaign. A
wide variety of plasma conditions were diagnosed. Care is required to obtain fast-ion spectra
that are free from pollution by halo neutrals, impurity line radiation, bremsstrahlung, and
sudden changes in background light associated with ELMs. The data indicate that the
achieved resolution was ~10 keV for energy, at least 10~cm spatially, and ~ 5 ms temporally.
Figure 1 shows detection of fast ions that are accelerated above the injection energy (80 keV)
during ion cyclotron heating experiments. Fast-wave heating at the fourth, fifth, and sixth
harmonics accelerate fast ions above the injection energy; the profile data show that the
acceleration is greatest near the cyclotron harmonic resonance layer. Pitch-angle scattering
and slowing down of beam ions are studied by varying the injection energy, beam angle,
plasma density, and electron temperature in MHD-quiescent plasmas. Comparison with
neutral particle measurements indicate that neutral-particle diagnostics are much more
sensitive to pitch-angle scattering than the D-alpha measurements. In plasmas with
instabilities, the spatial profile is often flatter than classically predicted. The spatial profiles
in plasmas with internal transport barriers, with helical magnetic perturbations from a
nonaxisymmetric coil, and with cascade, toroidicity-induced, and compressional Alfven
eigenmode activity are also measured. The 2005 physics results will be published in papers
by Luo and Heidbrink.
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Integrated Analysis of Alfvén Eigenmode in Toroidal Plasmas
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The linear stability of Alfvén eigenmodes (AE) is numerically studied for various configura-
tions in toroidal plasmas. We use the three-dimension full wave code (TASK/WM) which solves
Maxwell’s equation with a kinetic dielectric tensor in a magnetic flux coordinates as a boundary
value problem and obtain the spatial structure of an Alfvén eigenmode with a complex eigen
frequency. The TASK/WM code is now included as a module in the integrated simulation code
system, TASK. We may employ spatial profiles predicted by the transport module or obtained
from the ITPA profile database. We may also make use of the velocity distribution function
of energetic ions computed by the three-dimensional bounce-averaged Fokker-Planck module.
The distribution function is numerically integrated to give the kinetic dielectric tensor.

We consider three cases: (1) Q = 10 standard operation on ITER, (2) advanced operation
with negative magnetic shear on ITER, (3) helical configuration on compact helical system
(CHS). In the case of ITER standard operation, the profiles of density, temperature and safety
factor are computed by the transport module with the CDBM turbulent transport model. The
dependence of the AE stability on the energy distribution function of alpha particles is examined
by varying the external heating profile. In the case of ITER advanced operation, systematic
study on the negative magnetic shear and the internal transport barrier of density is carried out.
In the case of CHS plasma, three-dimensional magnetic configuration calculated by the MHD
equilibrium code, VMEC, is employed. The linear stabilities of global, toroidal and helical AEs
are examined and the results are compared with experimental observations.

Formulation for the integro-differential analysis including the effects of finite particle orbit

size will be also discussed.
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Nonlinearly Driven Second Harmonics of Alfvén Cascades
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In recent experiments on Alcator C-Mod [1], measurements of density fluctuations with Phase Con-
trast Imaging through the plasma core show a second harmonic of the basic Alfvén Cascade (AC)
signal. The present work describes the perturbation at the second harmonic as a nonlinear sideband
produced by the Alfvén Cascade eigenmode via quadratic terms in the MHD equations.

1. Introduction

Alfvén Cascades have been observed in reversed shear operation of JT-60U [2], JET [3], and
TFTR [4], and they are interpreted theoretically as shear Alfvén eigenmodes localized around
the minimum ¢ surface [5][6], where ¢ = ¢,. The eigenmode frequency w is slightly higher
than the local maximum of the Alfvén continuum, wam,, = kjva = (m — ng.)va/Rq.. In
recent experiments on Alcator C-Mod, [1], measurements of density fluctuations with Phase
Contrast Imaging through the plasma core show a second harmonic of the fundamental AC
perturbation. The aim of the present work is to evaluate the second harmonic density pertur-
bation produced by a given AC eigenmode via nonlinear terms in the momentum balance and
continuity equations. For the sake of simplicity, the analysis will be limited to the case of a
plasma with low-pressure (G = 0) and large aspect ratio (¢ < 1), for eigenmodes with large
poloidal mode number (m > 1).

To be able to interpret the laser interferometric measurements conclusively, one has to
consider the specific laser path and estimate the nonlinearities introduced by the measurement.
These measurement-specific aspects require additional investigation, and will be addressed in
a future publication.

The second harmonic perturbation at 2w is nearly resonant with the 2m, 2n branch of the
Alfvén continuum waaum 2,,. The resulting enhancement of the second harmonic is counteracted
by the relatively weak non-linearity of the shear Alfvén wave. For shear Alfvén perturbations
in a uniform equilibrium magnetic field, the quadratic terms [47p(v - V)v and (B - V)B]
tend to cancel in the momentum balance equation . For this reason, extreme care is needed to
properly include magnetic curvature effects and to evaluate the coupling between shear Alfvén
perturbations and compressional perturbations.

2. The Structure of the Problem

The AC mode is dominated by a single poloidal component in the Fourier representation of the
perturbation. This part of the mode structure is known from linear theory (see Refs. [5] and
[6]), and is assumed to be given. The main part of the plasma displacement in an AC mode is
incompressible, which points to the need to keep track of small compressional displacements
in both linear and nonlinear calculations of the perturbed density. Coupling between different
plasma displacement components (or equivalently, plasma velocity components) is determined
by the momentum balance equation. Once all relevant perturbed velocities are derived for both
the first and second harmonics, the density perturbation can be calculated via the continuity
equation.
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Let all quantities X (which can stand for magnetic field B, velocity v, density p, etc.) be
represented as

X:X0+ZXZ+C.C., 1)
=1
where X, is the equilibrium part, and X; o< exp(—liwt) are the perturbed parts. \We assume
that X, > X; > X, for [ # 1, which prevents any nonlinear feedback from the 2w perturba-
tion to the fundamental mode at the basic frequency w.
The plasma velocity has three degrees of freedom, which can be represented by three scalar
functions &, ®, and ¥ through

) b ) 1 )
v=¢Ebyg+ — x VO + —V 0, )

where By, is the magnitude and bg the direction of the equilibrium magnetic field, and an
overhead dot denotes a partial time derivative. Through this representation, one can distinguish
between the acoustic (£), shear (P), and compressional (¥) velocity perturbations. Generally,
in a first-order perturbation analysis of a uniform plasma with straight magnetic field lines,
® corresponds to the scalar potential and W is related to the perpendicular component of the
vector potential, provided that a suitable gauge is chosen. In a curved magnetic field with
second-order perturbations taken into account, this physical interpretation of the potentials is
no longer valid; nevertheless, it is still possible to use the velocity representation of Eq. (2).
It should be pointed out that plasma pressure effects on Alfvén Cascades are limited to the
lowest frequencies of their sweeping interval [7]. The AC is virtually insensitive to plasma
pressure in the rest of its frequency interval, which allows us to treat that part in the zero-
pressure limit neglecting the plasma pressure in the perturbed momentum balance equation. It
is convenient to apply the time derivative operator to the momentum balance equation, after
which the first and second harmonic components of the momentum balance equations become

47Tp0\“/1—(v><B0) X V X [Vl XBQ] —(VXVX [Vl XB()]) XBOZO, (3)

47Tp0\../2—(VXB0)XVX[VQXBQ]—(VXVX[VQXBQ])XBQZ
= (VxBg) xVx[vi xBq]+(VxV x[vi xBy]) x By +

9 .
+§ {—47Tpo(V1 V)vi+ (By - V)By —dmp vy — §V(B1 ’ Bl)} ) (4)

where B; = V x [vi x Bg]. The right-hand side of Eq. (4) contains all quadratic terms in
v1, which represent a driving force determining the second harmonic velocity v, through the
linear operator on the left-hand side.

The vector equations (3) and (4) can each be split up into three scalar equations by applying
the three operations

by - {Eq. 30r4},

V - (bg/By x {Eq. 3 0or4}),

V- (1/By{Eq. 30or4} ). (5)
which produce the acoustic, vorticity, and compressional equations, respectively. This trans-
forms Egs. (3) and (4) into six equations, which can be written symbolically as

Eq.3) < L'*=0, (6)

Eq.(4) & L**=5°, (7)
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where the superscript « = a, v, and c indicates the acoustic, vorticity, and compressional
equations, respectively. Equations (6) and (7) can be written as sums over contributions from
the different velocity components,

L= Y L L= Y I s > oS ®)

Z'=‘:I>1,\I’17§1 i:q>27\p27£2 ivj:¢17\1117£1

For example, S§ ., represents the parallel projection (i.e., acoustic component) of the terms
on the right-hand side of Eq. (4) that are bilinear in ®; and ¥,. We do not distinguish between
different orders of the two indices i and j (e.9. S5, ¢, = S5,4,)- Equations (6) and (7) will be
examined in detail in the following Sections, and the dominating contributions to the second
harmonic density perturbation p, will be identified.

The density perturbation is related to v; and v, by the first and second harmonic compo-
nents of the continuity equation

pp = —V- (pon), (9)
pa = =V -(p1vi) =V (pova). (10)

The first term on the right-hand side of Eq. (10) is generated by the nonlinearity of the conti-
nuity equation, while the second term is generated by nonlinearities in the momentum balance
equation (4). The density p, can also be written in terms of the partial contributions from &;,
Oy, Uy, &, Oy, and Uy as

P2 = pazt puz t Pt pow, T poe + puie + pe + pa, + Pus (11)

The first six of these contributions to the density perturbation come from the first term in
Eqg. (10), and the last three contributions come from the second term.

3. First Harmonic Velocity Perturbation

The first harmonic equations are

L = L& = —4dmpw?&y = 0, (12)
Llc — L}I/C +Lclpc —
1
==V B (VV - (BoVY) + [(VF - V)By — (By - V)V x Bg) =0, (13)
0
2
1
LV =Ly =V- (“:—2%@1) + (B - V)ﬁv (B3V_F)) —V?’By-VF, =0, (14)
A 0

where F; = by/By - V. Because of the 5 = 0 assumption, Eq. (12) immediately yields
& = 0, which implies that p2 = pu,e, = pae, = 0. Furthermore, Eq. (13) can be used
together with (B, - V) ~ k| ~ 1/(Rq), to obtain the estimate

—— P, (15)
q

which yields
m® po o, L po oo

Pcbl\mf\“mgg 1 pW%NRTffg 1- (16)
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Let us now review the eigenmode analysis for Alfvén Cascades to establish the radial
profile ®, of the shear perturbation ®; = &, (r)e'"»=m0=1) where d®,/dr ~ m/r. The
eigenmode equation for &, (r) follows from Eqg. (14) and takes the form

1d di)l m2~
——\|\rD— ) — —=®: D=0 17
rdr <T dr ) rz ot ’ (17

where D = w?/va — léﬁ, and a bar denotes a flux surface average.

Equation (17) is oversimplified because it does not include the hot ion contribution and
higher-order toroidal corrections. The reason why these additional terms are essential is that
they shift the eigenmode from the Alfvén continuum. In what follows, we add these terms to
Eqg. (17), taking their explicit form from Ref. [6]. We also introduce a normalized coordinate
z = (r — ro)m/ro and Taylor expand k; around the zero shear point » = r, where the AC is
located. After these steps, we find the amended Eq. (17) to be
%(S + $2)% — (S + $2)(I)1 + Q1q>1 = O, (18)

where

2(w — wa)wa mq,  R2¢?

S

(19)

2 201 )
Ua riq, T — NGy

and the coefficient (), describes the effects of hot ions and toroidicity in the same way as in
Ref. [6], i.e.,

2 P2 = !
_ — 2 Q*R qx @ _t dphot 27716*(6* + QA*)
Q1 = CQnot + Qror = WA@%(m — nq*) r2q7 (WA ( o dr )T:T* + = 4(m — qu*)z .

(20)
In this expression, ppe IS the hot ion density and A is the Shafranov shift. As shown in
Refs. [5] and [6], @ has to be greater than 1/4 for an eigenmode to exist. By introducing a
new unknown function G (z) = ®;(z)v/S + 22, and using a variational approach with the
ansatz G; = Aexp(—2?/(2a?)), we obtain for Q; = 1 the following approximate solution:
a = 1.247 and S = 0.0983. This result agrees with the lowest order radial eigenmode found
in Ref. [5].
Now we are in a position to estimate the ®; contribution to p, through the quadratic non-
linearity in the continuity equation,

b b m?
Pz = ({ﬁ; X V@l] -v) [pOch : (v X gi)] ~ @g—%qﬁ. (21)
The estimates in Egs. (16) and (21) show that pg2 > py2, pe,v, -
4. Second Harmonic Velocity Perturbation
The acoustic equation Lz = S2, 4+ 5§, has the form
2w)? 1 V- (ByVVY
(v2) & = 552 (bo - V) [B3VFE, -VF|] —bg - (Vl$ x VF). (22)
A 0 0

The low [ assumption does not allow us to discard &, immediately (as we did with &;), since
second harmonic parallel velocity perturbations can arise from the nonlinear ponderomotive
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force (not associated with plasma pressure). Straightforward estimates of the two terms on the
right-hand side of Eq. (22) give

m? @2 m?®  po
~ TQRQFg = Pey ™~ T2R2q2§02q)1
These estimates show that &, can safely be neglected in calculating the perturbed density.

The second harmonic compressional Alfvén wave equation reduces to L + L3 = S, +

1
S%,w,- 1T we make an assumption that L3’ ~ L% we find Wy, ~ €?/(m?q*)®, (which is
similar to what follows from Eq. (13)), and the resulting density perturbation is relatively
small (py, < ps,). Alternatively, we can estimate W, by assuming that L3 = S;% + 5%, v,
or equivalently,

& < poz. (23)

V- (ByVT)

1 1
0

X qu)l) . (24)

The nonlinear terms on the right-hand side of this equation can be estimated as Sg, + 5§ ¢, ~
1
m*/(r*R?q*)®2, so that

% m2 ;00 @2 2
BOR2q2 = Poy ™~ TQRQ(]QB_S 1 < p‘i’% ( 5)
Based on the above estimates, we neglect the W, contribution to the perturbed density. As a
result, Eq. (11) for the second harmonic density perturbation simplifies to ps = ps, + pge.

In order to calculate pg,, We need to determine ®, from the second harmonic vorticity
equation L% = SV. When dealing with the source term Sy2, We must pay special attention to

1
the cancellation of the —47mpy (v, - V)vy and (B, - V)B; terms in a homogeneous plasma with
straight magnetic field lines. The resulting second-harmonic vorticity equation has the form

F 2
24 <7~D@> — 16, =
r

\IIQN

rdr dr

~ 2 ~ ~ ~ _ ~
m dD dq)l m2 =~ d@l d2q)1 =~ d3<I>1 - d2k3|| dq)2
= R g2 ) p (T G Byl ekt
rBy | dr ( dr ) r2 ! + < dr dr? Ydr3 Varz ar |

(26)

where &, = &, (r)e2ine—m0—wh=in/2 n deriving Eq. (26), flux surface averaging has been
performed to eliminate the poloidal sidebands in SV that are proportional to sin @ or cos#.
These off-resonant sidebands produce only a small 2m =+ 1 correction to the dominant second
harmonic response.

Taylor expanding the coefficients in Eq. (26) around the zero shear point » = r, enables us
to transform Eq. (26) to

d dd . N
(S + xQ)d—; —16(S + 22)Dy + 4Q,D, =
ar\* ., o (AT T 3T\ = d(T?)

where T'(z) = m®,/(r.\/By), S is the eigenvalue of the AC eigenmode equation (18), and
the effects of hot ions and toroidicity have been added through the parameter @)s.
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To illustrate the second harmonic response, we choose a special case in which Qnee >
Qror- This assumption makes  independent of the mode numbers and, consequently, we have
@1 = Q> = Q. Fig. 1 shows numerical solutions to Eq. (27) in the above limit for two
different values of (. It is essential that the values of the constant S in Eq. (27) are different
from the eigenvalues of the linear operator on the left-hand side for both values of (), insuring
uniqueness of the solutions. These solutions give ®, ~ T2 ~ m?®?/(r>By) when Q ~ 0.65 .
They also indicate that ®, decreases with increasing Q).

Figure 1: Solution to Eq. (27) for @ = 0.65, S = 0.011 (left) and @ = 1, S = 0.10 (right). Note
that the amplitude of ¢, decreases with increasing @, and that ¥, (z) isan odd function of x whereas
¢, (x) isan even function of x.

5. Second Harmonic Density Perturbation

The second harmonic density perturbation generated by &, can be estimated as

3 2

po, = —pV Dy - <v X %‘;) _ (%‘; x V@Q) Vo ~ <% + (1npo)') %%, (28)
which shows that pg, is larger than pg: in Eqg. (21) by a factor m >> 1. However, the resonant
enhancement becomes less efficient when () increases because of the increasing frequency
shift Aw away from the Alfvén continuum and the concomitant widening of the first harmonic
radial profile. It is evident from the numerical solution shown in Fig. 1 that the amplitude of
®, decreases with increasing Q. For Q = 1, the amplitude of ®, is already lower than 72
by roughly a factor of 3. For larger values of () this numerical factor may exceed the mode
number m, making pg2 comparable to or greater than pg, for high .

To compare p, with p; we need an estimate for the first harmonic density perturbation,
which can be obtained from Eqg. (9),

by by 1 7\ mpo®Py
— q) . - _ - (b . ~ — 1 — . 2
P1 pV 1 (VX BO) (BO x V 1) Vp <R+(Dp0)) r By ( 9)

For moderately large values of @, the ratio ps/p; is approximately of order

P2 pe,  m*P  mg|Bg|

— 30
P1 P1 72 By e By (30)

This rough estimate only refers to the maximum values of p; and p,, whereas locally the ratio
of ps to p; can differ significantly from Eq. (30) as these two quantities have different radial
and poloidal dependences.
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6. Summary

The main results of this work are: (1) that the shear Alfvén perturbation is the dominant
contributor to the second harmonic density fluctuations produced by Alfvén cascades, and (2)
that one can calculate the second harmonic density perturbation from Egs. (21) and (28) by first
solving Eq. (27), in which the radial profile of the AC eigenmode is known from Eq. (18). For
moderate values of (), the nonlinearity of the momentum balance equation is more important
than the nonlinearity of the continuity equation and the resulting second harmonic density is
given by Eqg. (28).

This analysis, together with experimental measurements, can potentially be used to de-
termine the AC amplitude at the mode center, rather than just at the edge as with magnetic
probes.
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High frequency magnetohydrodynamic (MHD) activity in tokamak plasmas may be
driven by energetic ion populations. The time evolution of this MHD behaviour, no-
tably frequency sweeping, provides insights into the changing properties of both the
energetic particle population and the ambient plasma. To extract this information, it
is necessary to model the self-consistent nonlinear interaction of the energetic parti-
cles with the MHD modes, incorporating energetic particle resonance and background
damping; this is done by applying a fully nonlinear self-consistent numerical implemen-
tation [2] of the Berk-Breizman augmentation of the Vlasov-Maxwell system (hereafter
“VM(BB)”). Perturbative frequency sweeping observations [3,4] have already been suc-
cessfully modelled using the VM (BB) system. In this paper we report new results on
modelling nonperturbative frequency sweeping.

110

1

Frequency (kHz)
Frequency (wp)

90
T

Q0.5

80

. . . . . . I I . I
40 42 44 46 48 50 4000 6000 8000

Time (ms) Time (wpfw)
Figure 1: MAST shot 11005 Figure 2: VM(BB) simulation

Plasma waves driven by energetic particles are said to be nonperturbative if their disper-
sion properties are modified significantly by the energetic particle population [1]. Figure
1 shows data from the Mega-Amp Spherical Tokamak that is believed to reflect this
effect. In this paper we present self-consistent nonlinear modelling of nonperturbative
frequency sweeping using VM (BB) (Fig. 2). In both Fig. 1 and Fig. 2 we note that: the
sweeping rate is approximately constant until it begins to die; modes are born at different
frequencies; the sweeping is predominantly in one direction only. The nonperturbative
frequency sweeping shown in Fig. 2 occurs for fixed model parameters, suggesting that
Fig. 1 need not imply evolving plasma properties. In this respect it resembles recent
modelling [4] of perturbative frequency sweeping.
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1 Abstract

The ability to predict the stability of fast-particle-driven Alfvén eigenmodes in burning
fusion plasmas requires a detailed understanding of the dissipative mechanisms that damp
these modes. In order to address this question, the linear gyro-kinetic, electromagnetic
code L1GKA [1] is employed to investigate their behaviour in realistic tokamak geometry.
LickA is based on an eigenvalue formulation and self-consistently calculates the coupling
of large-scale MHD modes to gyro-radius scale length kinetic Alfvén waves. It uses the
drift-kinetic HAGIS code [2],[3] to accurately describe the unperturbed particle orbits in
general geometry. In addition, a newly developed antenna-like version of LIGKA allows for
a frequency scan, analogous to an external antenna.

With these tools the properties of the kinetically modified TAE in or near the gap (KTAE,
radiative damping or ‘tunnelling’ ) and its coupling to the continuum close to the edge
are numerically analysed. The results are compared with previous calculations based on
fluid and other gyro-kinetic models. Also first linear calculations on cascade modes are
presented.

2 Introduction

The stability properties of the toroidal Alfvén eigenmode (TAE) [4],[5] in magnetically
confined fusion plasmas are of great interest because TAEs can be driven unstable by
fusion-born a-particles with dangerous consequences for the overall plasma stability and
confinement [6]. In order to make predictions for an ignited plasma like ITER, the back-
ground damping mechanisms of TAEs have to be investigated carefully. These mechanisms
are electron and ion Landau damping, continuum damping, collisional damping and ra-
diative damping. The latter mechanism requires a non-perturbative description, since the
MHD properties of the mode structure are modified by coupling to the kinetic Alfvén wave
(KAW) [7].

In this paper numerical calculations on the kinetic properties, especially damping rates of
TAEs and KTAEs using the gyro-kinetic, linear eigenvalue code LIGKA [1] are carried out.
LI1GKA covers all the damping mechanisms mentioned above, except collisional damping,
which is assumed to be small compared to the other types of damping.

The underlying equations of LIGKA can be simplified to the ‘reduced kinetic model” as used
in [8] and [9] proofing their validity in the regime under investigation.
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3 Basics, Equations and Numerical Model

The inclusion of non-ideal effects, namely parallel electric fields and finite ion gyro-radii,
leads to significant changes of the TAE modes and generates a new set of modes, the kinetic
TAEs (KTAEs) and a new type of damping, called radiative damping or ‘tunnelling’ [7, 8].
They are quantified by the non-ideal parameter

dmsp; 3 T,
A= ——— — 1
Ty €3/2 4+ T; (1)

with 9; = vpi/we; being the ion gyro-radius, vy, = (/T /m the particles’ thermal velocity,
w, the cyclotron frequency and é3/2 = 5r,, /2R.
In the framework of the ‘reduced kinetic model’, the following basic equation is found as
the relevant one for non-ideal shear Alfvén modes:

4 8A|| 3 w 8A||

W_ 25’@25 2” oA 9

It is derived from the vorticity equation with finite Larmor radius (FLR) corrections and
Ohm’s law as given in Ref. [10, 11]. Here, ¢ is the electrostatic potential, A b the magnetic
vector potential, r the radial coordinate and s the coordinate along the field line. ¢, is the
skin depth §, = c*¢p/wo with o being the parallel complex electrical conductivity, which
was chosen to be o/ey = iwy, /(W + ivess — kfvf,. /w). wpe and vefy are the electron plasma
frequency and the effective electron collision frequency respectively.

Near the singular layer of the ideal MHD equation (left hand side of Eq. 2), the right hand
side becomes most important and it can be simplified by the substitutions iwAj/c — 0¢/0s,
0/0s — ik = Z(n — m/q(r))/R w? /Wi = 0% =02 =1/4¢% to yield a coupled system of
fourth-order differential equations with the right hand side reducing to

[ou0)
- 2 QQ m 3
TLTm 87“4 ( )
with 2
3 3 T Veff
= 1 1 . 4
o= Sa v =S Flie o o] (@)

The underlying equations of LiGKA (derived in [12, 13]) consist of the quasi-neutrality
equation

Ny 3eaVZ, N
Z [/dQVJOfa VJ_ OV¢¢( ) + ind)(x)} =0 (5)
and the gyro-kinetic moment equation:
d e V x B VxVxA) B
— Q—VLBQVLQb-FVAHXb V( )+(B-V)( Iz )
¢ 3030y D6(X)
_ . J ad3 th,a x4
Ze /Vd Vof V+ — AO 492 Vl ot +
4reinggvd, . 2T€4 N0V, o
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Here, Y, indicates the sum over different particle species with the perturbed distribution
function f,, mass m,, charge e,, unperturbed density n,g, thermal velocity vy, o = /Tu/ma
and cyclotron frequency €2,. In the same simple limit as described above, carrying out the
velocity space integrals and using A = ¢(V1)) /iw, these equations can be reduced to:

¢ = =71 Vi (7)
and ) 5 .
il Bl v B
VJ_ /0124 VJ_¢ + as 1 as 0 (8)

leading, by elimination of ¢, to exactly the same fourth order equation as given above in
equations (2) and (3). It should be noted however, that 7.7 is not the same as rpp: the
physics connected with parallel electric fields and collisions (Landau damping, finite banana
orbit effects) would appear on the left hand side of Eq. (7) resp. right hand side of Eq. (8)
originating from the exact kinetic integrals over the velocity space.

The basic version of LIGKA [1] solves equations (5), (6) and the linear gyro-kinetic equa-
tion for the perturbed distribution function f up to 2nd order in k, g;. Straight field line
coordinates for the background quantities given by the equilibrium code HELENA [14] are
chosen. LIGKA has been extended to calculate correctly the residual part of the Landau-
type integrals for the case of negative growth rates, i.e. damped modes. It uses a rational
interpolation scheme for the resonance denominator which allows for accurate and fast eval-
uation of the pole contributions without employing derivatives. Grid refinement techniques
are also applied for the velocity space integration. When examining the rich spectrum
around a gap, many closely spaced modes are expected. Using a Nyquist solver is cumber-
some under these conditions because many poles require a high number of sample points
along the integration contour. Thus an antenna-like version of LIGKA was developed: A
drive vector is added to the right hand side of the homogeneous equation:

M<w>(jj)=d )

where d is only nonzero for the last finite element at the plasma edge, prescribing a small
perturbation from the outside. The eigenfunctions are found by inverting M (w) resulting
in:

1 ¢ ) = Mw) g, (10)
(G
and the plasma response is ‘measured’ by an integral over the eigenfunction:
R=3 [ 6uoydr (11)
— Jo

4 Benchmarks and Results on TAEs

In this section benchmarks for the three main damping mechanisms are given:
Fig. 1 shows a benchmark with the drift kinetic perturbative CAs3D-k [15] in the Toka-
mak limit. Based on a real JET equilibrium case (#42979, [16]) the isotope mass of the
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Figure 1: Damping rates for a TAE in an open gap dependent on the background isotope
mass

background plasma is varied, resulting in a decreasing damping rate as the isotope mass
increases. Without all the gyro-kinetic contributions, electron Landau damping is the most
important damping mechanism. Agreement within a factor of 2 between the analytical
calculation [17], CAS3D-K and LIGKA in the drift kinetic limit is found. However, the dif-
ferences between CAS3D-K and LIGKA can be attributed to additional Ej-effects included
in LIGKA that cannot be turned off easily.

For the radiative damping, a benchmark with a code based on the reduced kinetic model[9]
was carried out. For a circular equilibrium based on JET shot #38573@5.0s(details in Ref.
9] ) the temperature and thus also the gyro-radius of the background ions is varied: with
growing gyro-radius the non-ideal parameter A grows, resulting in an increasing damping
rate. Fig. 2 shows very good agreement between the two codes. The remaining differences
may be attributed to collisional damping effects that are missing in LIGKA, but are taken
into account in G. Fu’s code.
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X 0.5
— 0. 45
o 0.4
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Figure 2: Dependence of the radiative damping on the gyro-radius

Figs. 3 and 4 show how the KAW "tunnels’ on top of the TAE mode: for a small gyro-radius
no change in the global TAE mode structure can be seen whereas for the case corresponding
to the experimental values (Fig. 3, middle) and a slightly larger gyro-radius (left) changes

4
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Figure 3: Eigenfunction for kinetic TAE for g, = Imm (left), o; = 3mm (middle) and
0; = 5.5mm (right)

in the eigenfunction can be seen. This fact confirms that a non-perturbative treatment is
necessary.

The third damping mechanism, the continuum damping can be explored when the TAE
gap is closed at the edge due to a small, near-zero edge density. In this case an additional
KAW is excited at the modes’ intersection with the Alfvén continuum as can be seen on
the right in Fig. 4 at the radial position s = 0.97. The damping rate (LIGKA) increases to
from 0.10% to 0.69%. This is relatively close to Fu’s result 0.5%. Thus continuum damping
at the edge is found to be the dominant damping mechanism for TAEs in a closed gap.
The calculated damping rates for an open gap are typically about a factor of 10 too small
compared to experimental measurement [18][19] and other gyro-kinetic calculations [18] by
PENN, [21] where mode conversion in the plasma centre was found to be the dominant
damping mechanism. LIGKA finds only negligible mode conversion in the centre. However,
in the closed gap case LIGKA’s results become comparable to the experimental value.
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Figure 4: Density profiles for an open and closed gap case (left) and the eigenfunction for
the kinetic TAE for a closed gap with g; = 3mm (right)
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Figure 5: gp,j-dependence of the cascade mode frequency (left) and its distance to the
Alfvén continuum (right)
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Figure 6: Dependence of the cascade mode frequency on the pressure gradient (left) and
corresponding eigenfunctions (right)

5 Cascade Modes

In plasmas with a reversed g¢-profile global shear Alfvén modes can exist because of the
lack of continuum damping near the flat shear region. There have been many experimental
observations [22],[23] and also analytical analysis [24], [25]. In the latter references con-
ditions on the existence of the mode dependent on the g-profile and mode numbers and
the hot particle drive have been derived. For a shifted circle equilibrium part of these re-
sults are reproduced with LIGKA: using a parabolic ¢g-profile with ¢ = gy + 0.5¢" (s — 0.5)?
and ‘sweeping’ ¢ i from m/n = 2/1 to m — 0.5/n, the mode is shifted away form the
continuum [25] as shown in Fig. 5 It is also of interest how finite- §-effects modify these
criteria. Numerical calculations with NOVA-K [26], CASTOR or also LIGKA in similar ge-
ometry based on numerical equilibria found that increasing the pressure gradient helps the
mode to exist. A version of LIGKA for analytical equilibria in shifted circle flux geometry
also confirms the numerical calculations (Fig 6). Analytical work is in progress to explain
these results.

Also the non-ideal effects as continuum damping and radiative damping will be investigated.
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Abstract

In many tokamaks and helical devices, Alfvén eigenmodes (AEs) driven by energetic ions are
intensively studied because of the importance in a fusion reactor. In particular, much attention is
paid to the damping rates of AEs. In order to evaluate the damping rate of AEs, AE spectroscopy
system was constructed in the CHS. In the system, alternating currents are induced along the
magnetic field line using two inserted electrodes. This system was applied to low temperature
plasmas produced with 2.45GHz microwaves, for a basic study of damping mechanisms of AEs.
The damping rate and AE frequency were derived from an analysis of frequency dependence
of a transfer function measured by this system. In low temperature plasma produced at very
low toroidal field By < 0.1T, fairly large damping rates of about 5 ~ 20% were obtained. The
AE spectroscopy experiments in low temperature plasmas were carried also for helium and neon
gasses by changing electron density and By, to study characteristics of the damping rates in the
wide range of the ratio of electron thermal velocity to the Alfvén one.

1. Introduction

In a future fusion reactor, energetic alpha particles could destabilize Alfvén eigenmodes
(AEs) and in turn AEs would enhance a loss of alpha particles and lead to quench of
DT ignition. The stability of energetic-ion driven AEs is determined through competition
between the energetic ion drive and various damping mechanisms, such as ion and electron
Landau damping, radiative, continuum and collisional damping and so on. These damping
mechanisms have been theoretically investigated and several models have been suggested.
However, it is difficult to experimentally confirm these models, because the damping
rate of AE cannot be estimated in a plasma with fast ions. To obtain pure damping
rates of AEs experimentally, it is necessary that stable AEs are excited using external
perturbations, and plasma response as transfer function, which includes eigen-frequency
and damping rate, are measured, that is the so-called ‘Alfvén Eigenmodes Spectroscopy’.
This experimental method was applied for the first time to a JET using saddle coils [1].
In helical device, we constructed AE spectroscopy system in the Compact Helical System
(CHS), and then, carried out experiments in a low temperature plasma produced with
2.45GHz microwaves [2]|. In our system, external magnetic perturbations can be generated
by two electrodes inserted into a plasma. Furthermore, magnetic probe array was also
inserted into a plasma to obtain a radial profile of transfer function. Since the plasma
produced with 2.45GHz microwaves has very low electron and ion beta, that is 4, < 1,
B < 1, neither electron nor ion Landau damping of background plasma can be effective.
Besides, collisional damping with neutrals is also negligibly small because of highly ionized

plasma. Therfore, continuum and radiative damping are expected to be dominant in this
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type of plasma. In this paper, we will report the experimental results and compare them
with theoretical results.

2. Experimental Setup

Alfvén eigenmodes spectroscopy system was constructed in the CHS with poloidal and
toroidal field period numbers [ = 2 and N = 8, of which major and averaged minor radii
are R ~ 1m and (a) ~ 0.2m, respectively [3]. The magnetic configuration of a low beta
plasma is determined mostly by external coils (helical and vertical coils), so that the safety
factor ¢ profile is well known. This is one of advantages for Alfvén eigenmodes study. In
CHS, external coils make a strong magnetic shear |s| > 1 at the plasma edge compared
with a tokamak device, s (= (r/q)dgq/dr), where g is the safety factor and r is the minor
radius. Strong continuum damping is expected in CHS plasmas.

The schematic drawing of the newly

Plasma

developed AE spectroscopy in CHS is Electrode

shown in Fig.1. This system is com-

. Current
posed of two insertable electrodes that E{)‘(‘,’v‘iﬁf p— Coaxial Cable  Monitor
are arranged apart from 180 degrees (Hss‘ifféh) ez Voltage _|y
in the toroidal direction to specify the Monitor
toroidal mode number, that is, even — junction @—GH.QNET“OO —  Vacuum
mode such as n = 2. An oscillatory Ethernet
voltage in the range of 1 ~ 300kHz is R‘S“ﬁ [ PC in Control Room |

applied between each electrode and the
Fig. 1: Schematic drawing of AE spectroscopy sys-

tem in CHS. An oscillatory voltage is applied be-
tween each electrode and the vacuum vessel wall

vacuum vessel wall, the oscillatory cur-
rent is induced along a specified mag-
netic field line as an electron or ion sat-
uration current, depending on the polarity of the applied voltage. That is, each electrode
acts as a single Langmuir probe. The peak voltage applied to each electrode is £75V,
and the electron saturation current reaches in the order of 1 ~ 4 A. The electrode has
a metallic plate of 30 mm x 10 mm size perpendicular to the magnetic field line. One
side of the metallic plate is insulated with a block of boron-nitride to specify the path of
oscillatory current in the one toroidal direction. The most significant point of this system
is that magnetic perturbations induced by the oscillatory current are perpendicular to
the equilibrium magnetic field, and would generate shear Alfvén waves very effectively.
Moreover, these electrodes can be inserted into a plasma core region up to the normal-
ized radial position p (= r/(a)) ~ 0.7. In addition, detailed internal information of AE
fluctuations can easily be obtained by insertion of a magnetic probe array and Langmuir

probes.
3. Experimental Results
3.1 Experiment in Low-$ Plasma

We have carried out AE experiments in a very low-3 plasma produced with 2.45GHz

microwaves at very low toroidal field By < 0.1 T. The line averaged electron density
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and electron temperature at the plasma edge are in the range of . ~ 3 x 10" m~3

and T, < 10eV, as shown in Fig.2(b). These are measured by 2mm interferometer and
Langmuir probe, respectively.
To investigate the dependence of

ECR8701

the AE frequency on Alfvén veloc- = OFa T ' ' '

ity va, the line averaged electron den- 2 2f ’—/,____.___/U‘A’wv1
"]

sity n. was stepped up three times in 43 ' ' : :

() Langmuir Probe 1p=10) —3»

hot by the step- f mi
one shot by the step-up of microwave -

N
S
[ASPL

. 2mm Innlzrferomctcr 0

T

power. In this experiment, the elec-

trodes were inserted inside beyond
the last closed flux surface (LCFS)

53
=3
=1

Fex[kHz] n,[1016m-3]
—]

. . 0

up to p ~ 0.7 in a low density and = 10FG
low temperature helium plasma. In >; o
this plasma an oscillatory voltage is 100

. . = 0
applied in the frequency range 1 ~ ER!
300 kHz between each electrode and -4t Electron Saturation Current .

i 0 100 200 300 400 500

the vacuum vessel wall, since the ex- Time[ms]

pected TAE gap frequency is in the

range of 50 kHz to 300 kHz. The os- Fig. 2: Typz’cql discharge waveform in the AE spec-
troscopy experiment. (a) Input microwave power, (b)

' electron temperature and density, (c) excitation fre-
tron saturation current as expected, gyency, (d) voltage and (e) current of electrode.

as shown in Fig.2(e). This current is

cillatory current is dominantly elec-

stepping up with increasing the electron density.
3.2 Transfer Function

We measured the radial pro-

&
=3

l:angmujr Probe Lp= ]I.()) —}

<

file of magnetic perturbations using

(53
>
T

magnetic probe array inserted into

) 2mm Intgrfcromclcr 0
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i

plasma. Therefore, plasma response

[
>
>

with respect to the externally ap-

Fex[kHz] n.[1016m-3]
—3

)

plied field can be obtained as complex

—

1.5(1.5)

function of excitation frequency fex

Channel

and radial position r. Now, plasma

response is deduced as a transfer
6

Channel
[(sV)/LI(sqV) wyay

function,
bg(f o) 7«) E
Go(fex,) = - [T/(A - s)], E
I Elec (f ex) o -1.5(0.0)
. 0 100 200 300 400 500
where by is the poloidal component Time[ms]

of magnetic probe signal and Ige. i8
& p & Blec Fig. 3: Real part, imaginary part and absolute value of

a transfer function with electron temperature, density
real part Re[Gy] and imaginary one and excitation frequency. Electrode position (red dash)
Im[Gy] and the absolute value |Gy| and resonance position (white dash) are also shown.

the electrode current. In Fig. 3, the
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are shown. Note that channel 1 ~ 12 are corresponding to r/a = 0.15 ~ 0.75. When the
excitation frequency f.x is swept around 100 kHz, the transfer function Gy(fex, ) at ch.7

(r/a ~ 0.5) would exhibit a character of resonance behavior related to frag.
3.3 Eigenfunction

In order to determine the location of the

e e
Electrode Position

excited mode, eigen-function was roughly delPositio
estimated from ideal MHD equations. The 400
magnetic perturbation vector b will be re-
lated to the plasma displacement vector
£ through b = V x (£ x By), where By
is the vector of the equilibrium magnetic
field.

sumed for simplicity, the radial displace-

If a cylindrical configuration is as-

Re

Eigen-Function[a.u.]
[—)

-400
ment &, is evaluated as

0.0 02 0.4 0.6 08 10 1.2

1 T
- ———— [ be(r")dr’
& (r) Bg(?“)/o o(r')dr r/a
1 T
X Bo(r) GG(T/)dT ) Fig. 4: Roughly estimated eigen-function at the
0

Integration of real part and imagi-
nary part of the transfer function.

resonance.
where By is the poloidal magnetic field. In
this calculation, the magnitude and phase
of Gy are taken into account. The spatial integration of Gy is shown in Fig.4. This
indicates that the eigenmode has a peak in the radial location of p ~ 0.4 — 0.6.

3.4 Eigen-frequency and Damping Rate

In a low-g plasma without fast ions, the

effective damping rate Yeg (= va4 — 7¢) is 65— O He ° -
equivalent to the damping rate 4 because - F % e %{? 3
the fast ion drive 7 is zero. Therefore, the '; 4;‘ ch '
damping can be derived from the shape of Z f 8 o E
the transfer function |Gy| at frequency fops 2— 09 E
where the absolute value of Gy has a res- 0_|§—
onance peak. That is, 75 /wo o< Af/ fops, §100

where Af is the full width at the half max- % b % Vo oo ]
imum of the resonance peak and wy = £ e

27 fons- Plasma parameters related to the § 10100200300
Alfvén velocity, that is, the toroidal field fobs[kHz]

By, the electron density n, and the mass of
Fig. 5: Dependence of observed resonance fre-

quency on va and damping rate of excited
modes.

the fuel ion A; are varied in order to con-
firm that this resonance is related to AEs.
Dependence of the observed resonance fre-
quency fops on v and the estimated damping of excited modes are shown in Fig. 5. This
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figure clearly indicates that the resonance is related to AEs and the damping is fairly

large up to ~ 20%.
3.5 Discussion

As mentioned above, electron and ion Lan-
dau damping of background plasma are neg-
ligibly small in the present plasma condition.
Besides, collisional damping with neutrals is
also negligible because the ionization degree is
not fairly low [5]. Since CHS has a large mag-
netic shear near the plasma edge, continuum
damping, which occurs as the resonant power
absorption at the intersection of the eigenfre-
quency with a shear Alfvén continuum, is ex-
pected to be large. Here, the profiles of rota-
tional transform = 1/¢ and magnetic shear s
in CHS are shown in Fig. 6(a). The magnetic
shear is high, that is, |s| > 1 in the region of

F =

S E . &
LHERE :
= E ; =
2 & 0.5E »n
&= F =
M &

-

Continuum
Damping[ %]

0 0.2 0.4 0.6 0.8 1.0
r/a

Fig. 6: Profile of (a) rotational transform
(= 1/q), magnetic shear and (b) continuum
damping rate calculated from Ref.[4].

p > 0.7. The continuum damping is estimated by the equation in Ref.[4], as shown in
Fig.6(b). As shown in Fig.4, the eigenfunction estimated from the experimental data
seems to be broadened and then interact with Alfvén continuum near the edge. This

eigenmode would suffer from large continuum.

Another important damping mechanism is
radiative damping in this experimental con-
dition. Radiative damping takes place within
the gap region through mode coupling be-
tween AE and kinetic Alfvén wave (KAW) un-
der v, > va, where v, is the electron thermal
velocity. KAW transfers the wave energy of
AE to the plasma core region from the gap
region[6, 7]. Note that the radiative damp-
ing is effective under k,p; > 1, where k;
and ps are the wave number perpendicular to
the magnetic field and the ion Larmor radius
evaluated with the electron temperature. It
expected that the radiative damping can be
effective with the increase in ps. Here, a de-
pendence of the estimated damping rate on

30 ——r T
O He ]

O H :

’:‘ Z Ne 1
S 20 .
& Continuum ]
é Damp.
éﬂ .
3 10 -
= Continuum + J
S Radiative .:

Damp.
A

0 A3 a2 3 A5 3 s aaasl
0.1 1 10
Ve/VA

Fig. 7: The estimated damping rate versus
the ratio between electron thermal ve and
Alfvén velocity vp.

the ratio between electron thermal v, and Alfvén velocity va is shown in Fig. 7. As shown

in Fig. 7, the damping rates become larger in the range of v, > v,. It is qualitatively con-
sistent with the radiative damping. The radiative damping is estimated by the equation
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sl ()

In the rang of v, ~ va, ps and the radiative damping is about lcm and 5 ~ 20%,

in Ref.[6], that is,

respectively.

In addition, other damping mechanisms are still possible candidates. This plasma is
more resistive compare with those of large tokamaks. Alfvén wave can be damped by the
resistivity having a functional dependence of T3, However, the damping rates would be
very large and the mode becomes purely damped wave without an oscillatory character, if
resistive damping is dominant. At the moment, it is thought that continuum and radiative
damping are dominant in this plasma condition.

4. Summary

In conclusion, AE spectroscopy using electrodes was successfully carried out in a low
temperature plasma produced by 2.45GHz ECH on CHS. In this experiment, the eigen-
frequency and damping rate of AEs were successfully derived from the resonant character
of the transfer function Gy. Transfer functions show that the eigenmode which agrees
well with AE gap frequency is located around r/a ~ 0.5. The derived damping rate of
~ (5—20)% is thought to be dominated by continuum damping. Moreover, in the regime
of va < v, the damping rates are enhanced. Radiative damping may be responsible for
the enhanced damping.

Application of this newly developed electrode technique to a low temperature and low
density plasma will make the detailed investigation of the excitation and damping of AEs
easier in three-dimensional magnetic configuration such as various types of stellarators or
helical devices.
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Abstract

The influence of fast particles on TAE modes in stellarators is investigated in
the framework of a kinetic MHD approach. The theoretical model couples ideal
MHD with a drift kinetic equation allowing the perturbative calculation of growth
and damping rates due the several particle species. Here, the code considers
passing particles only. Comparison is made between the numerical results and a
local theory where the latter turned out to be a useful first guess approximation.
While the fast particle drive is, as in tokamaks, mainly due to the coupling with
the toroidal components of the modulus of the magnetic field, the ion contributions
to the damping stem from the coupling with the helical components.

1. Introduction

Meanwhile, several experimental investigations of fast particle effects in stellarators as
eg., in W7-AS [1, 2], have been made. Recently, the parameter space for the exitation
of toroidal Alfvén eigen modes (TAE’s) and energetic particle modes (EPM’s) has been
explored at LHD [3]. Regarding this progress in the quantitative assessment, it is
desirable to develop according theoretical tools.

We will show that the theory can predict stability limits for Alfvén eigenmodes in three-
dimensional equilibria from both the analytical and the numerical point of view.

A drift-kinetic extension [5] of the ideal magneto-hydrodynamic (MHD) stability code
CAS3D [7] is applied to shot No. 39042 of W7-AS [1] and a W7-X equilibrium. The
equilibrium for W7-X is a high-3 (8 = 4.2%) practically island free equilibrium which
has been obtained from a PIES calculation [4].

2. Theory

We start from a three- dimensional MHD description of plasma stability and use the
CAS3D stability code [7]. It has been shown that a kinetic energy principle can be
derived which couples the drift kinetic particle species (electron, ions, and a fast ion
component) to the MHD stability equations via an expression for the pressure in the
force balance equation [5].

To avoid following 3D particle orbits explicitly, a technique invented by Rewoldt et al. [9]
which is being used in numerous 2D codes [10, 11] has been adopted. The particles move
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along field lines feeling a bounce or transit averaged drift only. The radial extension of
the particle orbits is not taken into consideration.
The particle-wave energy exchange by resonant interaction is given by

oW, = { }/ds/dw/d“de< /| ol VY )

v Z Z e—z—(n —n)

n,m —
o, p=—00
»m

X(a_p) w—QW(NLpJ—mI) *
De m<w3>+Nip(w2§)+{ p+”q}w{}—w
Lo Mo LD Min (1)

with the following definitions of MZZ::”/:
for passing particles

M = <€z‘[2w<m/+n'qw~—<p+nq>m~1>W (2)

and for reflected particles

M;’Z”' = <e2ﬂ(m’+n’q)19” [C052(gp) cos(pwpt™”) — isinz(gp) sin(pwbt”)]>w . (3)

The perturbed particle Lagrangian is given by
LW = —(Mvﬁ —,uB)gl-f%—F,uBﬁf_l.

Here, (...) denotes the transit or bounce average (t” = t"(¢"))
The complete energy integral can be written as

w2(5Wkin = 5Wmag + Z (SWS(W) (4)

s=i,e,hot

and constitutes a nonlinear eigenvalue problem for the mode frequency w. In this paper,
we will restrict to passing particles and a perturbative approach, i.e. we assume that
Wy < 0Winag, Where 6Wiy, and 0Wy,,e are the constituents of the ideal MHD energy
principle with vanishing pressure contribution (v, = 0).

In this linear model, each species contributes separately to the growth or damping rate
of the mode which can be calculated perturbatively according to:

1 (5W (u)o)

Awg + iy, = S —— W (5)
mag

using the MHD eigenfunctions and the MHD frequency wq of the CAS3D result on the
right hand side.
Obviously, the mode is unstable if the growth rate v is larger than zero:

Y= Yhot T+ Ve > 0. (6)

This condition allows the derivation of stability boundaries (i.e. a critical Fp.s) with
respect to different parameters.
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3. Local limit and resonance condition for fast particles

In the limit of localized modes, i.e. very large aspect ratio the expression for the passing
particle fraction in Eq. (5) corresponds to the local theory developed in [8]. Additionally,
we allow for a temperature gradient of thermal electrons and ions and arbitrary couplings
between the mode and the Fourier components of the equilibrium magnetic field but
neglect the suggested reflected particle correction. Furthermore we correct a numerical
error in the application of the local theory in an earlier publication [6].

0.04 T T T T T T T T T —0 =
— m=0,n= 0 —m=0,n=0
—m=1,n= 0 —m=1,n=-1
o N i m=1,n= 1 m=0,n=-1
2002 /_m:l‘n:_z —m=0n=1
£ m=2,n=-1 m=1,n= 0
»08 0 l——— -|— m=1,n=-3 m=3, n=-2
o — m=2,n= 0 m=2,n= 0
< L — m=3,n=-1 —m=§,n=]i
m=0,n= 2 m=2, n=-.
m.0.021- 11— m=0,n=-2 —m=1,n=-2
m=2,n=-2 m=3,n=-3
— m=1,n=-1 —m=1,n=-3
0.041 4—m=2,n=1 — m=0,n=-2
m=0,n=-1 m=0,n= 2
— —m=0,n= 1 = — m=4,n=-2
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flux label s flux label s

Figure 1: Fourier components of the modulus of the magnetic field for W7-AS(#39042)
(left) and W7-X (right)

In the large aspect ratio limit the resonance condition is
m't* +n'N, -

me*+n

res
Uyt — VA

1+

(7)

where N, is the number of periods, ¢* labels the local value of the rotational transform
where the Alfvén branches cross, m, n are the mode numbers of the Alfvén wave and
m/, n' label the component B, to which the mode couples. For the local calculations,
we consider the two main components of B, (see Fig. 1) only.

4. Results

We chose a W7-AS shot (No. 39042) which has already been discussed in the literature
[1,6]. Although, in this case, the fast ion drive is relatively small, the mode numbers and

0.4 |

—
0.8+ Esmn f,= 47.57 kHz

0.3 [ — (4-4)
0.6F— -4 .
L (7.-6) i

— (1-1)
0.21- 0.4+ @G -

(6,-9)
(4,9

0.1 0.2

. : L L ] ! ] . I :
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
flux label s flux label s

Figure 2: mode structures of the W7-AS case (left) and the W7-X case (right)
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the mode structure were identified experimentally to be a toroidal Alfvén eigen mode
(TAE) with its main Fourier components being m = 5,n = —2 and m = 6,n = —2.
The calculations have been performed resembling the experimental conditions as close
as possible taking a slowing down distribution for the fast ions from the neutral beam
injection. Additionally, the energy of the bulk and beam ions will be varied to distinguish
different contributions to the growth rate and to calculate stability diagrams.

— . Figure 3: Growth or damping

helical (1,1)’ o toroidal (1,0) | :
10|-side band resonances side band regoniances - rates, resp. of electrons, ions
Voo, © —local, x CAS3D-K ' x | and beam ions vs. the ratio
Veleciron : — l0€al, X CAS3D-K N i of velocity of the species to the
. : —local, CAS3D-K , . .
Yion X : y | 1 Alfvén velocity. The lines of the
o 5 squares mark calculations for the experimental conditions |
3 I ! major side band resonances have
I I . . .
© i ! been indicated by dashed lines.
I I
0 i ! Note, that [ was kept con-
R /% ! stant during the variation, while
0 i Vi = vini/va. The calculations
2. 112 I : e
s dVallsVa : for the experimental conditions
Y —Y | = have been marked with a square.

v /v, va(sg) = 4.65-10° ms™!

The growth or damping rates for bulk and fast ions, both being deuterons, are shown
in Fig. 3. In general the agreement between both approaches is remarkably good
considering the simplicity of the local approach.

Vbeam/VA
resonance velocities of passing particles =1/3 =1 Figure 4: Shown is the field
T T T T 1 line average of the transit
i | 0266y 63Voeam  frequency < w; > from
E:Oo.e— | Eq. (1), but normalized to
| the toroidal resonance veloc-
f 04V L27v,.  Ities In units of Upeam/Va.
§ ol i Upearn, denotes the maximum
g beam velocity here. There-
§ 08y, dsav, fore only those particles with
g o2 . Vel < 1.0Upeam can con-

tribute. Note, that the angle

16 Vbeam 5.06 Vbeam
0 serves here as a field line
0

-3 25 -2 -15 -1 label.
poloidal Boozer angle 6

We see that the main contributions to both, ion damping and fast ion growth rate,
are connected with the resonance velocities due the coupling of the mode with the
equilibrium magnetic field. For the hot particles, the growth rate increases rapidly
when the maximum beam velocity exeeds the resonance velocity of 1/3v4. The electron
damping is weak (7, = —3.82-107%) because the electron thermal velocity at the location
of the mode (=~ 1.933v4(s0)) is beyond the important resonances.

To understand how the resonance condition looks like in the complex numerical model
we look at the variation of the field line averaged transit frequency (Fig. 4): The
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variation of this quantity with the field line label is so small that it is not resolved in
the figure. It does mainly depend on the trapping parameter. In this sense, the picture
shows a tokamak-like behaviour. On the other hand, we see that those particles which
have a large v)| (small A) can resonate with the side bands and contribute to the growth
rate. This fits to the assumptions of the local theory and may partly explain its relative
success. Another reason is presumably the relatively low shear of both equilibria. From
eq. (7) we see that the smaller the change in ¢ the smaller is the radial variation of
the resonance condition. The comparison of the stability diagrams (see Fig.5) with the

10

T L] T T T T
+—+ B, With electron and ion damping from CAS3D-K B 10 3 T T . T I
+—+ B, with ion damping only from CAS3D-K |]

O W7-AS shot #39042 ]

— B from local approximation

++ B.. from CAS3D-K

crit

[0 W7-AS #39042

unstable

local B, (sy) / B(sy)

local B, (sy) /B(sy)

0.2 0.4 0.6 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Vbeam max /VA(SO) Vbeam max /VA(SO)

Figure 5: The critical (. /3 vs. the ratio of maximum beam velocity to Alfvén velocity
which constitutes a stability limit. The local approach following [8] is compared with
the results from CAS3D-K.

beam velocity shows differences for small beam velocities. The global code predicts a
weak instability of 1.18¢.t erit, being in good agreement with the local result. The same
is true for the approximate threshold value in Vpeam max/va = 0.1

For the W7-X mode, the agreement between local and global results is still better than
a factor of two. Nevertheless, the numerical model again predicts the mode to be less
stable. However, for the high 3; case considered here, the low energy part of the fast
particle distribution function is expected to deviate from the simple slowing down model
for envisaged neutral beam injection scenarios [12]. Therefore, to predict NBI stability,
a refined model of the distribution function will be included in CAS3D-K.

T T T T T T T T T T T
10:— E . P
i — By TAE (4,-4) local ] Figure 6: The critical [t/ vs.

++Bo TAE (4,-4) CASSDK the ratio of maximum beam ve-

locity to Alfvén velocity. As for
the W7-AS case, the injection en-
ergy has been varied.

local B (sy) / B(sy)
T

0.1

0.4 0.6 0.8 1 12 14

vbeam A
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5. Contribution of thermal ions

In this type of theory (kinetic MHD), it is possible that modes are destabilized by the
temperature gradients of the thermal ions. This is illustrated in Fig. 7.

90 T T v T v T v T T 90— T v T v T v T v T
(1,0)mzg,n=-3 @Lomz8n=-3 _______ )
soF 0 (L,0)m522,n=-8 u 8o}l (LOoms22n=18_______, u
N _ — N - —
o e — (1,0) m519, n=-7 I Lomsl9n=-7 ____________,
> >
2 70 Loymgsn=-2. _ , ________(LO)m516n=-6 - 2 701 (LOmg5n=-2 __ (10)m316.n=-6 4
% ; (1.00m=24,n=9 % LOms24n=-9_ ____,
o (4.0 mz13,n="-5 E o (1,0)mz13,n=-5
- (1,0)m521,n=-8 -

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

D
(=]

(1, 0) m3,10,n=-4 (1, O

-7 . 60} (1,0)m=10,n=-4 (L0 M5,18 n=-7 |
(1,0)m=15,n=-6_ ) (1, 0) m=.15, n=-6 (L 0y = 23,n==9 :
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1 L 1 L 1 L 1 L 1 1 L 1 L 1 L 1 L
-2000 -1000 0 1000 2000 -2000 -1500 -1000 -500 0
local damping/ growth rate /st local damping/ growth rate /st

50 50—

Figure 7: local approach to ion damping rate with (left) and without (right) temperature
gradient considered for several TAE modes for the W7-AS case

It is an interesting question in how far this MHD model of kinetic growth and damping
rates reflects the real behavior of the plasma. However, a decisive answer is not yet
known, not even for tokamaks but can be expected from gyrokinetic codes as e.g. [11,
13, 15] see also [14]. In this paper we only took a closer look on modes which are stable
also with an ion temperature gradient The extension of the model to include non-ideal

T - TR A = Figure 8: Comparison of the ion
rslﬁilI(;:"Ela(r%('jlr)esonarildles Qiedltlec Elz:l(nld’_rlgson nces | damping for the W7-AS and the
for W7-AS #39042 | for w7-X W7-X case. The main contri-

0 - N butions come from the coupling

R 2, Va | E%V to the helical components of B.
2 1ok oA i i | Note, that the peak damping rate
5 o for W7-AS corresponds to T; =

+id_i++ 400eV, while the ion temperature

20k I 4 for the W7X-case is T; = 3.8keV .

o i e onions \ The higher  of the W7-X equi-
— local, x CAS3DK for Wr-X librium mainly accounts for the
-30b——tT ' EEE— ' difference in the resonance condi-

VA tions

(i.e. finite gyro radius and finite £ effects) at least on the fluid side (for the equations
see e.g. [16]) is underway and will allow access to cases where the gaps are closed.

6. Conclusion

The drift kinetic MHD growth and damping rates of a fast particle driven TAE mode
have been calculated for realistic 3D conditions (W7-AS shot No. 39042).

Varying parameters as ion temperature and maximum beam velocity, stability diagrams
have been calculated. The results indicate that this particular shot is close to marginal-
ity. These theoretical stability diagrams open up a possibility for more comparisons
with the experimental exploration of the parameter space.



7 OT5

The results for the chosen W7-X equilibrium show that the local theory is a reasonable
approximation but may deviate quantitatively, especially for small injection energies.
The good agreement may be due to the small shear of the considered equilibria.

It is shown that resonances stemming from the coupling to the helical side bands con-
tribute mainly to the ion damping for both equilibria. This constitutes a genuine effect
of three dimensional equilibria.

The fast particle drive, on the other hand, comes mainly from the well known toroidal
side band resonances at 1/3v4 and 1/1va. The electron contribution to the damping is
small because the electron velocity is larger than the Alfvén velocity.
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1. Introduction

In the LHD, significant performances of ICRF heating (fundamental, minority heating
regime) have been demonstrated[1-4] and up to 500keV of energetic tail ions have been
observed by fast neutral particle analysis (NPA)[5-7]. These measured results indicate a good
property of energetic ion confinement in helical systems. From the 9th campaign of LHD
experiment (FY2005) a new perpendicular NBI heating system (P<3MW) has been installed
and an effective heating of perpendicularly injected beam ions by the higher harmonics ICRF
heating is expected.

ICRF heating generates highly energetic tail ions, which drift around the torus for a long time
(typically on a collisional time scale). Thus, the behavior of these energetic ions is strongly
affected by the characteristics of the drift motions, which depend on the magnetic field
configuration. In particular, in a three-dimensional (3D) magnetic configuration, complicated
drift motions of trapped particles would play an important role in the confinement of the
energetic ions and the ICRF heating process. Therefore a global simulation of ICRF heating is
necessary for the accurate modeling of the plasma heating process in a 3D magnetic
configuration.

In this paper we study the energetic ion distribution during combined NBI and 2nd harmonics
ICRF heating in LHD using two global simulation codes: a full wave field solver
TASK/WM]S8] and a drift kinetic equation solver GNET[9-11]. GNET solves a linearized
drift kinetic equation for energetic ions including complicated behavior of trapped particles in
5-D phase space. TASK/WM solves Maxwell's equation for RF wave electric field with
complex frequency as a boundary value problem in the 3D magnetic configuration.
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2. Simulation Model

In order to study the ICRF heating in a 3D magnetic field configuration we have been
developing two global simulation codes; GNET and TASK/WM. GNET solves a linearized
drift kinetic equation for energetic ions including complicated behavior of trapped particles in
5-D phase space

af eam

abt + (V// + VD) ’ Vf;?eam ta- VVf;)eam - C(f;?eam ) - QICRF (f;weam) - Lparticle = Sbeam s (1)
where C(f) and Q,, are the linear Coulomb Collision operator and the ICRF heating term.
Speam 18 the particle source term by NBI heating. The S, 1s evaluated by NBI heating
analysis code, HFRE YA.

The particle sink (loss) term, L., consists of two parts. One is the loss by the charge
exchange loss. In the simulation we assume the same neutral particle profile as the source
term calculation. The other is the loss by the orbit loss escaping to outside of the simulation
region. In this simulation we assume the outermost flux surface as the boundary of simulation
region.

The Q,r term is modeled by the Monte Carlo method. When the test particle pass through
the resonance layer where w—k,v,=nw_, the perpendicular velocity of this particle, v,, is
changed by the following amount

Av, = \/(VJ_O +L1|E,
2m
q2

Jn—](kLp) Cos¢r+8mzv {I|E+

10

2
q .
e {I|E+ ‘In—l(kj_p)}z sin® g, — v, )

2.
J(k p)} sin*g,

2
J,-i(k p) cos ¢rj +

~ 2L qlE,
2m

where £+ and ¢, are the RF wave electric fields and random phase, respectively. Also, g, m,
p, J, are the charge, mass and the Larmor radius of the particle, and n-th Bessel function,
respectively. The time duration passing through the resonance layer, I, is given by the
minimum value as, /=min(~27/n® , 2m(né/2)™">Ai(0)) , which corresponds to two
cases; the simply passing of the resonance layer and the passing near the turning point of a
trapped motion (banana tip).

The spatial profile of RF wave electric field is necessary for the accurate calculation of the
ICRF heating. The profile of RF wave field is an important factor on the ICRF heating and
this profile affects the particle orbit. We evaluate the RF wave field by the TASK/WM code.
TASK/WM solves Maxwell's equation for RF wave electric field, Eg; with complex

frequency, m, as a boundary value problem in the 3D magnetic configuration.
2

o . . .
VXVXE =—& Ep +ioUj,, (8)
C

Here, the external current, j.,, denotes the antenna current in ICRF heating. The response of
the plasma is described by a dielectric tensor including kinetic effects in a local normalized
orthogonal coordinates.
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3. Simulation Results

We consider a LHD configuration (R, = 3.6m; the in-ward shifted configuration) to
investigate the energetic ion distribution during combined heating of perpendicular NBI and
ICRF heating. The LHD configuration of R, = 3.6m conforms the G-optimized configuration
and shows relatively good trapped particle orbit. Most of ICRF heating experiments have
been performed in this configuration because of the relatively good performances of this
configuration.

We, first, solve the drift kinetic equation for the beam ions without ICRF heating using GNET.
Figure 1 shows the iso-surface plot of the steady state distribution of beam ions without ICRF
heating. We plot the flux surface averaged tail ion distribution in the three dimensional space
(r/a, E, 6,), where a/r, E and 6, are the normalized averaged minor radius, the total energy and
the pitch angle, respectively. The plasma temperature and density are assumed as
T.=(T,T,)(1-(r/a)’)+T,, ~with T,=T,=1.6keV and n,=(n,-n,)(I-(r/a)’)+n, with

n,,=1.0x10"”m". The injection perpendicular beam ion energy, Ej, is 40keV.

The high distribution regions can be seen near the beam sources: the pitch angle is about 1/2
(almost perpendicular) and the three energy components (E,, E,/2, E,/3). The beam ion
distribution shows slowing down and pitch angle diffusion in velocity space.

Next we study the energetic ion distribution during combining heating of perpendicular NBI
and 2nd harmonics ICRF. Based on the wave field profile by TASK/WM code, a simple RF
wave electric fields profile; E+= E gtanh((1-r/a)/l)cos® with /=0.2 is assumed as a first step in
the GNET simulation. The other wave field parameters are set as k,,,,~62.8m™" and k,=0. The
amplitude of the wave field, £, is changed in the range 0.5kV/m through 1.5kV/m to obtain
the dependency on the heating power.

Figure 2 shows the iso-surface plot of the steady state distribution of the beam ions with 2nd
harmonics ICRF heating obtained by GNET. The RF wave accelerates beam ions
perpendicularly in the velocity space and we can see perpendicularly elongated beam ion
distributions by 2nd-harmonics ICRF heating. We find a peaked energetic tail ion distribution
near r/a~0.5. The elongation of the distribution is larger than that of the fundamental heating
case[11].

We next evaluate the beam ion pressure (a energy weighted population of energetic ions) in
the real space. We plot the one of ten helical pitches and the right (left) side is the outside
(inside) of torus. We can see the clear difference between two heating cases. The
high-pressure regions are localized along the helical ripples where the magnetic field is weak
in the case without the ICRF heating. On the other hand the high-pressure region is strongly
localized near the resonance surface along the helical ripples in the case with the ICRF
heating.

We have simulated the NDD-NPA[7] using the GNET simulation results. It is found that the
tail ion energy is enhanced to MeV order and a larger tail formation can be seen than that of
the fundamental harmonic heating case.
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5. Conclusions

We have been developing an ICRF heating simulation code in toroidal plasmas using two
global simulation codes; GNET and TASK/WM. The GNET code solves a linearized drift
kinetic equation for energetic ions including complicated behavior of trapped particles in 5-D
phase space and the TASK/WM code solves Maxwell's equation for RF wave electric field
with complex frequency as a boundary value problem in the 3D magnetic configuration. The
complete combining of these two codes is being developed and we perform a simulation using
the tentative version.

The developed code has been applied to investigate energetic ion distribution during
combining heating of the perpendicular NBI and 2nd harmonics ICRF heating in the LHD. A
steady state distribution of energetic tail ion has been obtained and the characteristics of
distribution in the phase space are clarified. The GNET simulation results have shown an
effective energetic particle generation in the 2nd harmonics ICRF heating in LHD.
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FIG. 3: 3D plots of the beam ion pressure without ICRF heating (left) and with the 2nd
harmonics ICRF heating (right).
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Abstract. Fishbone activity with frequencies around the precessional drift frequency of the fast ions and the
diamagnetic frequency of the bulk ions have been observed in several tokamaks. In the first case, fishbone bursts
occur when the precessional fishbone branch of the internal kink mode becomes unstable, while in the second
case fishbone bursts are caused by the ion branch, which corresponds to a different solution of the same
dispersion relation. JET discharges carried out with low density plasmas and high ICRH power provided a
scenario where the precessional fishbone branch and the ion branch coalesced. In this case, two new fishbones
regimes were observed: a regime where fishbone bursts covered both ranges of frequencies showing hybrid
characteristics, and a regime where low amplitude bursts of both types of fishbones occurred simultaneously.
These coalescent regimes may also be reached if the radius of the g=1 surface is large, as it is predicted to be in
ITER. Fishbone activity is analysed by means of a variational formalism that allows the calculation of the
regions of stability for each branch in the space of parameters upon which the fishbone stability depends. This
allows not only the analysis of experimental results but also the prediction of how fishbone stability would
evolve in different circumstances, depending on the evolution of the relevant parameters.

1. Introduction

Fishbone activity [1] with frequencies around the precessional drift frequency of the fast ions
@ ~ wp, [2] are commonly observed in many tokamaks when the fast ions beta g, (kinetic
pressure / magnetic pressure) is sufficiently high. These fishbones, which in this paper will be
referred to as precessional fishbones, are caused by the fishbone branch of the internal kink
mode. The fishbone branch is not a “normal solution” of the MHD dispersion relation, it only
appears as solution of the dispersion relation when the fast ions energy functional oW,,,, is
included. Thus, its existence is dependent on the presence in the plasma of a fast ions
population. The growth rate of this mode goes to —co (y — —o) as S, — 0, but it increases
when increasing S, and the mode becomes unstable for values of S, above a critical value,
causing precessional fishbone bursts to occur. Fishbone bursts can also be observed at low
values of S, , but in this case, fishbones appear at frequencies around the diamagnetic
frequencies of the bulk ions @ ~ @,; [3]. Fishbones of this type, which in this paper will be
referred to as diamagnetic fishbones, are caused by the ion branch of the internal kink mode.
The ion branch appears as solution of the dispersion relation when diamagnetic effects are
introduced and it can become unstable if the diamagnetic frequency sufficiently high. However,
to turn the mode unstable it is also needed the presence in the plasma of fast ions to tap the
source of energy for the instability, which is related to the pressure gradient of the plasma bulk.
Thus, two different types of fishbone bursts have been usually observed, being caused by two
different branches of the internal kink mode: the fishbone branch, which is associated with fast
ion effects and that becomes unstable when the critical parameter S, is sufficiently high, and
the ion branch, which is associated with diamagnetic effects and that requires @, to be
sufficiently high for instability to be possible. Usually, the precessional fishbones regime is
observed for high values of S, while the diamagnetic fishbones regime is observed for low

' See appendix of J. Pamela et al., “Overview of JET Results” OV/1-2, Fusion Energy 2004, IAEA, (2004)
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values of f,, being both regimes separated by a stable window. When the diamagnetic
frequency of bulk ions is significantly lower than the precessional drift frequency of the fast
ions, ., << @,,, , it is also possible classify the fishbones regimes as high frequency fishbones
and low frequency fishbones. Aside from the fishbone branch and the ion branch, the internal
kink mode dispersion relation has the “normal MHD” solution, the kink branch. The kink
branch becomes unstable when the ideal growth rate y, is sufficiently high, causing sawteeth
to occur (y, is defined as y, =-w,W,,,,, where @, is the Alfven frequency and oW,,,, is
the usual minimized variational energy for the internal kink mode [4]).

In JET experiments with low density plasmas and where the only auxiliary heating used was
ICRH (Ion Cyclotron Resonance Heating), aside from high and low frequency fishbones, two
new fishbones regimes were observed: a regime of fishbones covering both high and low
frequencies and a regime where high and low frequency fishbones occur simultaneously. These
experimental results are presented in Sec. II. In Sec. III, the regions of stability for each branch
of the internal kink mode in the space of parameters ( 5, , @,,;,y,) are presented. In Sec. IV the
changes in the regions of stability and the evolution of the parameters ( 5, , @., ,y,) are
determined, allowing a theoretical explanation for the appearance of the two new fishbone
regimes. In Sec. V the dependence on frequency of the resonant exchange of energy and the
types of orbits of the resonant particles are shown. Finally, in Sec. VI, conclusions are drawn.

2. New experimental results

Recent JET experiments carried out with low density plasmas and high power of ICRH
provided a scenario where fishbone behaviour was observed to change during the period of a
monster sawtooth. Sawtooth stability was also observed to change during the discharges, being
related to the plasma density. In fact, there was a threshold in density above which sawtooth
was stable and below which was unstable [5]. When unstable, sawteeth were observed along
with precessional fishbones. After sawteeth being stabilized (following an increase in the
plasma density), fishbones behaviour was observed to change gradually from high frequency
fishbones to low frequency fishbones. In intermediate stages, two new fishbones regimes were
observed: a regime of fishbones covering both ranges of frequencies and a regime where both
types of fishbones occur simultaneously (see fig.1).

Precessional fishbones Gaint sawtooth crash

Pulse No: 54301 channel: 002 Amplitude

Frequency (kHz)

N JG05.37-4c

Time (.s)

Hybrid fishbones Both fishbones Diamagnetic fishbones
types coexist

Figure 1: Spectrogram showing the evolution of fishbones behaviour along a monster sawteeth.
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After a sawtooth crash it is always observed the regime of precessional fishbones. This regime
evolves to a regime of fishbones covering both high and low frequencies (around t= 9.5 s).
This new type of fishbones were designated as hybrid fishbones [6] since they have
characteristics of both precessional and diamagnetic fishbones. The hybrid fishbones evolve
then to a regime where both types of fishbones (precessional and diamagnetic) are observed
simultaneously (around t= 9.75 s). However, when this occurs, both types of fishbones reach
only small amplitudes. Gradually the high frequency fishbones disappear and only the low
frequency fishbones remain, while its amplitude increases. The regime of diamagnetic
fishbones is then reached. Finally, a sawtooth crash occurs and the precessional fishbones
regime is restored.

3. Regions of stability

To analyse the fishbones behaviour it is used a qualitative approach based on a variational
method. The first step consists in determine the regions of stability for each branch of the
internal kink mode in the space of the relevant parameters ( 5, ,®.,,7,).The second step will
consist in to determine how these parameters evolve during a monster sawtooth and the third to
evaluate how this affect fishbones behaviour. The dispersion relation for the internal kink
mode including fast ion, resistive and diamagnetic effects in the large aspect ratio circular
cross-section approximation is given by [7-9],

81'1“[(A3/2 + 5)/4] [o(0-w,,)]”
A9/4F[(A3/2 _ 1)/4J(0A

W rip + W yor — =0 (1)

where, A = —i[a)(a)—a}*e)(a)—a)*,«)]l/3/ Vr» 7r =S, is the resistive growth rate, S is the
magnetic Reynolds number, @, is the Alfven frequency, w., is the electron diamagnetic
frequency w,, = (eneBr)_1 dP./dr, P, and n, are the electron pressure and density respectively

and @,, = w,, +0.7l(eBr)71 dT,/dr . The Euler gamma functions in equation (1) come from

the inertial layer and are evaluated at the g=1 surface. To establish the regions of stability for
each branch it is only necessary to determine when the stability of the mode changes, i.e,
when the imaginary part of the complex frequency is zero. To proceed, the ideal limit is
assumed. Considering an ICRH driven fast ions population characterized by a single
normalized magnetic momentum A= uB,/E=1 (on-axis heating) and a Maxwellian

distribution in energy, the threshold condition Im(a)) =0 is given by,

el el ) e e =) || @

with the corresponding value of S, given by,

e R L R ®

When w,; and <a) D> are of the same order of magnitude, £, is a monotonic function of @ and

equation (2) has two solutions provided that y, <y,,, where y,, is the maximum possible
value for the right hand side of equation (2). These two solutions can be drawn in the plan
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(B, ,7,), where they make approximately a triangle with the line y, =0. The diamagnetic

frequency ,, plays the role of a parameter determining the location of the top of the triangle.

[

V=M
K / "
F yi—w */2
i \ / Stable
Y1

K, 1 K K, F

Pn

Figure 2: Regions of stability for the different branches in the space of parameters. In the regions
labelled with K, I and F, the kink, ion and fishbone branches respectively are unstable. In the region
labelled with C, the high and low frequency modes coalesce.

The two solutions of equation (2), represented by red lines in figure 2, correspond to the values
of f, above which the high frequency branch (the fishbone branch) is unstable and below
which one of the low frequency branches is unstable. If 7, > @,,/2 the unstable branch is the
kink branch, while if 7, < @,,/2 the unstable branch is the ion branch. For y, > y,, the high
frequency branch and low frequency branches coalesce and the stable window in /3, vanishes.
To complete the diagram, a blue horizontal line was included in order to traduce the resistive
effects that were dropped during the calculations and that may turn the kink branch unstable if
7, 1s small. The location of this line depends on the magnetic Reynolds number. A blue
vertical line was also added in order to traduce finite orbit width effects, which are not included
in equation (2). When the fast ions temperature is high enough, the orbits of the fast ions
become large and sawtooth stabilisation by fast ions lose its efficiency, so, for high values of
B, sawtooth may become unstable again.

4. Evolution of fishbones behaviour

Having established the regions of stability for each of the branches as function of the relevant
parameters ( 3, , @.,, 7, ), the next step consists in evaluate how these parameters evolve during

the period of a monster sawtooth. The ideal growth rate y, is expected to increase, since y,

scales with 7’ [10], where 7, is the radius of the g=1 surface, and the g=1 surface expands

between sawtooth crashes as consequence of magnetic diffusion. This is confirmed by
experimental observations, comparing the inversion radius of monster sawteeth with the
inversion radius of the precedent small period sawtooth: The inversion radius is much smaller
in the case of the small period sawtooth, which strongly suggests that the g=1 radius has a
significant increase during the period of the monster sawtooth. The diamagnetic frequency also
increases significantly between sawtooth crashes. f., = @, /27 was previously estimated to be
below 3 kHz after sawtooth crashes [5] (regime of short sawteeth). This frequency reaches
above 10 kHz when diamagnetic fishbones are first observed and around 20 kHz before the
monster crash. These values can be observed directly from the spectrogram since the initial
frequency of the diamagnetic fishbones is around f,, . Diagnostics corroborate that a.,
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increases, showing that both the density and temperature profiles of the bulk ions peak during a
monster sawtooth. Finally, for S, , it is assumed that it increases slowly between fishbones

bursts and that it decreases abruptly during a fishbone burst as the fast ions are expelled from
the plasma centre. This behaviour is well established in fishbones theory [2, 3].

The third step consists now in determine how the evolution of the parameters (5,,®. ,y;)

affect fishbones behaviour. In the beginning of the monster sawtooth period the plasma is in a
state (blue cross in fig. 3) that corresponds to the region of the stability diagram where the
fishbone branch is unstable, i.e., with S, above both solutions of the marginal equation. As a
precessional burst is initiated, S, decreases and the fishbone branch will eventually become

stable (see figure 3, left). When this happens, the mode amplitude starts decreasing until the
fishbone burst ends. S, will then increase slowly until a new fishbone burst be triggered.

c c K
K Prec L Pl_F;(shbones T K + £ - 1 ‘_HX 1311(1_@5_11991?%(
| Stable | F | Stable | F 1 F
h - Stable
B e s B, = B,

Figure 3: Evolution of the regions of stability during the sawtooth free period.

As y, increases, the cross representing the state of the plasma moves upward in the plan
(B, ,7,), while the increase in @,; causes the borders of the regions of stability to change: the
brown line corresponding to y, = ®,,/2 moves upward and the green line corresponding to
¥; =7y (@,;) moves downward (see figure 3, middle). Thus, the increases in y, and @, will
cause the coalescence region to be reached. The unstable branch is now the coalescent ion-
fishbone branch, which is unstable for all values of £, and behaves like the fishbone branch at
high g, and like the ion branch at low S, (these values depend on @,;). When a fishbone
burst is initiated at high f, it starts as a “precessional burst”, since at high S, the coalescent
ion-fishbone mode behaves like the fishbone mode. However, the decrease in S, during the

burst no longer causes the stable region to be accessed. Instead, the coalescent ion-fishbone
mode remains unstable as S, decreases while its behaviour changes to a “diamagnetic

behaviour” and the burst that started as a “precessional” gradually becomes “diamagnetic”.
This mechanism causes hybrid fishbones to occur. As @, continues to increase during the

sawtooth free period, the coalescent ion-fishbone mode behaviour becomes “more
diamagnetic” and reaches a state where the “precessional behaviour” is no longer dominant
over the “diamagnetic behaviour”. At this point, small amplitude bursts of both types are
triggered independently and can occur simultaneously. Finally, the diamagnetic behaviour
becomes dominant and the coalescent mode behaves just like the ion mode producing
diamagnetic bursts.
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5. Numerical results

The interaction between a mode with an internal kink structure and populations of ICRH
driven fast ions was also investigated numerically with the CASTOR-K code [11], which uses
the eigenmode calculated by the MISHKA code [12]. A more accurate eigenmode and mode
growth rates can be calculated with the NOVA-K code [13]. The CASTOR-K calculates the

resonant transference of energy oW,,, between the fast particles population and the mode,

which is presented in figure 4 for different values of 7,,,, as function of the mode frequency.

= >< 1 O“ 1

s >=< 1 O“ 1

=+ >< 1 C>1 1

=2 >< 1 O“ 1

;\\\
0

Frequency (kHz)

Figure 4: Resonant transference of energy between the internal kink mode and an ICRH driven fast
ions population with temperatures of 500 keV (solid line), 750 keV (dotted), 1 MeV (dashed) and 1.5
MeV (dashed/dotted). The observed frequency of precessional fishbones is shadowed.

Figure 4 shows that the best fit between experimental and numerical results is for a fast ions
temperature 7,,,, between 1 MeV and 1.5 MeV, while the value of T},,, estimated for these

experiments was around 1 MeV. It can also be seen that the mode expected frequency
increases rapidly as the fast ions temperature increases.

L e el C 1 G LT TS S0 or bH B 2 S A LG AL A 1000 S0 ork®

B imimininisininiminlniininikiii———

Figure 5: Upper line - Resonant transference of energy between the internal kink mode (=50 kHz) and
an ICRH driven fast ions population as function of the energy and the toroidal canonical moment for
three different fast ions temperatures: 500 keV (left), 750 keV (middle) and 1000 keV (right). Lower
line: Orbits of the particles with a stronger interaction with the node, for each case.
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Figure 5 (upper half) shows the resonant transference of energy between the internal kink
mode (/=50 kHz) and three ICRH driven fast ion populations characterized by different
temperatures (500, 750 and 1000 keV). The orbits of the particles in stronger resonance with
the mode are also represented in figure 5 (lower half). It can be seen that there are two main
resonances, one corresponding to particles nearer the magnetic axis centred around 900 keV
and the other corresponding to particles farer from the plasma axis centred around 1.8 MeV.
This second resonance becomes dominant when the fast ions temperature increases (it is
already dominant for 707=750 keV). The change in the type of orbits of the particles strongly
interacting with the mode may contribute to explain the high frequency of the precessional
fishbones observed experimentally.

6. Summary and conclusions

In JET experiments with low density plasmas, when sawtooth are stable, the absence of
crashes allows the bulk ions pressure profile to peak. This causes a significant increase in the
diamagnetic frequency and under these circumstances the high frequency branch solution of
the internal kink dispersion relation coalesces with the low frequency branch. The coalescent
ion-fishbone mode is always unstable and behaves like the ion mode for low values of £, and

like the fishbone mode for high values of f,. Two new fishbone regimes were observed: a

regime of hybrid fishbones is observed when the ion-fishbone mode is unstable with
dominant precessional behaviour and a regime where small amplitude precessional and
diamagnetic bursts occur simultaneously is observed when the ion-fishbone mode is unstable
but none of the behaviours is dominant. It was also found that the particles in resonance with
the internal kink high frequency branch can have two types of orbits. The main resonance in
the space (E, P,) changes when increasing the fast ions temperature, which may cause a
considerable increase in the mode frequency.
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A new kind of fishbone instability associated with circulating energetic ions is predicted. The considered
instability is essentially the energetic particle mode and arises in plasmas with on-axis safety factor ¢, close to
unity and extended shear-free central core, separated from the wall by a region with finite shear. The frequency
of this “quasi-interchange” fishbone mode is  ~ kov, with ky the parallel wave number in the shear-free core
and v, the injection velocity of energetic ions. “Infernal” fishbone modes with the same properties, but m/n > 1
with m(n) the poloidal (toroidal) mode number, are investigated. A possibility to explain recent experimental
observations of the m=2 fishbone oscillations accompanied by strong changes of the neutron emission during
tangential neutral beam injection in the National Spherical Torus Experiment is shown.

1. Introduction

Some tokamak discharges are characterized by safety factor ¢ close to unity in a wide region
in the plasma core, which is separated from the wall by the edge region with large magnetic
shear. This is the case for the “hybrid” regime, which is considered as a third operational
scenario for ITER [1]. Furthermore, g-profiles with extended flat region and g, close to low-
order rational are typical for high beta discharges in spherical tokamaks [2]. Since all
mentioned discharges are accompanied by strong neutral beam injection (NBI), the problem
of kinetic stability of such low-shear configurations in the presence of energetic ions
represents considerable interest, which motivated present work.

In the framework of ideal MHD stability theory equilibrium with this type of g-profile is
susceptible to a pressure-driven “infernal” modes [3,4]. A particular case of these instabilities
is the quasi-interchange (QI) mode with poloidal and toroidal mode numbers m=n=1 [5-7].
The eigenfunction of this instability is of convective, or “cellular” character, in contrast with
rigid kink displacement in the finite shear case. In the present work we show that this property,
combined with finite orbit width of energetic ions, leads to the new kind of the fishbone mode
with characteristic frequency of the Cherenkov resonance in the shear-free core, @ ~ kv,

with kg =(m-nqy)/qoR and v, injection velocity.

The purpose of the present work is to extend the ideal MHD theory of the QI mode in toroidal
plasmas, developed in [6,7], to equilibrium with minor population of energetic ions. In the
next section dispersion relation for the QI fishbone is derived and analyzed. The case of
arbitrary (m, n) is considered in Sec.3. Section 4 is a short summary.

2. Dispersion Relation for the QI Fishbone Mode

The eigenmode equations for the QI fishbone can be obtained from the minimization of the
total energy of the perturbation
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R, o’
7°B, w5

where Wypp is the ideal MHD potential energy [6,7], ®a=Va/Ry with VA( r ) = const the
Alfven speed and Ry the major radius of the torus,

N= Jd3 rlé )

2t 2
with § N the transverse displacement, and 6Wy is the kinetic part of the potential energy,

which encapsulates information regarding resonant energy exchange between energetic ions

and fishbone mode [8]
v: ’
2 L, 2l o=
£ F, o-ow, +v ® K X
5W, =L (a3 rEr oviTt = T e [ ] dp, [dh, S O P { 2 Jé

b

ca

where o Hf; =0 pfaf + (0 p‘f‘a -0 pfa )l;l; is the pressure tensor with o pﬁ 1o the parallel

and perpendicular pressure perturbations associated with non-adiabatic response of the
energetic ions, o =v /|v |, A=u,B,/E with E(u,) the particle energy (magnetic
moment), 7, is the particle transit time, ®,, =(0F, /0P,)(0F, /0 E)', & is magnetic field

curvature, and <> denotes orbit averaging.

Below we assume that the energetic-ion population consists of well-circulating particles with
the equilibrium distribution function given by

\/5’1’13/2
" ZE

pa(MH(E, ~E)E”5(A) (3)

a =
a

where p, (7)1is the beam particle pressure and H(x) is the unit step function. Furthermore, it is
assumed that energetic ions are deposited in the shear-free core, thatis p, (¥ > r,) = 0, where
ry 1s the radius at the interface between shear-free and finite shear regions.

Omitting term odd in 0 in f | ek, which does not contribute to §Wy, we obtain

= 1 ;

SLeK= —R—cfl {rl0 (D]} cos[@()]exp{i[0 (1) —p (1) — 1]}, 4)
0

where &; is the amplitude of the m=1 radial displacement,

O] =F-A, cos[0(0)], A, =400 (—+ 'J 0(f)=— () U =L
0

19 ca 2

We now assume A, <<r and Taylor expand &;[r(0)] in Eq.(4). Substituting result to

Ro

expression for Wy together with Eq.(3), taking orbit average and velocity space integration,
one can obtain

2
R, d
5w, =2 pirgr 0 |[4] 4B 5)
T kOHV

7*B; | dr | dr

where p, =v,/®,,,
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F(Q)=—+—+—+Q—+Q4+Qsln[l—ij (6)
5 2 Q)

and w<<w+, has been assumed. Note that it is the quasi-interchange character of the mode
(d&i/dr# 0 in the shear-free core), which allows for efficient power transfer at the Cherenkov
resonance in this case. This is in contrast with rigid internal kink, when only particles crossing
g=1 surface in the course of their drift motion contribute to the non-adiabatic response [9].

For simplicity below we take radial fast ion distribution in the form £, = £,,[1—-(r/r))*].

Rescaling the variable r/a—r with a the plasma radius, one can obtain from minimization of
energy in Eq.(1) the following Euler equations in the shear-free core:

d| _ . d , 2
E{g 2{(/1 )? +1, (o, r)—a)—} %} (%,B; +ﬂpj ,,351:

A

. (7)
(gﬂp +:Bpj5(r3922) >

d( 5dé d

o Tl BRI (ﬂ ﬁjei , ®)
dr dr
where p=1/q with |u-1| ~ € in the shear-free core, &, = gffz with &, the amplitude of the m=2

radial displacement and &€ = a/Ry , B,(r)=-(8z Ry /r*B})[#*(dp,/dF)di with p. the
0

background plasma pressure, and

8 poR
ly(@,r)=— P - ﬁaOF[ JH(FO -r) . 9)
S kopve
The general solution of Eq.(8), which is regular on axis, has the form
& =7, () S di+le= B, (NG (10)

where e is an 1ntegrat10n constant. Substituting Eq.(10) into Eq.(7) and integrating, one can
obtain

dé gzerﬂp
dr (u-1)°+1,(0,r) -0 o]

(1)

Dispersion relation can be obtained by matching the solution in the inner (shear-free) to the
solution in the outer (sheared) region. In the latter region toroidal coupling in equation for &,
can be neglected, since |u-1| ~ 1 and therefore & ~ & [see Eq.(11)]. Equation for & in the
sheared region then takes the form

di( 1Y 5dé | 1Y

which has the asymptotic solution in the shear-free region

-3
& ocL—i-G(Lj , (13)

p)
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where W(r;)=1/2 and constant ¢ should be determined numerically by integrating Eq.(12)
through the outer region. Matching Eq.(13) with asymptotic form of Eq.(10) in the outer
region, we obtain dispersion relation

2 2 5
[T e B,(r)] (Lj dr y
G_(a} g(#—1)2+10,(a),r)—a)2/a)f1 r)or (14)

where dimensions have been restored. Note that the integrand in Eq.(14) has the pole at the
Alfven resonance in the outer region. The residue at this pole represents continuum damping
of the fishbone mode. Away from the resonance the integrand becomes negligible in the
sheared region. Thus, we can rewrite Eq.(14) in the form

2 2
a=(”2j £ Iﬂ (r )(r] (@) (15)

(o =D)> +1 J(@)-0? "
where
o (w)Z[LT“ﬁz(r {F_AT lim [ 1 &
“ r, PR ) 0, o (u=1) (@ in)t @k 16
2
| 2 (’”A/’”z) _ .
lﬂ'[aj e B, (rs)] rzlﬁ/al’(,u—l)z ’r:n’—lo'l(a)) )

and | u(r,)—-1=w/w,. Equations (15,16) can be used to determine critical fast ion pressure

and mode frequency at the onset of the fishbone mode for any particular profiles of the
rotational transform and background plasma pressure.

3. Infernal Fishbone Modes with Arbitrary Mode Numbers

In the present section we generalize results of the previous section to arbitrary mode numbers.
In the shear-free core with m —ng, ~ & the mode equations for general m, n are

2 2 2 2
R I GO R
dr||\n m (mn)* @ mn dr nom ® mn

2 ' 2 '
%E(rﬂp +48,) +(1—%}(r/3p +4ﬂp)}r3§m = (17)
& 2” I+m ' d 2+m £
mr (B, +4ﬂp);(’” Smi1)
dgm“ —[(m+1)* =11ré,,., = e (ﬂ +4ﬂ e, (18)
dr dr il 2n ’

where again &, ,, = &£,,,. The general solution of Eq.(18), which is regular on magnetic axis,

takes the form
né . = —%(1 + m)r jdf(fﬂp' +48, VEE per™ (19)
0

Substituting Eq.(19) into Eq.(17), one can obtain
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el et ol el (ol e
dr||\n m (mn)* \ @ mn dr n m ®  mn

2 2 2
& n d 4 & d 4 m-1
—2[1——2Jd—(” Bo)om=—Fe——(r" p,r

m r dr

With pressure profile given by p. = p,[l1—(r/a)*"] we have B,= ﬁprz"_z. Thus one can

see that, for | m —ng, |~ & , the ratio of the last term on the left-hand side of Eq.(20), which
represents stabilizing effect of the average magnetic well, to the second term on the LHS of
this equation is of the order of (7, / a)?" << 1, where ry is again the radius at the transition

between shear-free and sheared regions, which is assumed to be sufficiently abrupt to allow
for asymptotic matching of the in these regions. Neglecting the last term on the LHS, Eq.(20)
can be easily integrated. Imposing boundary condition &,,(1) = 0, one finds

: 2¢°ef, (v + 1) 1™ o
" @vam) =1, (@,r)/ 0 +4v (v +m)[(m/ng-1)* —(w/ @ n)*]

Note that &, is again negligible in the sheared region, except in the vicinity of the Alfven

resonance. The dispersion relation again can be obtained by matching the asymptotic form of

the solution Eq.(19) with &, given by Eq.(21) in the sheared region, to the shear-free limit of

the outer Eq.(18) (with the right-hand side neglected):

m —(2+m
. p p (2+m)
é:m+1 L — +o,| — ’ (22)
Vn+1 Finsl

where (7 +1)=n/(m+1). We find

1+ m ro —2(m+1) " 2(v+m)
o,=—— " — X
n(v+m)\ a a

&’ ,@ ; v+ 1)2
+
[(2v+m)* =11 (@) /n* +dv(v +m)[(m/ngy, —1)* —(@/ @ n)*]
where we have restored radius dimension. For the p-profile given by

22
“ m+1 ( 0 m+lj! [rmH] }

with A>m+ 2, we have [6]

o = m (1_m+lj ’ (24)

(23)

O-r es 2

m+2 A
and expression for g,., takes the form

v+m

- =m(m+1)3 82ﬁ§(v+1)2 Fouil 207D (m+Do | 4 _251'0' . 25)
e 8An v(v+m) a nw, o
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To make contact with NSTX experiment [10], we take v, /V, =2, m=2, n=1, qp=1.7, Ry/a=1.5,
and choose v=6, 1=4, so that 6,=1/8, o,,(w)=const, r; /a = 0.8, ro/a = ry/a = 0.6. Considering
plasma at the margin of the MHD stability in the absence of fast ions [taking /,= @ = 0 in

Eq.(23)], and taking into account that ﬁp:(ﬂo/ e(m/n)*[v/(v+1)] , we obtain

L0""¢=0.35, and Eq.(25) yields a,.s =~ 0.55. Equation (23) then yields at the margin of the
fishbone stability ( Imw=0)

S 192 4Q% 2u, - 1)’

B, = , (26)
195 Re F(Q) + (0, / 0,) ImF(Q)
hnF(Q)PQz(G12 ;22 j_ b } —ReF(Q) , 27)
O, Op )
where S, =@8/7°)p Ry /13)B, .  Solution  of  Egs.(26),(27)  yields

0~06, ﬁ;rit ~2.5%x1072. Taking into account that in NSTX ry= 0.6a =40cm, Ry =100 cm,
crit

pa~ 20 cm, we obtain f,
the volume averaged fast ion beta < ,Ba> =(2/3)(ry/ a)’ Poo =2.4x% 107%. Taking into account

=~ ().1. For the chosen fast ion pressure profile this corresponds to

that energetic ions are deutrons with injection energy &80 keV, we obtain
f=0.62uyp-1)v, /27Ry~ 46kHz. Both these values are in reasonable agreement with observed
initial fishbone frequency in the plasma frame f~ 45 kHz and volume averaged beam ion beta

(B,)~2%.

4, Summary

We have shown that in low-shear tokamaks fishbone modes with arbitrary mode numbers can
be destabilized by the interaction with energetic circulating ions at the Cherenkov resonance.
In contrast to the conventional m=n=I circulating-ion-driven fishbone instability, the
considered instability is caused mainly by particles with orbits inside the flux surface with the
radius 7y separating regions with low and finite magnetic shear. The efficient energy exchange
between these particles and the perturbation takes place due to finite orbit width of the
energetic ions and a radial gradient of the mode poloidal electric field. Both the mode
frequency and critical fast ion pressure are in reasonable agreement with experimental
observations of bursting m=2 fishbone oscillations accompanied by strong changes of the
neutron yield in the NSTX spherical torus.
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Abstract. Two types of hybrid simulations of MHD fluid and energetic particles were carried out to investigate
MHD nonlinear effects on Alfvén eigenmode evolution. The first type contains fully nonlinear effects of both
the MHD fluid and the energetic particles. The second type of the simulation is similar to the first type but
different in that the MHD equations are linearized. Comparison between the results of the two types of
simulations clarifies the MHD nonlinear effects. A tokamak plasma, where a toroidal Alfvén eigenmode (TAE)
with toroidal mode number n=4 is the most unstable, was investigated. When the saturation level is

8B/B ~2x107% in the linear MHD simulation results, we found that the saturation level is 6B /B ~8x10~%in
the nonlinear MHD simulation results. The MHD nonlinear effects suppress the saturation level of the TAE.
Detailed analyses indicate that the suppression effect arises from the change in n=0 harmonics of the magnetic

field that is generated by the nonlinear electric field -vpy5 xdBpsp, @ product of the velocity field and the

magnetic field of the TAE. Axisymmetric velocity fields are also generated in the nonlinear run, although the
change in the n=0 magnetic field plays the dominant role in the suppression of TAE.

1. Introduction

For time evolution of Alfvén eigenmodes, an important nonlinearity arises from the dynamics
of energetic particles that destabilize the Alfvén eigenmodes. It was demonstrated by
computer simulations that the particle trapping cause the saturation of toroidal Alfvén
eigenmodes (TAE) [1-4]. This enables reduced simulations of TAE, where spatial profiles and
damping rates of TAEs are assumed to be independent of mode amplitude. TAE bursts at a
Tokamak Fusion Test Reactor experiment were reproduced by a reduced simulation [5].
Many aspects of the TAE bursts were well reproduced, while only the saturation amplitude
was OB/B~2x10" which is higher than the value 6B/B~10" inferred from the
experimental plasma displacement [5,6]. In another simulation run of TAE bursts, where the

MHD nonlinear effects are taken account, the saturation level is lower than 6B/B ~107~ [7].
These simulation results motivate us to investigate the MHD nonlinear effects.

Two types of hybrid simulations of MHD fluid and energetic particles were carried out to
investigate MHD nonlinear effects on Alfvén eigenmode evolution using MEGA code [8,9]
and a linearized version of MEGA code. Fully nonlinear effects of both the MHD fluid and
the energetic particles are contained in MEGA code. In the linearized version of MEGA code,
the MHD equations are linearized while the nonlinear particle dynamics are followed. In this
paper, simulation results of the two types of simulations are presented and compared. It is
demonstrated that the MHD nonlinear effects suppress the saturation level of the TAE.
Detailed analyses indicate that the suppression effect arises from the change in n=0 harmonics
of the magnetic field that is generated by the nonlinear electric field -v;,; xBg4 5, @ product
of the velocity field and the magnetic field of the TAE.

2. Simulation Model
The hybrid simulation model for MHD and energetic particles [2,8-10] is employed in MEGA

code. Plasma is divided into bulk plasma and energetic ions. The bulk plasma is described by
the nonlinear full MHD equations. The electromagnetic field is given by the MHD description.
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This approximation is reasonable under the condition that the energetic ion density is much
less than the bulk plasma density. The MHD equations with energetic ion effects are,
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where u, is the vacuum magnetic permeability, y is the adiabatic constant, v is an artificial
viscosity coefficient chosen to maintain numerical stability and all the other quantities are
conventional. Here, j,' is the energetic ion current density without E xB drift. The effect
of the energetic ions on the MHD fluid is taken into account in the MHD momentum equation

[Eq. (2)] through the energetic ion current. The MHD equations are solved using a finite
difference scheme of fourth order accuracy in space and time.

In the linear MHD simulation, the following equations are solved:
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The drift-kinetic description is employed for the energetic ions. The energetic ion current
density without ExB drift in Eqg. (2) includes the contributions from parallel velocity,
curvature and gradient drifts, and magnetization current. The ExB drift disappears in j,
due to quasi-neutrality [8].

It is important to start the simulations from MHD equilibria consistent with energetic ion
distributions. When the energetic ion pressure is isotropic in the velocity space, the energetic
ion contribution in Eq. (2) is just a scalar pressure gradient in the same form as the bulk
pressure gradient [8]. Then, the equilibrium can be obtained from the Grad-Shafranov
equation neglecting the energetic ion orbit width. However, if the energetic ion pressure is
anisotropic in the velocity space and/or the energetic ion orbit width is not negligibly small,
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the Grad-Shafranov equation should be extended. We solve an extended Grad-Shafranov
equation developed in Ref. [11] in the cylindrical coordinates (R, ¢, z) where R is the
major radius coordinate, ¢ is the toroidal angle coordinate, and z is the vertical coordinate.
Details of the kinetic equilibrium construction is reported in Ref. 9.

3. Simulation Results

A tokamak plasma with aspect ratio of 3.2 was investigated. The spatial profiles of safety
factor and beam ion beta are shown in Fig.1. The maximum velocity of beam ions is 1.2v,.
Here, v, denotes Alfvén velocity at the plasma center. The ratio of the beam ion parallel
Larmor radius to the minor radius is 0.09 for beam ion velocity equal to the Alfvén velocity.
The magnetic moment is assumed to be zero to for simplicity. The number of grid points are
101x100x101 for the cylindrical coordinates (R, @, z). The viscosity and resistivity are

chosen v =10"°v,R, and 5 =10"°uw,R,, respectively.

For the equilibrium condition mentioned above, we found that the toroidal Alfvén
eigenmodes (TAE) with toroidal mode numbers n=3-5 are linearly unstable. The spatial
profile of the most unstable TAE with n=4 is shown in Fig. 2. The frequency of the TAE with
n=4 is located inside the gap of the Alfvén continuous spectra, as shown in Fig. 3.
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Fig.1 Spatial profiles of beam ion beta and safety factor.
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Fig.2 Spatial profile of each poloidal harmonic Fig.3 Frequency and location of the toroidal
of the toroidal Alfvén eigenmode with toroidal Alfvén eigenmode with toroidal mode number
mode number n=4, n=4. Alfvén continuous spectra are represented
by blue curves. The safety factor profile is
represented by red curve.
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Fig.4 Time evolution of energy for each toroidal
mode number in the linear MHD run.
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Fig.6 Comparison of energy evolution of
toroidal mode number n=4 between the
standard nonlinear MHD run (blue curve), the
linear MHD run (violet curve), and the
nonlinear MHD run where only n=0, 4 modes

are retained (red curve).
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Fig.5 Time evolution of energy for each toroidal
mode number in the standard nonlinear MHD
run.
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Fig.7 Comparison of energy evolution of
toroidal mode number n=4 between the
standard nonlinear MHD run (blue curve), the
linear MHD run (violet curve), and the
nonlinear MHD run where only n=0, 4 modes
are retained and the n=0 velocity field is
removed (red curve). Light blue curve represents
a run where only n=0, 4 modes are retained and
the n=0 magnetic field is removed.

A linear MHD simulation and a nonlinear MHD simulation were carried out. The evolution of
energy for each toroidal mode number is shown in Fig. 4 for the linear run and in Fig. 5 for
the nonlinear run. The n=4 TAE is the most unstable and is saturated at w,¢ =300 in Fig. 4
and at w,t=260 in Fig. 5. Comparing Figs. 4 and 5, the saturation level of the n=4 mode
energy in the nonlinear MHD run is 15% of that in the linear MHD run. The saturation
amplitude of the n=4 TAE is 6B/B ~2x107 in the linear MHD run, and 8B/B ~8x10~ in
the nonlinear MHD run. MHD nonlinear effects suppress the TAE saturation level. We see in
Fig. 5 that the n=0 mode energy continuously grows until the end of the simulation after the
saturation of the n=4 mode energy. This suggests that the beam ions continue to drive TAES
while some nonlinear mechanism stabilizes them converting the TAE energy into the n=0

mode energy.
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We carried out another nonlinear MHD run where toroidal mode numbers only n=0 and 4 are
retained. The time evolution of energy for toroidal mode number n=4 is shown in Fig. 6 with
those of the standard nonlinear run shown in Fig. 5 and the linear run shown in Fig. 4. The
saturation level in the run with the selected modes is similar to the standard nonlinear run.
This indicates that the TAE saturation level is suppressed by the n=0 harmonics rather than
the harmonics with higher toroidal mode numbers. We carried out other two runs where only
n=0 and 4 harmonics are retained and the n=0 velocity field or the n=0 magnetic field is
removed. The results are compared in Fig. 7. We see that the saturation level is the lowest
when the n=0 velocity field is removed. These results indicate that the suppression effect
arises from the change in n=0 harmonics of the magnetic field (6B, _,). Since there is no n=0
velocity field in this run, 6B,_, 1is generated by a nonlinear electric field
E,_,=-v,.,x6B,_,, which is the nonlinear electric field of the TAE. The lowest saturation
level without the n=0 velocity field implies that the n=0 velocity field relaxes ¢6B,_, and its
suppression effect.

It is not clear why 6B, _, suppresses the TAE saturation level. We show in Fig. 8 the Alfvén
continuous spectra and the safety factor profile at w,¢ =280 in the standard nonlinear MHD
run. In Fig. 5 the growth of the n=4 mode energy is saturated just before this time. We see that
the safety factor profile is steepened near the n=4 TAE spatial peak at r/a ~0.4. The n=0
poloidal velocity field at the same time in the standard nonlinear MHD run is shown in Fig. 9.
The poloidal harmonics m=0 and 1 are dominant in the n=0 poloidal velocity field. The
poloidal velocity field sharply peaks near the n=4 TAE spatial peak.
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Fig.8 Alfvén continuous spectra with the toroidal mode number n=4 and
the safety factor profile at w4t =280 in the standard nonlinear run.
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Fig.9 Poloidal velocity field with the toroidal mode number n=0 at
w 4t =280 in the standard nonlinear run.
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Fig.10 Initial and final beam ion beta profile in Fig.11 Initial and final beam ion beta profile in
the linear MHD run. the standard nonlinear MHD run.

Initial and final beam ion beta profiles are compared in Fig. 10 for the linear MHD run and in
Fig. 11 for the standard nonlinear MHD run. We see that the beam ion transport is also
suppressed by the MHD nonlinear effects.

4. Discussion and Summary

Saturation of TAE instability due to MHD nonlinear effects was theoretically investigated in
Ref. 12. Comparison between the present simulation results and the theory in Ref. 12 is
needed. The change in safety factor profile and the generation of ExB flow were found in a
computer simulation where energetic particles are approximated by the Landau Fluid model
[13]. In Ref. 13, it is reported that the ExB flow has the dominant effects on the saturation
of the TAE instability. On the other hand, in the present simulation results, it was found that
the change in the n=0 magnetic field suppresses the saturation level of the TAE.

In this paper, the two types of simulation results were presented and compared. In the first
type of the simulation the fully nonlinear MHD equations are solved, while linearized MHD
equations are employed in the second type. A tokamak plasma, where a toroidal Alfvén
eigenmode (TAE) with toroidal mode number n=4 is the most unstable, was investigated.
Comparison between the results of the two types of simulations clarified the MHD nonlinear
effects. We found that the saturation level is 6B/B ~ 8 x10~in the nonlinear MHD simulation
results when the saturation level is 6B/B ~2x107 in the linear MHD simulation results.
The MHD nonlinear effects suppress the saturation level of the TAE. Detailed analyses
indicate that the suppression effect arises from the change in n=0 harmonics of the magnetic
field that is generated by the nonlinear electric field -v;,, x6B;,;, a product of the velocity
field and the magnetic field of the TAE. Axisymmetric velocity fields are also generated in
the nonlinear run, although the change in the n=0 magnetic field plays the dominant role in
the suppression of TAE.

We have demonstrated that the MHD nonlinear effects suppress the TAE saturation level. It
was also demonstrated by a computer simulation that the synchronized bursts of multiple
TAEs take place with the MHD nonlinearity [7]. Thus, we can expect a simulation which
reproduces the TAE bursts with saturation amplitude closer to that inferred from the
experimental plasma displacement. On the other hand, as has been shown in this paper,
energetic ion transport is also suppressed by the MHD nonlinearity. These results indicate that
we need to focus on the feedback of the MHD fluid for the saturation level as well as beam
ion transport in phase space when we try to simulate the TAE bursts.
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Abstract. It is known that non-relaxed distribution functions can give rise to excitation of magnetosonic
waves by ion cyclotron interactions when the distribution function increases with respect to the perpendicular
velocity. We have found that in a toroidal plasma also collisional relaxed distribution functions of central
peaked high-energy ions can destabilise magnetosonic eigenmodes by ion cyclotron interactions, due to the
change in localisation of the orbits establishing inverted distribution functions with respect to energy along the
characteristics describing the cyclotron interactions. This can take place by interactions with barely co-passing
and marginally trapped high-energy ions at the plasma boundary. The interactions are enhanced by tangential
interactions, which can also prevent the interactions to reach the stable part of the characteristics where they
interact with more deeply trapped orbits.

1. Introduction

Emission of waves in the ion cyclotron range of frequencies has received considerable
attention because of the possibility to yield information on fast particle distributions, in
particular on thermonuclear alpha particles. The emission spectra are characterised by series
of narrow peaks corresponding to multiple harmonics of the cyclotron frequencies of
suprathermal ions at the low field side of the plasma edge. In JET, emission related to fusion
products has been found to correlate with the fusion reactivity over six orders in magnitude;
in high current sawtoothing discharges (6MA discharges) the emission displayed inverted
sawteeth [1], and vanished after large ELMs, but was less affected by small ELMs. This
behaviour is consistent with excitation of waves at the outer part of the plasma by high-
energy ions [2]. In plasmas heated with ion cyclotron resonance heating emission peaks
appear when the power exceeds a threshold, and is delayed with a slowing down time after
the application of RF power [3]. In TFTR supershot experiments with NBI a sudden change
of the spectrum occurred during the discharge. In the early part of the heating phase, high
amplitude peaks were seen corresponding to unshifted ion cyclotron resonances located just
outside the plasma. At a later time the amplitude of the peaks were lower and the frequency
higher, the corresponding cyclotron resonances were located just inside the plasma [2].

The high intensity of the emission is consistent with magnetosonic ion cyclotron
instabilities driven by suprathermal high-energy ions, originating either from thermonuclear
reactions, neutral beam- or ion cyclotron heating. Such instabilities can occur when the
distribution function is inverted along the characteristics of the quasi-linear diffusion
operator describing ion cyclotron interactions. It has been suggested that the anisotropy
caused by high-energy ions with trapped drift orbits extending out to the plasma edge on the
low-field side gives rise to magnetosonic instabilities causing the emission [4, 5]. Analysis
by Dendy et al [4], in a uniform approximation of the plasma with a mono energetic
distribution function, showed that the magnetosonic wave could be destabilised by obliquely
propagating waves avoiding interactions with the thermal part due to the finite Doppler shift.
A comprehensive analysis of the emission taking into account the two dimensional structure
of the magnetsonic eigenmode and the finite banana width effects was made by Gorelenkov
et al [6]; for instability it was necessary to have a collisional un-relaxed energy distribution.
Such distribution function could exist provided the fast ions are lost before they are slowed
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down. However, emission during ICRH appears only after times comparable to a slowing
down time, when collisonal relaxed, steady state distribution functions, with sufficiently
many high-energy ions have been established; such distribution functions would not satisfy
the above mentioned condition for instability.

2. Wave-particle interactions in a toroidal geometry.

Whether an ion takes or delivers energy to the wave depends, for ion cyclotron
interactions, on the difference between the phase of the wave oscillation and the gyro phase
of the ion. On averaged, ions will give energy to the wave when the distribution function
increases in energy along the characteristics for the cyclotron interactions. The variation of
the distribution function along the characteristics depends on how the orbit changes as the
invariants vary due to the interactions, in particular the innermost and the outermost positions
of the orbit. The characteristics can be obtained by calculating the changes in the orbit
invariants due to ion cyclotron interactions by integrating the equation of motion along the
orbit. Here we use the orbit invariants W, P, and A in a toroidal geometry, where W is the
energy, P, the canonical momentum and A an adiabatic invariant; defined by Py = mRv, +
eZ¥and A = uBo/W, where 27Y¥ is the poloidal magnetic flux, x is the magnetic moment
and By the magnetic field on the magnetic axis. The change in energy, AW, is given by

AW =eZ IB v-Eexp(—id)dt (1)
0

where 4 is the phase difference between the wave oscillation and the gyro phase of the ion
defined by

9=j(w—nwc—g.g)dt. )

In general, the invariants of motion in a toroidal geometry, where the cyclotron frequency
varies along the orbit, experience significant net changes only near the Doppler shifted
cyclotron resonances, @ — nae —k - v = 0, due to the rapid variation of 9. Using the stationary
phase method to integrate Eq. (1) one obtains

AW =eZp'™ Re{(e‘” E. J ,(k p)+e“E_J . (k, p))\/% expigo} , 3)

where ¢ defines the direction of the wave through ky/kx = tan ¢ in a local (X, y)-coordinate
system with the x—direction perpendicular to the magnetic flux surface and the y—direction
parallel to the magnetic flux surface and perpendicular to the magnetic field. % is the phase
difference at the resonance, i.e. where the phase is stationary, p is the gyro radius, k; the
perpendicular wave number. E; and E., given by E, =%(EX iiEy), are the perpendicular

electric field components rotating in the direction of the ions (+) and counter to them (-).

Considerable enhancement of the wave-particle interactions takes place at tangential
resonances where 9 — 0 because Jocsind. In this case a more accurate expression is
required than that given by Eq. (3), which can be obtained by expanding the change in gyro
phase around the Doppler shifted resonance yielding [7-9]

. . » 2\ 1 @2
AW =eva’s Re (e"gE+Jn_l+e'§E_Jn+le' R)Zﬂ'[gj AI{_FW} ) (4)

where Ai is the Airy function. The above expression defines the change in energy when two
resonances are close together, merge into a tangential one and afterwards when they just
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disappear. In the latter case the argument in the Airy function becomes imaginary, with Ai
decreasing exponentially.

The changes in Py and A = uBo/W are given by:

AP, :%AW AN =(A, A)AW (5)
where A, = naxol/ @, o is the cyclotron frequency at the magnetic axis and n the harmonics of
the cyclotron frequency. In absence of decorrelation of the wave-particle interactions, a
superadiabatic oscillation of the orbit invariants along the characteristics takes place.
Decorrelated interactions with a single mode near one harmonic will describe a 1D-diffusion
process of the orbit invariants along the characteristics [10, 11].

When an ion gains energy from the wave, the major radius of the Doppler shifted
resonance increases and vice versa when it loses energy [11]. The energy an ion can reach
due to the cyclotron interactions alone is limited either by the ion orbit intersecting the wall
or by the Doppler shifted resonances merging into a tangential one at the low-field side for a
passing orbit or at the low-field side of the inner or the outer leg for a trapped orbit [9, 11]. If
the Doppler shifted resonances merge into a tangential one at the high-field side of the orbit,
the minimum energy the ion can reach becomes also limited. In general, the distribution
function increases only in a finite interval along the characteristics, the tangential resonances
can prevent the interactions to continue into an upper stable part of the characteristics and at
the same time enhance the interactions at the most unstable part by suitable choice of the
frequency.

Unstable interactions appear when barely co-passing ions interact near the plasma
boundary with co- or counter-propagating waves, for which the distribution function will be
decreasing in energy below the trapped-passing boundary fu5|on reactions and cyclotron
heating produce only few high-energy co- !
passing ions there. Fig.1 illustrates the de- osf
trapping of an orbit into a co-passing one osl
as the wave takes energy from the ion. In
the case the unshifted cyclotron resonance
is located outside on the low-field side of
the orbit the upper energy limit prevents
interaction with the stable part of the 02/
distribution function consisting of deeply
trapped ions.

For instability, the sum of the
background damping and the interactions
with all resonant ions has to result in a net Al Em e
increase of the mode energy. This can be Riml
achieved, if the interactions with the most
unstable part of the distribution function
takes place at tangential resonances and
the mode is sufficiently localised at the
plasma edge [5].
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o

Fig. 1. Detrapping of a trapped orbit into a
co-passing orbit as the energy is reduced due
to cyclotron interaction, W = 1.0MeV, A=
0.9, (deeply trapped) W = 0.69MeV, A= 0.75
(marginal trapped) and W = 0.48MeV, A=
0.55 (co-passing) for n,= 0. The Cyclotron
resonance is located at R=3.2m.
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3. Numerical simulation.

The power absorbed in a volume element centred at (r, &) is given by

_ —iw * A
P_Re{gﬂg x Erdrd@} (6)
with
w? % o,
2" =—[2mw dv, [dv, c S . (7)
= 0] 0

0w, w_K'E_na)c ="

When neglecting the parallel electric field component S, becomes

[nchnjz inw,J, 3",
in =v, ) kivi ' kivi of 1— k//U// n k//vi of . (8)
_inw J,J', (J' )2 ov, ® o 0Jv,
kJ_UJ_ "

Assuming the magnetic field to vary according to the toroidal equilibrium, expanding the
nominator, @ — na; —k - v, around the resonance and integrating with respect to € we obtain

after some algebra
2

P z%frdrz du, a)a)—a';jZ;vadvL ‘al;‘:qvé

When applying the quasi-homogenous dielectric tensor to a toroidal geometry there is no
enhancement of the anti-Hermitian part with a factor 1/ |sin@| due to tangential interactions as
9 — 0. The enhancement instead appears as an increase of the volume elements, where the
anti-Herimtian part is significant, with the same factor. The integration in velocity space in
Eq. (9) should only include particles that are resonant in the considered volume element. The
ions give on averaged energy to the wave when

ESEl, 9)

<0 (10)

ov @ ® 0v, o 0V, @ O0v,

of (1_ k,,u,,]+ kp, of _no, of kv, of

1

To illustrate how thermonuclear alpha-particles can destabilize edge localised modes we
calculate the susceptibility tensor with the SELFO code [12, 13] for a steady state alpha-
particle distribution function, arising from slowing down of thermonuclear particles
including finite orbit width effects in a circular tokamak with parameters similar to those of
TFTR: R =2.52m, a =0.9m, I, =1.6MA, ny =2.5 x10”°m™, np =2.5 x10°m, nc =2.0 x10"
m=, Te =5keV , Ti =20keV, By =5.0T, n(r)=ne(1-0.99(r/a)®)** and T(r)= To(1-0.2(r/a)?)™.
For simplicity we have assumed that the resonances are located where k; = ny/R. Because of
the relatively small value of v.k,/@: the anti-Hermitian part of the susceptibility tensor
elements yxx, yxy and yy, are nearly similar. Some differences occur because the largest
contribution to the susceptibility comes from the high-energy ions, for which (naw.Ji/ K. v )
and J', starts to deviate. The anti-Hermitian part of the susceptibility tensor elements yy,
which in general has the largest negative anti-Hermitian part, is shown in Fig. 2 for some
frequencies around @ = 4w, at the low-field side edge, for waves with n, = 25 and ny = -25.
Large regions with positive values of the anti-Herimitian part of the susceptibility tensor
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elements yy can be seen in the central region giving rise to damping; because of the weaker
spatial gradients of the alpha particle density, the distribution function is decreasing in energy
along the characteristics. For n, = 25 with f = 110MHz, Fig. 2f, when the 4™ harmonic
resonance is just outside the plasma at the low field side a large negative region at the low-
field side appears corresponding to interactions with co-current passing ions and with
marginally trapped ions at the outer leg. The unstable contributions from trapped and co-
passing orbits were confirmed by separating the anti-Hermitian part of the susceptibility
element into contributions from co-, counter-passing and trapped alpha particles. As the
frequency is increased and the 4™ harmonic resonance is displaced into the plasma at the low-
field side, as for f = 116MHz shown in Fig. 2f, the unstable region is shifted into the plasma
followed by a stable region. The stable region consists of deeply trapped high-energy ions
and lower energy ions. This is consistent with as one follows the characteristics in the region
of trapped orbits towards higher energy, the Doppler shifted resonances are shifted closer to
the unshifted resonance as the orbits become more deeply trapped. Since the number of ions
become fewer as they become more deeply trapped, the distribution function will decrease
with energy along these parts of the characteristics, giving rise to a stable region. As the 4™
harmonic resonance moves into the plasma on the low-field side also a large stable region
caused by interactions with counter-passing ions at the high-field side at the low-field side of
the 2" harmonic resonance that will damp edge localised magnetosonic waves propagating
poloidaly around the magnetic axis at the plasma edge.

Regions with negative anti-Hermitian part of the susceptibility element y., appear also for
waves propagating counter to the plasma current as for ny = 25 at f = 124MHz, Fig. 2d. An
unstable region similar to that in Fig. 2g appears at the low-field side edge, but on the low-
field side of the 4™ harmonic resonance, which in this case also corresponds to interactions
with co-current passing ions and with trapped ions on the outer leg. However, as the energy
increases due to cyclotron interactions and the trapped orbits become more deeply trapped
the Doppler shifted resonances are shifted towards the unshifted resonance thus into the
plasma resulting in a stable region close to the unshifted resonance, which also include
interactions with less energetic ions for which the distribution function is not inverted with
respect to energy. Because of the presence of this stable region close to the unstable region
unstable excitation of edge localised modes requires stronger localisation of the mode to the
edge, which may be difficult to achieve.

By performing a frequency scan to identify the range, in which the instability at the edge,
illustrated in Fig. 2f, can appear, we find it to be limited within the range of 104MHz to
113MHz, thus less than 10% of the frequency.

The behaviour of the anti-Hermitian part of the susceptibility tensor is similar at higher
frequencies when the mode numbers are scaled up accordingly, but the regions, where the
anti-Hermitian part of the susceptibility tensor are significant, start to overlap.

In most of the plasma the anti-Hermitian parts of the susceptibility tensor components are
positive, in particular, near the centre, where they are large and will damp the waves. Thus
only waves propagating near the plasma edge avoiding the stable regions can become
unstable [5]. The typical width of edge localised modes, Ar, varies between 0.12 and 0.18ry,
when mg varies between 50 and 25, using the formula in Ref. [14]. Thus the width of the
edge localised mode is conceivable with unstable excitation of a mode corresponding to the
case outlined in Fig. 2f.
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4. Conclusions and Discussions

We have found that in a toroidal plasma, with a centrally peaked, collisional relaxed,
steady state distribution function inverted distribution functions along the characteristics
describing the quasi-linear diffusion by ion cyclotron interactions can be obtained because of
the toroidal geometry. Interactions with marginally trapped and barely co-passing ions with
co- and counter propagating waves are possible. Interactions at or near tangential resonances
in the outer midplane can enhance the drive by the unstable part of the distribution function
and limit it from interacting with the stable part.

The pattern with positive and negative regions of the anti-Hermitian part of the
susceptibility tensor of a steady state thermonuclear alpha-particle distribution function is
conceivable with excitation of edge localised magnetosonic waves with mg ~ —ny; even
though the edge localised magnetosonic eigenmodes are not localised in major radius and
that the distribution function has reached steady state by collisions.

The emission spectrum at the early phase in the TFTR supershots with emission peaks
corresponding to harmonic cyclotron resonances just outside the plasma at the low-field side
[2] is in good agreement with the case illustrated in Fig. 2f. The change in the spectrum at a
later time in presence of NBI can be caused with the same mechanism, but since the ions
have less energy the unshifted resonance has to be displaced closer or into the plasma.
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Abstract

Time-resolved measurement of lost alpha particles on the first wall is demanded on ITER,
because it is anticipated that various kinds of collective instability are driven by alpha particles.
Moreover, localization of alpha-particle loss on the first wall is one of the problems for the safe
operation of ITER. However, the severe thermal/radiation environment of measurement location and
the difficulties on the access and installation, limit the application of conventional measurement tools.

The ITER integration are studied for some candidates of lost alpha-particle measurement,
such as the camera imaging of scintillators on the first wall, a scintillator probe, a Faraday-cup, and an
imaging bolometer. An orbit calculation of escaping alpha particles is inevitable, and the orbit

characteristics are considered in the conceptual design of these systems.

1. Introduction

The self-heating of a DT plasma by fusion-produced alpha particles is the key to the
realization of self-sustainable ignition of a thermonuclear plasma for fusion reactors. The loss
of alpha particles means the deterioration of the heating input power. Moreover, the
localization of alpha particle bombardment on the first wall surface might induce a serious
damage. Confinement of alpha particles is one of the key issues on ITER. Even before the real
DT experiments lot of studies have been performed experimentally and theoretically, in these
two decades, by using energetic beam particles for heating and fusion produced energetic ions
from DD and D’He reactions. As a result of the accumulation of these researches, it has been
understood that the confinement of fast ions is governed by a number of processes, not only the
magnetic structure, g-profiles and the energy and pitch angle diffusion originated in Coulomb
collisions, but interaction with instabilities driven by themselves, and the other stochastic
processes [1]. Especially some MHD events can transport alpha particles to the outer region
of the plasma, and cause giant losses spiky in time and localized in space. Studies that combine
alpha particles losses and characteristics of MHD activities are needed to identify the
mechanisms responsible for alpha particle transport and loss.

In consideration of such a background, the diagnostic systems for the lost alpha

particles prepared for ITER can be categorized into two groups. One is the energy and
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pitch-angle resolved probes for the study of characterization of lost alpha particles, and the
other one is the loss imaging on the surface of the first wall. Good time resolution is needed
for systems of both groups.

However, the severe thermal/radiation environment of measurement location and the
difficulties of access and installation, limit the application of conventional measurement tools.
The typical neutron and y flux on the first wall are 3 x10'® n/m® /s, and 2x10° Gr/s,
respectively, at the maximum fusion power operation.

This paper describes the anticipated features of escaping alpha particle orbits, loss
location (section 2), integration of several candidate systems of lost alpha-particle
measurement  (section 3), development and test of new type ceramic scintillator

materials (section 4), and issues to be worked in future.
2. Features of alpha particle loss on ITER

The major origin of alpha particle

loss is that of locally trapped in ripples, and

banana particle loss. The former depends |

mostly on the ripple structure and is not so o 207

substantial in ITER, while the loss fraction of é 1 |

the latter is substantial and strongly depends E 15-

on tokamak operation scenarios, the birth %' 10_-

profile and the diffusion rate, as well as the : -

ripple structure and strength. The poloidal 5 5+

distribution of the loss is ranging in 200 to = . 1 [ ]‘L J]T{Hh

250 degree in angle from the inner mid-plane 180 ) 260 130 ' 2~||0 ' 2&0 ' 250

[2]. The typical heat load due to the alpha

particle loss is expected in few kKW/m? to Fig.1  Poloidal distribution of the heat load in
the standard operation. Red histogram

corresponds to banana particle loss and blue one
distribution under the standard operation is shows locally trapped o loss [2].

several hundreds kW/m®>. The typical

shown in Fig. 1. Under the operation of the
reversed shear mode, it is anticipated that the loss might increase substantially. The MHD
activities might also increase the loss.

The head load shown in Fig. 1 is smaller than the average 14 MeV neutron wall
loading of 0.57 MW/m®. But the effect of alpha bombardment on the first wall is severe
because the energy deposit concentrates in a thin surface layer of the alpha particle range ( in
the range of few micro meters), while the neutron wall loading is received by the whole
blanket materials.
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3. ITER integration

Candidate methods of loss imaging are the IR camera imaging, camera imaging of
scintillators fixed at various locations on the FW (scintillator imaging) [3, 4], and gamma ray
imaging using 1°B(a,py)'3C reaction [5]. Candidate methods of point measurement with
energy and pitch-angle resolutions are faraday-cup detectors, Scintillator probes, and
bolometric imaging [6]. In this paper, the ITER integration of scintillator imaging and the

integration of various lost alpha probes are studied.

. VAl Viewing c
B

amera

11
\ \ \~\\ viewing
PR \R apha

NN

Ceramic

Schintillator

(2) (b)

Fig. 3 (a) The area viewed by the camera at

Fig.2  Integration of the scintillator imaging  the upper port 11. Extra holes on the slit of
system on a CAD drawing. The upper port 11 is the first wall panels will be used for
used for the viewing camera, and the ceramic installation of various lost alpha probes.
scintillators are fixed behind the edge of FW of Fig. 3 (b) A conceptual image of the
BM #16, and #17 (Detector poison A). scintillator imaging system.

Fig. 2 shows the geometry of the scintillator imaging system on a CAD drawing of
ITER. Ceramic schintillators are fixed in holes on the edges of first wall (Cu backing) of the
blanket module #16 and #17, and viewed by a camera with filters in the upper port. Fig. 3
shows the area view by the camera (a) and the conceptual image of the system.

Drift orbit calculations for escaping alpha particles have been performed starting
from the detector position on the upper edge of the blanket module #17 (Fig. 4) with the time
inverse. Only orbits with the pitch angle from -rt/2 to 0 are shown because those with 0 to
/2 do not go back to the plasma. These drift orbits have turning points only in the
peripheral region in the plasma, and they are not the best to monitor particles resonating with
MHD excited in the inner region. Moreover, the drift orbits are too close wall surface as
shown in the Fig. 4b. The straight lines in the Fig. 4b are connecting the outmost corners of
the blanket module. The actual shape the corner is rounded and the module itself is curved
poloidally and toroidally. It is necessary to carry out the full gyro-orbit calculation including

the actual shape of the modules, in order to judge whether orbits starting from the detection
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position really go back to plasma or not. ~ Fig. 5 shows the drift orbit starting from the upper
detection position, on the slit of front panels of the blanket module #16. These drift orbits

have turning points in a wider region in the plasma, and include passing orbits. This detection
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position is better to monitor particles resonating with MHD excited in the inner region, and is
considered to be used for point measurement probes with energy and pitch-angle resolutions,
such as faraday-cup detectors, scintillator probes, and bolometric imaging probes. Signals
from these probes are transferred electrically (faraday cups) or optically (scintillators and

bolometers).

4. Development and test of new type ceramic scintillator

New types of ceramic scintillator which are usable for lost alpha measurement under
severe environment of high temperature have been developed [7]. It has been known that
most of ceramic scintillator show thermal quench of luminescence at the temperature higher
than 100 C. New ceramic plates were manufactured from inorganic ceramic compounds and
various kinds of scintillation material. The ceramic scintillators thus made were bombarded
by a 7 keV He' beam, extracted from a bucket-type source, and the scintillation spectra were
measured with the PMA-11, changing the scintillator temperature with a sheath heater.
Among four kinds of scintillation material tested, ZnS(Ag), ZnO(Zn), Y3Al;0;2(Ce), and
Y3Al5012(Cr), the ceramics made from Y3Als02(Cr) emit luminescence of the longest wave
length. Considering the transmission degradation due to the neutron irradiation, the

luminescence in the region of larger wave length is preferable.
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--a-(2) 501 K - 301 K
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Fig. 6 Changes in scintillation efficiency of Y3Al;0;,(Ce) (a) and Y;Al;0:,(Cr) (b) with dose by 7

keV He beam bombardment.

Figure 6 shows the changes in the scintillation efficiency of Y3Als0;2(Ce) (a) and
Y3Al5012(Cr) (b) during continuous bombardment by a 7 keV He' beam as a function of
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with dose. The three results shown in the figure (a) are those of different thermal history.
In case (1) , the bombardment and the measurement was started when the heater was turned
on to increase the temperature, and the heater was turned off at 7= 517 K. In case (2), the a
new scintillator sample was preheated up to 7= 501 K and then ion beam bombardment and
measurement were started during the cooling down. The decay curves in figure 3(a) indicate
that the change in scintillation efficiency during measurement is not due to the temperature.
Moreover, the exponential decay indicates that the scintillation centers are destroyed by the

incidence of the ion beam.

S. Conclusion and Issues to be worked in future
The integration of some candidate measurement tools of lost alpha-particles on ITER,
such as the camera imaging of scintillators on the first wall, a scintillator probe, a
Faraday-cup, and an imaging bolometer, have been studied, while the severe thermal/radiation
environment of measurement location and the difficulties on the access and installation, limit
the application of conventional measurement tools. The distribution of the loss is ranging in
200 to 250 degree in poloidal angle. It is proposed to fix ceramic scintillators in holes on the
edges of first wall (Cu backing) of the blanket module #16 and #17, and viewed by a camera
with filters in the upper port 11. The drift orbit calculation shows that detection position of the
gap between the blanket module #16 and #17 catches some banana orbits but turning points
are in the peripheral of the plasma. Upper positions on the gaps and slits of the blanket
module #16 catch some passing particles and banana particles which have turning points are
in the inner part of the plasma. Full-gyro orbit calculations including realistic detector designs
and detailed 3D first wall shapes, are needed, and now under preparation. Here, we consider
only detection of typical and standard escaping particles. The interaction with MHD has
possibility to eject specific orbits, such as resonating passing particles. More studied focused
on this aspect is waited.
New type of ceramic scintillators have been developed and tested at a temperature of
T =514 K. They had high scintillation efficiency and could potentially be used at ITER. The
changes in scintillation efficiency due to continuous bombardment were studied, showing the
exponential decay, and indicating that the scintillation centers are destroyed by the incidence
of the ion beam. Further developments and experiments are planned, including the testing of

new scintillation materials, and bombardment with 1-3 MeV alpha particles.
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Extended MHD Simulations of Internal Kink and
Alfvén Waves in ITER*

G.Y. Fu
Princeton Plasma Physics Laboratory, Princeton, NJ

The n=1 internal kink mode and fishbone instability are investigated using
the multi-level 3D extended MHD code M3DJ[1]. The M3D contains multi-levels
of physics including ideal MHD, resistive MHD, two fluids, and particle-closure
for both thermal ion and energetic particle stress tensor. Our models include the
physics of alpha particle stabilization of internal kink mode, alpha particle’s res-
onant destabiliztion of fishbone instability and Alfvén Eigenmodes, the effects of
diamagnetic drift of thermal ions and the stabilizing effects of trapped thermal
ions. Extensive simulations have been carried out for ITER parameters and pro-
files. It is found that the elongation of the ITER cross-section reduces the alpha
particle stabilization significantly. The fishbone mode is found to be stable at the
nominal ITER alpha beta. The effects of thermal ion’s non-adiabatic response is
strongly stabilizing for internal kink mode. The thermal ion’s diamagnetic drift is
expected to have a stabilizing effect on the kink mode. Details of these results and
nonlinear simulations will be presented.
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Energetic Particle Transport and Alfvén Instabilities in Compact
Stellarators
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Stellarator design tools have evolved in recent years to allow the development of a number of new compact
stellarator configurations (QPS, NCSX) that maintain good plasma neoclassical confinement while improving on
various shortfalls of the tokamak (e.g., absence of disruptions, stability to neoclassical tearing instabilities,
lowered poloidal flow damping). These improvements have resulted from the development of rapidly evaluated
optimization targets for thermal plasma stability and transport. In the case of energetic particle confinement and
stability, efficiently evaluated target functions remain to be developed and, as a result, energetic particle physics
issues must be evaluated a posteriori. Significant issues include: classical confinement of energetic ions during
slowing-down, Alfvén gap modes, interaction of fast ions with plasma MHD modes, and impact of energetic
ions on core transport properties (i.e., parallel viscosity, bootstrap current). We have developed tools to address a
number of these issues. These include a parallel/vectorized fast particle Monte Carlo code (DELTAS5D) and an
Alfvén gap stability code (STELLGAP). These codes have been applied both to compact stellarators (QPS,
NCSX) and to a variety of existing experiments (CHS, LHD, W7-AS, TJ-II, HSX). This analysis can lead to the
development of optimization target functions that can be useful in flexibility studies and in the design of future
devices. A moments method analysis has also been developed for analyzing both the E x B shearing rates driven
by ambient flows (diamagnetic and E x B) and modifications due to beam momentum sources.

I. Introduction

Low aspect ratio stellarators potentially offer a lower cost development path to fusion, as well
as near-term experimental concepts that provide large confined plasma volumes at moderate
cost. These devices have been designed in recent years using optimization methods that target
a variety of physics and engineering targets. A central theme of these efforts has been the
improvement of confinement since traditional (un-optimized) stellarators have unattractively
high levels of thermal and energetic particle loss. Confinement improvement has been
achieved through measures such as the targeting of lowered effective ripple, alignment of
collisionless drift surfaces with magnetic flux surfaces and lowered collisional transport
coefficients. This has lead to configurations that are nearly quasi-symmetric; exact quasi-
symmetry would provide a conserved canonical momentum invariant in the symmetry
direction and zero bounce-averaged deviation of drift surfaces from flux surfaces. Two forms
of quasi-symmetry have so far been found to be compatible with low aspect ratio: quasi-
poloidal symmetry and quasi-toroidal symmetry. This has resulted in the QPS' and NCSX*
designs, respectively. Configurations have not been found in either case (and may not be
possible) that provide exact quasi-symmetry. The more realistic goal has been to lower
neoclassical transport to a level where it is negligible in comparison to expected levels of
anomalous transport. This can be achieved, but leaves open the question of confinement of the
energetic, more collisionless particle populations used for heating. Energetic particle
confinement has been analyzed using particle following calculations for these devices and is
adequate for the purposes of the proposed experiments. Also, alpha particle confinement in
reactor extrapolations of the QPS and NCSX configurations is adequate for power balance
and ignition (based on thermal plasma confinement enhancement factors in the range 2 - 3),
but may require further optimization to avoid unacceptably high heat loads on the first wall.

In this paper two specific issues related to the confinement of energetic particle and their
effects in compact stellarator systems will be analyzed. These are the confinement of fast ions
in the presence of instabilities and the impact of fast ion momentum sources on the ambipolar
electric field and associated E x B velocity shearing rates.



I1. Energetic particle confinement studies

The classical slowing-down and confinement of energetic particle populations in compact
stellarator systems has been simulated both for versions of QPS and NCSX scaled to reactor
size (Rp = 10m, B = 5T), as well as for versions scaled to the size of the proposed
experimental devices. Here only results for alpha particle slowing-down in a reactor scale
QPS device will be discussed. As with thermal plasma transport, the actual levels of
confinement will be influenced by fluctuation and turbulence that may be present in the
plasma. Energetic particle confinement can especially be degraded by instabilities such as
fishbones and Alfvén modes that involve resonant wave-particle interactions.

In order to analyze such effects, we have developed a Monte Carlo code (DELTASD) that
solves the following guiding center equations, which include a perturbed field component’:

mv? 0
do —[[;H I ] 9B +68£]8_1//+er %+ev88—aa—w

dt B |oy oy |oP, laP, " 1" 9y oP,
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dt B oy 9y |oP, " oP, ™oy oP,

deI:-l-_(pll-l_a)g,P+(pll+a)l,,j+d_a
dt D o D ¢ dt

These are solved in the presence of collisions, modeled using a Langevin® stochastic collision
term. This is based on a collision operator that includes pitch angle and energy scattering,
using the velocity-dependent potential coefficients. For the current calculations, Boozer
magnetic coordinates (, 8, ) are used.’ The following form for the perturbed field function,

o, 1s used:

SB = V X (aB) o= EaOmn (n _ lm) e_(W—Wmn )Z/A,",m e—i(a),t+n§—m6)

A study has been made of the effect of several different forms of perturbed field. These
include: (1) a collection of single mode number pairs with tearing parity displacement
functions localized about their associated rational surfaces (referred to here as resonant MHD
— characteristic of resistive tearing or ballooning modes), and (2) a dominant mode pair with
coupled sidebands in which toroidal (TAE), mirror (MAE), and helical (HAE) couplings have
been considered. Results for losses of slowing-down alpha particles in a reactor-sized QPS
device are shown in Figure 1(a). This is based on an equilibrium at <> = 6%; the rotational



transform profile had relatively weak shear, varying from 0.44 at the magnetic axis to 0.48 at
the edge as shown in Figure 1(b).
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Figure 1 — (a) Alpha particle losses vs. time for various perturbed field models in a QPS configuration,
(b) rotational transform profile with resonant surfaces indicated.

In this case, the resonant MHD perturbation included equal size terms for n/m = 9/20, 14/30,
and 19/40. The TAE/MAE/HAE perturbations included a central n/m = 14/30 mode with
coupled sidebands at n/m = 14/29, 14/31 (TAE), n/m = 15/30, 13/30 (MAE), and n/m =
15/31, 15/29 (HAE). For the AE cases, the sideband amplitudes were 0.4 times that of the
central mode. In all cases a fixed frequency of Wra = 10° sec”’ was assumed. Fig. 1(b)
indicates the location of the various rational surfaces in the rotational transform profile. As
Fig. 1(a) shows, the resonant MHD perturbation model lead to the largest enhancement of
losses. This is likely due to the fact that all three modes had the same amplitude and their
resonant surfaces covered a range of radii in the plasma. The TAE perturbed field model
resulted in increased losses while the MAE and HAE models actually decreased losses
slightly. This effect of the MAE/HAE models is possibly due the instability causing an
increased effective collisionality for the slowing-down alphas. Since the alphas are deeply in
the 1/v transport regime, increased collisionality can improve their confinement. This effect
has recently been proposed and analyzed for thermal stellarator plasmas® in the presence of
electrostatic fluctuations.

III. Ambient and beam-driven E x B velocity shear

Plasma flow velocity characteristics are of importance in understanding and controlling the
performance of toroidal plasmas for a number of reasons. First, there is much evidence both
from simulations and experimental measurements that sheared flows can suppress turbulence
and lead to enhanced confinement regimes. Next, it is expected that plasma flows can
influence the formation and growth of magnetic islands.” Finally, plasma flow characteristics
are closely coupled to understanding impurity transport in toroidal devices. Stellarators offer a
range of different preferred plasma flow damping characteristics, depending on what form of
quasi-symmetry they have.® Also, energetic particle populations, such as neutral beams and
RF heating that act as momentum sources for the thermal plasma, will influence the
ambipolar electric field and thus the plasma sheared flow properties.



In order to quantitatively analyze such effects in compact stellarators, a computational model
has been developed,” based on a moments method analysis for stellarators.'” This model
calculates the plasma viscous stress tensor, and then uses the parallel momentum balance
coupled with the ambipolar condition to solve for the self-consistent plasma flows and electric
field. From this, flux surface average E x B velocity shearing rates can be calculated as shown
in Figure 2.
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Figure 2 — Ambient E x B velocity shearing rates and ITG growth rate estimates vs. flux surface
location.

These calculations are based on central temperatures and densities of Tion(0) = 0.3 keV,
Teteetron(0) = 0.5 keV and n(0) = 8 x 10" m™. As can be seen, QPS has the largest shearing
rates due to its lowered level of poloidal viscosity and the stronger variation of its E x B
velocity within flux surfaces (a consequence of its lower aspect ratio = 2.7). These shearing
rates are compared with tokamak based estimates of ITG mode growth rates,'" indicating that
shearing rates can exceed growth rates near the plasma edge regions. More recent ITG/DTEM
linear stability analysis,'” based on fully 3D stellarator equlibria, for these two devices has
indicated growth rates in the range of 0.2 to 1.6 x 10° sec”. The above shearing rates would
easily exceed these growth rates for either device.

These shearing rates are based on the electric fields and flows that result from what are
termed ambient conditions, i.e., only the diamagnetic drifts and electric fields resulting from
neoclassical transport are taken into account. When momentum sources, such as neutral
beams are included in the parallel force balance, these will perturb the ambipolar condition
and can lead to either smaller or larger electric fields and E x B shearing rates. A beam
induced momentum source has been introduced into this analysis, leading to the electric field
variations shown in Figure 3(a) and 3(b).
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Figure 3 — Impact of a beam momentum source on the radial electric field levels in (a) QPS and (b)
NCSX configurations.

In these calculations, various levels of momentum source were introduced into the ion and
electron parallel force balance relations. The power levels indicated on Figure 3 are obtained
by assuming that these momentum values come from a 40keV beam component injected
parallel to field lines. As can be seen, the electric fields and thus E x B shearing rates in
NCSX are more sensitive to the beam momentum source than for QPS. This is a consequence
of the different magnetic symmetries. It would be expected that different beam injection
angles than parallel may result in stronger sensitivities for the electric fields in QPS and
devices with other forms of non-toroidal symmetry.

IV. Conclusions

Compact stellarators will provide a variety of energetic particle physics issues that differ from
those of tokamaks. Two have been analyzed here: the effect of fluctuations on energetic
particle confinement and the influence of beam momentum sources on electric field
generation. In the case of particle confinement, a regime has been identified where
fluctuations seem to slightly lower loss rates. In the case of beam induced changes in the
electric field, the variation of this effect with different magnetic symmetries (quasi-poloidal
and quasi-toroidal) has been studied. Besides these two areas, there are many other energetic
particle issues such as Alfvén instabilities, fishbones, etc. that will need to be addressed in
greater depth in the future for compact stellarator systems.
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Fast Ion Transport Studies in the Large Plasma Device
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The LArge Plasma Device (LAPD) at UCLA is an 18-m long linear device that produces highly
reproducible ~10-ms duration plasmas with n.>10'2 cm™, T>>1 eV, and B~1 kG every second. Its large
size and excellent diagnostic access accommodate detailed studies of fast-ion physics at reduced
parameters. The first fast-ion experiments were conducted with a modified 100-1000 eV argon processing
source that was inserted into the plasma. Measurements of energy deceleration and cross-field transport in
the quiet “afterglow” plasma are in good agreement with classical Coulomb scattering theory. Recent
experiments employ a 200-3000 eV lithium source. Deflection of the beam by shear Alfven waves is
observed.

The LArge Plasma Device (LAPD) is a user facility for basic plasma physics research
[1]. Computerized probe scans accommodate accurate measurements of fast ions and of
wave fields, so the device is well suited for detailed studies of fast-ion physics. The first
fast-ion experiments were conducted with a modified 100-1000 eV argon processing
source that was inserted into the plasma [2]. It was found that the “spot” size of the beam
is smallest when the gyro-angle of the helical fast-ion trajectory is an integer multiple of
27 [2]. This source was used to measure the fast-ion transport of a ~300 eV ribbon beam
in the quiet afterglow plasma [3]. The parallel energy of the beam was measured by a
two-grid energy analyzer at two axial locations (z = 0.32 m and z =6.4 m) from the ion
gun. The calculated ion beam slowing-down time is consistent to within 10% with the
prediction of classical Coulomb collision theory. To measure cross-field transport, the
beam was launched at 15° with respect to the magnetic field and radial beam profile
measurements were performed at different axial locations. The measured cross-field
transport is in agreement to within 15% with analytical classical collision theory and the
solution to the Fokker-Planck kinetic equation. Collisions with neutrals have a negligible
effect on the beam transport but do attenuate the beam current.

The study of shear Alfven waves is a specialty of the LAPD research program [4]. To
produce super-Alfvenic beam ions, a new fast-ion source that uses a solid thermionic
lithium emitter has been developed (Fig. 1). The lithium source emits ~1 mA of Li" ions
at energies of <3000 eV. With this source, the speed of the fast ions can match the
parallel phase speed of the ~10 G Alfven waves that are launched by loop antennas; the

o — kv, = Q cyclotron resonance is also accessible. In recent experiments, deflections of
the beam by ~1 G shear Alfven waves were detected when the fast ions satisfied the
cyclotron resonance condition.
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Figure 1. Apparatus for the measurement of resonant interaction of fast ions with Alfven
waves. A “picture-frame” antenna launches shear Alfven waves in a helium plasma. A
lithium source launches fast ions in the plasma. A collimated energy analyzer measures
the response of the fast ions to the waves.
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Radio-Frequency Heating of Sloshing Ions in a Straight Field Line
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Abstract. Sloshing ions, the energetic ions with a velocity distribution concentrated to a certain pitch-
angle, play an important role in plasma confinement in mirrors. They are normally produced in mirror traps
with neutral beam injection. They also could be generated by ion-cyclotron heating. In the present report
two radio-frequency heating scenarios to sustain a sloshing ion population in a newly proposed mirror
device, the straight field line mirror, are examined. The first one consists in the ion cyclotron heating in two-
ion species plasma using longitudinal wave conversion and fundamental harmonic heating of deuterium ions
in tritium plasma. This scheme provides efficient ion heating for high deuterium “minority” concentration
without substantial power deposition to the electrons. The second scenario is based on second harmonic
heating of deuterium ions. The study uses numerical 3D calculations for the time-harmonic boundary
problem for Maxwell’s equations. For the radio-frequency heating in both schemes, a simple strap antenna
is used. Calculations show that it has low antenna Q and operates in the regime of global resonance
overlapping. For fundamental harmonic heating scenario only a small portion of the wave energy transits
through the cyclotron layer and penetrates to the central part of the trap. The power deposition is peaked at
the plasma core. The calculations show that this scenario is prospective for practical implementation in large
mirror devices. First results of numerical calculations for second harmonic heating are reported.

A straight field line mirror [1,2] is a prospective device for fusion applications. Some
beneficial properties with such a device is the MHD (magnetohydrodynamic) stability
provided by a minimum B field, the minimum flux tube ellipticity and the local omnigenious
property, with zero banana orbit widths, to the first order in the plasma £ [3].

With a sloshing ion population, the straight field line mirror may serve as fusion reactor with
relatively high O factor (energy gain factor) [4]. Sloshing ions are the energetic ions with a
velocity distribution concentrated to a certain pitch-angle, and they “slosh” between the
magnetic mirrors where their concentration increases. The established technique to produce
sloshing ions in mirror traps is neutral beam injection (see e.g.[5]). An alternative approach,
although not yet tested experimentally with sufficient heating power [6], would be to sustain
sloshing ions by radio frequency heating.

1. Fast wave propagation in mirrors and fundamental harmonic heating

The character of the fast wave propagation in open trap plasma is that along x and y, the

directions perpendicular to the magnetic field, a fast wave normally form a standing wave
structure with a low number of nodes, while in the longitudinal direction the number of
oscillations is quite high (see e.g. Ref. [7]). We assume that the perpendicular node structure
of the wavefield remains as the wave propagates along the plasma column [8]. Under this
condition, the major features of the fast wave propagation could, to a certain extent, be
described by the dispersion relation

! Permanent address: Institute of Plasma Physics, National Science Center “Kharkov Institute of Physics and
Technology”, 61108 Kharkiv, Ukraine
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k2 =kie, — k212 [kt 4+ kg (1)

where k; and k | are the parallel and perpendicular components of the wave vector,
ky,=w/c, ¢ =¢,=¢y,, g=-ig, =is,, and ¢, 1is the cold plasma dielectric tensor.
Following this formula, Fig.1 shows the dependence of the normalized parallel wavenumber
EH =kc/w,, on the normalized magnetic field B=w, /o in a D-T (deuterium-tritium)

plasma.
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Figure 1 Normalized ];”2 as a function of normalized Figure 2 Sketch of 1f heating scheme.

magnetic field strength B for EJ_ =03.

Based on (1), the following minority heating scenario is choosen: As sketched in Figure 2, a
fast magnetosonic wave (FMSW) is excited by the antenna and launched towards lower
magnetic field at a position where the magnetic field is lower than the resonant value for
tritium ions and the real part of &, is negative. This wave, traveling towards lower magnetic
field, will convert to a fast Alfven wave (FAW). The FAW will reach the vicinity of the
cyclotron zone for deuterium ions, where it will be damped by the cyclotron mechanism. As
compared with the “magnetic beach” scheme, this approach has some advantages. The first is
that it is easier to excite by the antenna the FMSW than the FAW, since there is less
restriction for FMSW propagation in non-uniform plasma. Secondly, the antenna could be
placed in the region where &, <0, where it is easier to provide decoupling from the Alfvén
resonances. It could be mentioned that the performance of this scheme could be decreased by
reflections from the conversion zone and by over-barrier conversions. Numerical results for
this fundamental frequency heating scheme are reported in Ref. [9].

The scenario for second harmonic heating is analogous. If k£, is slowly varying along the
mirror axis the effect of second harmonic cyclotron resonance could be modeled by the
presence of minority with the half particle mass and the conentration C,, =4C,v; /o, ,
where C, is the concentration of the resonannt ion component. In such an approximation the
second harmonic heating was studied in Ref. [7].
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2. Numerical model

In the present study, electromagnetic calculations are used to analyze high-energy ion sustain
in a reactor-scale straight field line mirror device. The magnetic field strength of that device is
described by the following formula:

B O{ e - x l+z/c -y 1-z/c }’ )

——— -, 5+, ——————
1-z°/c* “c(-2"/c*)? Te(d-z2"/c*)
where ¢ is the half-distance between the left and right poles of the trap. At the poles at

z =*c, the magnetic field strength goes to infinity. We consider a reactor-scale device with
c=50m, a =150cm and B, =1.5T. Here, a is the plasma radius at the central plane where
the magnetic surfaces have a circular cross-section. The trap confines deuterium and tritium
sloshing ions with the mirror point at B, =4B, that corresponds to the coordinate
z/le=~3/2. Following the scheme described above, the cyclotron resonance for deuterium
should be located nearby this mirror point, and an estimate for the heating frequency is
@ ~3-10%s". The computation domain is ze(0.82¢,0.9¢), i.e. 41 m <z< 45 m, which
covers the deuterium cyclotron zone. Since the y component of magnetic field varies slowly,

this variation may not seriously influence the rf heating and, we assume plasma and magnetic
field uniformity along y .

To describe the transmission of rf power to sloshing ions, the boundary problem for
Maxwell’s equations

VxVx|E-& (@ -E)|-ké-E=dmau,]., 3)
should be specified. Here j , is the external current, € = B/B. The parallel electric field is
neglected. The boundary condition at a metallic surface and at the left wall of the box at
z=41m are specified by Exii=0, GE(E xéz)+ikW(E><éZ) =0, where 7 is the normal
z

vector of the surface and k,, is a constant. The corrections caused by finite &, are important
only for the resonant part of the dielectric tensor £. This resonant component for ions is

Sk A — — — . . . .
g,=e, &€, where e, =(e,—zey)/x/5 and e, =e¢,xe¢, and we use the following

expression:
2
., INTT
€ = 1- z s F(ﬂa) - > exp(—ﬂj) “4)
a “"kn"mu

and F' is the Dawson’s integral.

where S, = (60 -@,, )/ ‘kanaH

For second harmonic heating, the resonant correction to the dielectric tensor also contributes
to ¢,,, and it is not a function in space, but the differential operator (see e.g. [7])

40

5‘9++E+ :igzaiE+ ’ (5)

or, or.
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where r, =X iy, X is a local coordinate perpendicular to the magnetic field VX = e_ and

B 4or’ V7. i
Erq = zp—le F(B,,)— _eXP(_/Bzza) [1 +(1-2wy,, /a))("ial /Viu - 1)] (6)
a a)‘knvmu WD, 2

with f,, = (60 -20,, )/ ‘ku"TaH

3. Results of calculations

We choose an antenna consisting of the strap elements oriented along the y axis. For good

coupling to the plasma, the surface of the strap should be positioned as close as possible to the
plasma surface. This determines the size of the strap in the x direction. As for the antenna
positioning in the z direction, it would be better to place it near the wave cut-off where the
wavefield comes out the plasma column to the maximum extent and where it is easier to
couple it to the antenna. The antenna layout is shown in Figure 3.
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Figure 3 Strap antenna layout with the Figure 4 Contours of a) deposited power density b) Re E_, ¢)
scheme of electric connection.
ImE_ , d) ReE, and e) ImE at the cross-section y =0.

Blue color corresponds to -0.5 V/iem and red is -0.5V/cm.
Antenna current is 14.

In the numerical calculations, the following set of parameters is chosen: Plasma density (in its
maximum) is n,, =5-10"cm™, heating frequency is @ =2.5-10°s", deuterium and tritium

parallel thermal velocities at z-axis are vy, = v, =5- 10° m/s, the deuterium concentration

is C, =04, k=04 em™ and &k, =0.1 ecm™. For this set of parameters the electromagnetic

field patterns are presented in Figure 4. In spite that the antenna currents are assumed real,
both the real and the imaginary parts of the fields amplitude are of the same order. In
accordance to the antenna current shape, the electromagnetic fields do not form an
oscillational structure in the y direction. In the x direction, the wavefield has two nodes
which indicates the dominance of the third radial mode. A FMSW wavefield near the antenna
location (z =4350...4400 cm) can be identified. As zdecreases the amplitude of the £, field

component decreases having almost a FMSW structure while the E, component does not
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decrease up to the zone of strong cyclotron damping. Its structure near the tritium cyclotron
resonance could be qualified as a FAW structure. The front of the FAW is convex. This could
be explained by the lower deuterium cyclotron zone width at the plasma edge where the FAW
approaches closer to the ion cyclotron resonance surface. A slight excitation of Alfvén
resonances is visible at the plasma periphery.
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Figure 5 Contours of a) deposited power density, b) ReE_, ¢) ImE , d) ReE, and e) IME  at the cross-

section z = z,. Blue color corresponds to -0.5 V/cm and red is 0.5 V/cm. Antenna current is 14.

For second harmonic tritium heating calculations, the parameters are the following: Plasma
density (in its maximum) is n,, =5-10" cm™, heating frequency is @ =3.1-10°s™, deuterium
and tritium thermal velocities at z-axis are v, = v, =5-10° m/s and v,,, =v;, =15-10°

m/s, the deuterium concentration is C,, = 0.6, k” =0.4cm™ and k,=0.2 cm’'. The result of

calculation is shown in Figure 5. In comparison with the minority heating, the power
deposition zone is broader. For this specific calculation, cyclotron zone shine-through is about
18% in power, what is larger than for the minority heating, but within the range of acceptance.
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Abstract. Both energy spectra and dynamic of flux of fast ions originally tangentially injected into
Large Helical Device plasma with energy 150 keV was studied using tangentially and perpendicular viewing
charge exchange (CX) atom spectrometers based on natural diamond detectors. Measurements were performed
in plasma configurations with magnetic axis at R,x = 3.75 m, 3.6 and 3.53m for axial magnetic field .B; = +2.5, -
2.5, 1.5 and 0.75 T. The degradation of energy distribution and diminishing of decay times of fast CX atom flux
were measured at B=0.75 T. Sharp increases of fast co-CX atom fluxes were measured in experiments with
200ms co-beam blip injection in R, = 3.53m and 3.6m configurations during the second part of the beam time
when 50-60 kHz MHD instabilities appeared in plasma. Increase of fast co-moving ion transport from plasma
center to periphery by 50-60 kHz energetic particle modes in R,, = 3.53 and 3.6m configurations could be
discussed as the reason of measured increase of fast CX atom flux.

1. Introduction

Fast ion behaviour in fusion reactor is of great importance for its design. Due to ripple
structure, q profile and topology of fast ions trajectories the issue of fast ion confinement is
more crucial in fusion reactor based on stellarator configuration. Experiments on Large
Helical Device (LHD) [1] with neutral beam injection (NBI) are providing the possibility to
study some aspects of fast ion behaviour in largest for today stellarator plasma configuration.
Well developed diagnostic complex of LHD [2] is providing not only the data about spatial
distributions of the number of LHD plasma characteristics important for this studies, but in
particular the possibility to measure the evolution in time of the perpendicular and tangential
confined fast ion energy distributions. The purpose of our work was to study experimentally
the efficiency of confinement of fast tangential and perpendicular ions in relatively MHD-
quiescent hydrogen plasma of LHD and under influence of some MHD instabilities.

2. Experimental Arrangement

The behavior of fast tangential and perpendicular protons confined in LHD plasma
was studied using viewing tangentially to plasma at R = 3.65 m in equatorial plane and
perpendicular vertically at R = 3.67 m [3] charge exchange (CX) atom spectrometers based on
natural diamond detectors (NDD) [4]. The tangential and perpendicular NDDs integrate from
their cones of view the CX atom fluxes created by fast ions having pitch angles of 140-180 (0-
40 for counter-clockwise directed magnetic field) and 87-102 degrees [3] with respect to co-
clockwise direction, respectively. Fast ions were originally tangentially co- and counter-
injected with energy 150 keV into LHD hydrogen plasma. To provide both spectrometry and
flux dynamic studies of tangential and perpendicular CX atoms, measurements were
performed during experimental program of high energy ion task force with stationary and
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modulated (200 ms — on / 200 ms — off) co- and counter- beam injection [1]. Applied NDDs
were specially developed for fast (E > 18 keV) CX atom spectrometry [4]. Tangential NDD
was placed at distance 6.8 m from the plasma center. It has input window with diameter 2 mm
and additional aperture with diameter 1 mm installed at distance 285 mm from the detector.
So this NDD has plane angle of its cone of view ~ 0.3 degree, and sees the plasma region with
diameter ~ 6 cm at the axis. Measurements were performed in standard plasma configurations
with magnetic axis at R,x = 3.75 m and in inward shifted configurations with R,x= 3.6 and
3.53 m and average minor radius a = 0.6 m with values of magnetic field equal to 2.5, 1.5,
0.75 (co-clockwise) and -2.5 T (counter-clockwise). Electron density and temperature of
plasma in these experiments were in the ranges 0.5+ 2x10"” m>and 1 = 2 keV.

3. Results of Fast lon Confinement Studies
3.1. Methodology of the Studies

Behaviors of co- (with respect to magnetic field (B)) and counter-moving fast ions
were studied in plasma discharges with counter- and co-directed B, respectively.

To study the difference in confinement of co- and counter-moving tangential and
perpendicular ions in a number of LHD plasma configurations the most of CX atom spectra
measurements were performed in MHD-quiescent plasmas with similar parameters (ne ~
(0.75+1)X10" m™, Te ~ 1.8+2 keV).

Another way to study experimentally the efficiency of fast ion confinement is
connected with measurements of the decay times of fast (E > 18 keV) CX atom fluxes after
beam cancellation in experiments with modulated NBI and their comparison with calculated:
30 degree scattered times for tangential CX atom flux measurements and Coulomb slowing
down time for perpendicular CX atom flux measurements. It was measured that after beam
cancellation the perpendicular fast CX atom flux exist longer then tangential one. This
indicates that due to reionization of CX atoms integrated from respective cone of view the
tangential NDD has measured CX atom flux from more periphery region of plasma than
perpendicular NDD. It was measured that perpendicular CX atom flux is increasing with
plasma density and time delay of its maximum with respect of beam cancellation is
diminishing with plasma density. Such relative behavior of tangential and perpendicular fast
CX atom flux is in good agreement with pitch angle scattering by Coulomb collisions.

3.2. CX Atom Spectrum and Flux Measurements in MHD-quiescent LHD Plasma

Tangential spectra of co- and counter-moving CX atoms were very similar in whole
energy range for plasma configurations with R, = 3.75 and 3.6 m and | B¢ | = 2.5 T. This
demonstrated the absence of essential difference in confinement of fast co- and counter
moving ions with energies up to 140 keV in these LHD plasma configurations.

Tangential spectra of co-moving CX atoms measured for R, = 3.53 m and 3.6 m
plasmas were equal to each other and a bit lower than for R,x = 3.75 m plasma in the energy
range 20-85 keV. Similar, as shown in fig.1, tangential spectra of counter-moving CX atoms
measured for R,x = 3.6 m plasmas were a bit lower with respect to those measured from the
Rax = 3.75 m plasmas in the same energy range. Measured decay times of co- and counter-
moving CX atom flux were slightly lower in R,x= 3.6 m configuration with respect to R,=
3.75 m one and essentially lower in R,= 3.53 m (see fig.2) plasma. Fast beam ion minor
radial distributions in standard and inward shifted plasma configurations were calculated
using FIT code [5] for LHD discharges 45896 (R.x = 3.75 m) and 45908 (R.x = 3.6 m) using
experimentally measured by Thomson scattering electron density and temperature minor
radial distribution. Results of calculations shown, that the beam ion minor radius distribution
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is becoming broader with the inward shift of plasma axis from standard configuration. In
addition to this due to reionization of CX atoms the input of more periphery component in the
integrated by NDD along its line of sight fast CX atom flux is increasing with the inward shift
of the plasma axis. So, the obtained results of some diminishing of fast ion distribution
function in low energy range and fast CX atom decay time after beam cancellation with the
inward shift of LHD plasma axis could be treated as illustration of slightly higher losses of
both co- and counter- moving fast ions from more periphery plasma regions (measurements in
Rax = 3.6 and 3.53 m configurations) than from more central regions (measurements in R,x =
3.75 m configuration). Due to the absence of the loss cone for tangentially moving fast ions
with studied energies in almost whole LHD cross section [5] these losses should be assigned
to charge exchange processes of fast ions with residual in plasma atoms, that are increasing to
plasma periphery due to higher atom density there.

As shown in fig.3, in plasma configuration with R,x=3.6m tangential counter-moving
CX atom spectra are slightly diminishing with B, change from 2.5T to 1.5T and essentially
diminishing for B=0.75T in whole energy range. The comparison of measured in these
experiments fast CX atom flux decay times with calculated 30 degree scattered times are
presented in fig.4. These results are showing that for lower axial magnetic field measured
decay times are very slightly (B=1.5T) or essentially (B; = 0.75T) shorter then calculated 30
degree scattered time. These decay time data could be treated as an illustration of some
degradation of the confinement of counter-moving ions in plasma with B; diminished down to
0.75T. But measured results, and spectrometry data in particular, could be also assigned to
lower T. in discharges with lower B; and to wider fast ion trajectory excursions to plasma
periphery at lower B; and so lower slowing down time and higher CX loss there. Further
detail mathematical modeling of measured by NDD CX atom fluxes is required for making
the final conclusion.

The perpendicular CX atom spectra, Tes ) (see fig.5) and fast CX atom flux decay time
shown in fig.6 were lower in Ry =3.75m configuration than in cases of Ry =3.6m and 3.53m.
All this could be explained by better confinement of helically trapped ions in inward shifted
configurations with respect to standard one [6].

Tang. Cnt-spectra for 3.75 and 3.6 m B=2.5T Decay times of Co-fluxes for Rax = 3.53,3.6 & 3.75m
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Fig.1. Tangential spectra of counter-moving CX Fig.6. Comparison of measured Co-CX atom

atoms for B=2.5T, R,x=3.6m (discharge 45908, flux decay times with calculated 30 degrees

ne=7.5><1018rn'3) and 3.75m (45896, n=8x10"m" ). scattered time of 50keV protons for R,x=3.75m
(discharge 44175, diamonds), 3.6 m (44308,
circles), 3.53 m (44210, empty circles).
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Tangential Cnt spectra for R=3.6m, B = 0.75, 1.5 and 2.5T Decay times for Cnt CX flux for R=3.6m, B=0.75, 1.5 & 2.5T
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3.3. CX Atom Flux Measurements in LHD Plasma with MHD Activity

Sharp increases of co-moving CX atom fluxes were measured in experiments with
200ms co-beam blip injection in Ry=3.53m and not so clear but also in R,=3.6m plasmas
during the second part of the beam time (see Fig.7). Essential MHD activity was developed in
these experiments with inward shifted LHD plasma and modulated co-NBI. Development of
MHD activity in LHD discharge with R,x=3.53m, which CX atom fluxes presented in fig.7 is
shown in Fig.8. The evolution of fast CX atom flux from plasma with Rax=3.53m
configuration was studied for different energy ranges. As shown on fig.7 it was measured that
fluxes of CX atoms with energy 20-29 keV did not have fast increases during beam time but
fluxes of CX atoms having energy higher than 29 keV have sharp peaks during second parts
of beam time. Measured sharp increases of fast CX atom fluxes correlate with appearance in
plasma 50-60 kHz MHD instabilities showing on fig.8. This effect was almost not seen in
Rax=3.75m plasma configuration. Instant beginning of co-CX atom flux decay after co-NBI
termination and delay with decay of counter-CX atom flux after counter-NBI termination
were also measured. Increase of fast co-moving ion transport from plasma center to periphery
by 50-60 kHz energetic particle modes in R,=3.53 and 3.6m plasma configurations could be
discussed as the reason caused measured increase of fast (E > 29 keV) CX atom flux.

4. Conclusions

Results of CX spectrum and flux dynamic measurements:

- Demonstrated that there is no essential difference in confinement of fast co- and counter-
moving ions with energy up to 140keV in LHD plasma with Rgx=3.75 and 3.6m, | Bt | =2.5T.

- Could be treated as illustration of slightly higher CX losses of both co- and counter-
moving fast ions from more periphery plasma regions (measurements in R, = 3.6 and 3.53m
configurations) than from more central regions (measurements in R,x = 3.75 m configuration).

- Could be treated as illustration of some degradation of counter-moving ion confinement
in plasma with magnetic field decrease down to Bt = 0.75 T. But measured results could be
also assigned to lower Te in plasma discharges with lower Bt and to wider fast ion trajectory
excursions to plasma periphery and so lower slowing down time and higher CX loss there.

- Demonstrated the better confinement of helically trapped ions in inward shifted (Ryx=
3.53 and 3.6 m) configurations with respect to standard one (R.x = 3.75 m).

Increase of fast (E > 29 keV) co-moving ion transport from plasma center to periphery

by 50-60 kHz energetic particle modes in R,x=3.53 and 3.6 m plasma configurations could be
discussed as the reason for measured increase of fast CX atom flux.
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There are two neutral particle analyzers, the time-of-flight (TOF-NPA) and the silicon detector (SD-NPA), which
are scannable horizontally and vertically. In horizontal scan, it is interesting to measure the pitch angle
distribution and to investigate the loss cone feature obtained by it. It is very important to control the trapped
particle by the helical ripple to realize the helical type plasma fusion device. Here the charge exchange neutral
particle between the high-energy ion and the background neutral is measured to obtain the pitch angle of the
high-energy ion in the plasma. Tangential injected NBI heating in long discharge is suitable for this purpose in
LHD. The energy of the high-energy ion supplied from NBI decreases by the plasma electron. The pitch
angle scattering is occurred by the collision of the plasma ion with several times energy of the electron
temperature. Therefore we can easily compare the experimental pitch angle distribution with the simulation
result, which is obtained by considering the initial pitch angle distribution and the atomic process. The pitch
angle distribution from 40 to 100 degrees can be obtained by horizontal scanning the TOF-NPA during the long
discharge over 100 seconds sustained by the NBI#2 (co-injection) at the magnetic axis (Ry) of 3.6 m. The
trapped particle by the helical ripple can be clearly observed around the pitch angle of 90 degrees. The loss
cone feature is agreed with the result. It is interesting to investigate the dependence of R, of the loss cone
feature. However it is not suitable to use the scanning of TOF-NPA during NBI plasma discharge although it
can provide the precise structure of the loss cone because it is very difficult to sustain the long discharge at
different magnetic axis. We use SD-NPA, which has ability of 6 different pitch angle measurement at Ry, =3.5,
3.6 and 3.75 m. More trapped particle can be observed at R, =3.5 m because the large helical ripple can be
expected at inner magnetic axis.

In vertical scan, the heating deposition profile of the ion cyclotron resonance heating (ICH) has been
discussed. In LHD, the long discharge over 30 minutes with the total energy of 1GJ can be sustained by the
ICH. The deposition profile can be obtained by the vertical scan of the SD-NPA. The region where the
high-energy particle is generated, is agreed with the resonance region of ICH.  Similar result can be obtained by
the pellet charge exchange measurement in the short discharge.

1. Introduction

On helical devices, particle orbits in plasma are very complicated due to the magnetic field
ripple. The particle is trapped by the helical or/and the toroidal ripples. When these orbits
are drawn in velocity space, some particles with large pitch angles are lost.[1] This
phenomenon is known as a loss cone and it expresses well the features of particle
confinement in helical device. One of the main subjects in helical devices and the future
fusion reactor with the helical system is, how this loss cone can be reduced. This
phenomenon can be reduced by the control of the magnetic configuration, the heating method
and the electric field etc. In the Large Helical Device (LHD),[2] the device design is
devised so that the loss cone at p (radial position on the magnetic surface) <1/2 may not
exist.[3] Moreover, most of the particles heated by tangential NBI (Neutral Beam Injection)



do not have a pitch angle perpendicular to the magnetic field.

However, if the slowing down of the incident particle by electron collision occurs, not only in
ICH (lon Cyclotron resonance frequency Heating) heating but also in NBI heating, the
particle with a large pitch angle actually will be generated due to the scattering between the
particle and a plasma ion at several times the plasma temperature. These particles cause the
drift motion and rotate poloidally. They can almost be confined in the plasma because the
energy of these particles is not so large. However part of them are not confined by balance
with the electric field E. [4] Here we are thinking about the single particle orbit model
excluding the electric filed for simplicity.

The simulation of the single particle orbit in LHD magnetic field configuration had been
precisely done by Kamimura [5] and Watanabe [6]. In calculation, test particles with
uniform initial pitch angle are put on a certain poloidal surface grid. Typical simulation
results are shown in Ref. [5]. Protons with the energy of 50 keV, which are settled on the
poloidal surface initially, move on LHD magnetic configuration in vacuum. The figure
shows alive particles map with major radius in horizontal axis and pitch angle in vertical axis.
The symbols indicate the difference of the particle orbits. Particle confinement by the
different magnetic fields are shown in Ref. [5]. The trapped particle sby the helical ripple
are remarkably observed around 90 degrees of the pitch angle at the inner magnetic shifts.
Some of the particles are lost when the pitch angle is slightly lower or higher than 90 degrees.
However when the pitch angle becomes much lower (or higher), the particle has the transit
orbit. Therefore many particles can be confined in this region. When the magnetic axis
moves inward, the trapped particle is well confined because the orbit of the trapped particle
closes the plasma magnetic surface.

2. Experimental arrangement

The time-of-flight (TOF) type neutral particle analyzer has a large S/N ratio for various kinds of
radiation noise from soft X-rays. Its detail and experimental configuration are described in Ref.
[7]. The analyzer with its driving stage is installed on the plasma mid-plane (port 10-O). As
for the position of 10-O, NBI#1 and NBI#2 are installed at the right and left sides of the
analyzer sight line, and especially the beam path of NBI#1, which crosses the sight line near the
plasma center, can be expected to generate neutral particles because of charge exchange in the
central part of the plasma.

The possible scanning angle is equivalent to the pitch angles from 40 degrees to 100 degrees.
The pitch angle in this paper is defined as the angle between the magnetic axis and the sight line,
not the actual pitch angle for each particle because it is difficult to find the generation point of
each particle. About the vertical scan, it is possible from -12 to +15 degrees. A very
high-speed scan of one degree per second in the vertical system is possible since a counter
weight is used to compensate the weight of the analyzer (700kg).[8]

Silicon surface barrier diode type neutral particle analyzer (SD-NPA) is installed under the
TOF-NPA.[9,10] It has 6 liquid nitrogen cooled detectors with different sight lines from 35 to
90 degrees. Minimum observable energy is 25 keV which is determined by the thickness of



aluminum coating for light protection
and the inactive layer of the silicon
detector. The simultaneous six energy
spectra with energy resolution of
several keV can Dbe obtained by
traditional pulse height analysis. The
time resolution is 5 ms. It has vertical
scanning mechanism by moving the
aperture.
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LHD has the toroidal mode number of
m=10 and helical mode number of I=2.
The major radius and minor radius are
3.9 m, 0.6 m, respectively. The helical
ripple is 0.25 and a magnetic field is a
maximum of 3 T.  Although the
Fig. 1. The contour plot of the pitch angle  standard magnetic axis is 3.75 m, it can

distribution. be changed from 3.4m to 4.1m by
The color (or density) means the flux of the particle. . . . .

The trapped particle around the pitch angle of 90 applying a vert_lcal magngtlc field.
degrees is clearly observed.  The effect of loss cone 1 nere are three kinds of heating system
is not so large because the particle loss near the 20 ke~ ECH (10MW), NBI (15MW) and ICH
is not remarkable. (B3MW). As for electron temperature,

a maximum of 10keV is observed by
using Thomson scattering and ECE (Electron Cyclotron Emission). Electron density can be
changed from 0.1 to 4x10" m™®. The density profile is measured with the multi-channel
interferometer.

3. Experimental Results

Figure 1 shows the contour plot of the pitch angle distribution measure by the scanning of
TOF-NPA during NBI long plasma discharge. Horizontal and vertical axes indicate the
particle energy of hydrogen and the pitch angle, respectively. Here the pitch angle is defined
as the angle between the magnetic axis and the sight line. The color (or density) means the
flux of the particle. We must take account the line integration of the particle flux in
experiment. The observed neutral particle flux is the products of the high-energy particle
and the background neutrals amounts. The penetration depth of the background neutral
depends on the plasma density. However main region of the neutral particle source is outer
than 2/3 of the plasma radius. Loss cone appears outer than 1/2 of plasma radius.
Therefore the experiment results are expected to reflect the simulation results. Horizontal
axis in Fig. 2 is the particle energy not the major radius which is shown in Fig. 1. However
the trapped particle around the pitch angle of 90 degrees is clearly found in Fig. 1. The
magnetic axis of Ry =3.6 m in this experiment is equal to the 0.15 m inner shift in the
simulation. Both results are qualitatively agreed. Although some particles are disapperaed
by escaping to the loss cone, most of particles with large pitch angle are well confined by the
inner shift of the magnetic axis. The flux in the pitch angle of less than 90 degrees is smaller.
In this experiment, the critical energy is expected to be 20 keV because the electron
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Fig. 2. The contour plots and spectra of the pitch angle distribution at three different magnetic
axes.

. By inward shift of the magnetic axis, the trapped particle near the pitch angle of 90 degrees
increases.

temperature is 4 keV. Uniform initial pitch angle distribution can be expected on 20 keV.
The effect of loss cone is not so large because the particle loss near the 20 keV is not
remarkable.

In the long discharge experiment, it is very difficult to choose the different magnetic axis
position because the long discharge cannot maintain except R, =3.6 m. We use SD-NPA
which has different 6 sight lines in order to obtain the pitch angle distribution in single short
discharge. The pitch angle distribution in different magnetic axes can be obtained by using
SD-NPA. Figure 2 shows the contour plots of the pitch angle distribution at three different
magnetic axes, R, =3.53, 3.6 and 3.75 m. Horizontal and vertical axes indicate the particle
energy of hydrogen and the pitch angle, respectively. The color (or density) means the flux
of the particle. Each spectrum is also shown in Fig. 2. By inward shift of the magnetic
axis, the trapped particle near the pitch angle of 90 degrees increases. This means the
trapped particle is well confined because the orbit of the trapped particle closes the magnetic
surface when the magnetic axis moves inward.

3. Vertical scan

In LHD, the long discharge over 30 minutes with the total energy of 1GJ can be succeeded by
the ICH. SD-NPA has an ability of the vertical scan of 0.03 degree/seconds by the sliding of
the pinhole in order to obtain the vertical distribution of neutral particle energy spectra. The
deposition profile of ICH can be determined by the distribution. Much high-energy flux can
be observed near the resonance region of ICH as shown in Fig. 3. Similar result can be
obtained by the pellet charge exchange measurement in the short discharge. The details of



the results are mentioned elsewhere.[11] s b

4. Summary

Two neutral particle
analyzers, TOF-NPA and
SD-NPA, which are
scannable horizontally and
vertically, are used for .. ... ... |l
observing the pitch angle ., *
distribution of high-energy 7L:
particle and studying loss
cone feature. In NBI long
discharge, precise pitch
angle distribution, which
can be compared with the  Fig. 3. The vertical scan of SD-NPA.

simulation, can be obtained. - SD-NPA is scanned from the bottom to top. During scanning,
The dependence of tapped two peaks appears when the sight line cross the strong resonace

. . . positions of ICH.
particle against the magnetic
field can be obtained using SD-NPA. In LHD, large loss cone is not observed when the
magnetic axis is shifted inward. The ICH heating near the resonance region can be observed
using vertical scan of SD-NPA.
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Abstract

Energy and angle-resolved measurements of neutral particle fluxes from the plasma provide information about
T;. as well as non-maxwellian anisotropic ion distribution tails from NBI and ICH. Multidirectional diagnostics
employing high resolution atomic energy spectrometers are being used to study the ion component heating
mechanisms and fast ion confinement in helical plasmas. Since the natural atomic flux source is not localized in
contrast to the diagnostic neutral beam or pellet charge exchange methods, the correct interpretation of such
measurements in a complex toroidally asymmetric geometry requires a careful numerical modeling of the neutral
flux formation and the knowledge of the charge exchange target distributions, relevant cross-sections and the
magnetic surface structure. The measured neutral flux calculation scheme for LHD geometry is given.
Calculation results for Maxwellian and NBI-induced ion distributions are shown. The behaviour of calculated
and experimental suprathermal NBI tails is discussed along with the magnetic axis shift effect on energetic
particle confinement.

1. Neutral Flux Formulation and Calculation Scheme

The atomic flux T'(E,8,t) [erg™s™] measured by passive diagnostics is an integral along

the sightline L of the local differential atomic birth rate in the plasma g(E,r,t) [erg*cm? s
11, which contains the sought ion distribution:

s,

£
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where Q is the observable solid angle and S, is the diagnostic aperture area. The exponential

factor describes the attenuation of the atomic flux in the plasma. imfp‘l(E, r(&’),t) isthe mean

number of ionizations per unit path length. Changing the integration variable in (1) from & to

the effective minor radius p vyields [1, 2]
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The functions Q" (p,¢)=dX'/dp>0 and Q (p,¢)=dX'/dp <0 on the intervals between
p=1and p=p.. are obtained from the structure of the isolines p =const known from a

numerical solution of Grad-Shafranov equation [3]. This enables one to use the relation (2)
for computer simulations of the neutral particle diagnostic data. Fig. 1 illustrates the
calculation of the positive Q" and negative Q branches of the integral transform (2) for
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SDNPA diagnostic [4]. The ion temperature retrieval from the thermalized spectra and
modeling results for suprathermal high energy tails from NBI induced fi(E, 6t) are discussed
below for LHD heliotron configuration.

0.8 " SDNPA Detector #6 / ] 520 positive branch il
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Fig. 1. Magnetic surface structure in SDNPA [4] detector #6 diagnostic cross-section (left) and the
integral transform (2) kernel calculation for the middle vertical scan position (right).

2. Calculation Results for Maxwellian and Beam-induced lon Distributions

The experimentally measured I'(E, 8,t) has been calculated for hydrogen plasma on the
following radial profile shape assumptions:

n,(p)=0,(0)(1-p") , T.(p)=T,(0)(1-p")", (3)
T(P) =TO)(1-p")", @
Ny (p) = ny(0)exp(Bo*) (5)

with the unknown values taken as free parameters. The hydrogen charge exchange
H*+H® ™ H°+H" and proton impact ionization H* +H° ™ H' +H" +e”
cross-sections were taken from [5].

T T T T T 1 10 T T T T T T
1018 _ 1018
a) i - b)
10" 110" 10°F 3
> s 3
dﬁ 1016 L ; 1016 cs—
o ] o 2L 4
@ 10°}f T -
E S~ L‘ -
5 L @5
ELT 104 F 1 o4 Z L
~ E -~ 10" 3
5 103 ] 10" 0 E
1012 1 1 1 1 1 y 1012 100 | N 1 N 1 i 1 i 1 i 1 A 1
20 40 60 80 100 120 40 60 80 100 120 140
E, keV E, keV

Fig. 2. a). Plasma with Maxwellian ion distribution: blue line — thermal exp(-E/T;(0)) representing the
central ion temperature; black line — calculation of the experimentally measured neutral spectrum
corrected for oE factor; b). NBl-heated plasma: calculation of the experimentally measured neutral
spectrum.
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Fig. 3. NBl-heated plasma: calculated neutral spectrum corrected for of factor (left); model ion
distribution function (right)

Calculation  results  for the  Maxwellian  plasma  ion  distribution
f.(M)(E,p)zi
[ 72_1/2-|-i3/2(p)
neutral hydrogen energy spectrum corrected for the charge exchange reactivity factor oE
combined with the Jacobian ~E (black line) and the Maxwellian exponent exp(—E/T;(0))in
the core region (blue line) are scaled to match at the highest energy in the considered range.
Taking the logarithmic slope of T'(E)/o(E)E in the energy range below ~5T,(0) as an

estimation of the core T; results in a systematic 10-30% error while at the higher energies this
error vanishes. This is consistent with the simple qualitative analysis for a flat plasma layer
case [6]. However, in practice either the counting statistics is poor at the highest energies or
the high-energy tail becomes substantially non-Maxwellian due to the strong distortion by the
ion heating.

exp(—E/T,(p)) are shown in Fig. 2 a). The calculated typical

In order to calculate the tangentially measured neutral hydrogen spectrum from
tangential NBI heated Maxwellian background plasma .the model ion energy distribution was
assumed to be a combination of the Maxwellian distribution function and the fast ion slowing

down distribution from a monoenergetic isotropic source S (v -V, )= 48‘;2 S(v-v,) [7. 8]
T

fi(s)(v,t)=j_;ﬁ(h(v*(v,t)—vo)—h(v—vo)), (6)
where ts and v, are the Spitzer’s slowing down time and the critical velocity given by
_ 3m,T? NP
To42zngtAam?? T C 0 2mmi®
A is the Coulomb logarithm, h(x) is the Heaviside step function and

Vi(v,t)= ((v3 + vj’)es”’s Y )1/3 .

c

T

(7)

Fig. 2 b) shows the resultant H® energy spectrum calculated in accordance with Eq. (2)
with the integral kernel corresponding to detector #6 of the SDNPA diagnostic at the middle

vertical scan position (see Fig. 1). The oE -corrected spectrum and the combined ™ and
f.©) ion distribution are shown in Fig. 3.



P05

3. Analysis of Experimental Spectra from NBI-Heated Plasma

The calculation scheme described above taking into account the spectra superposition
along the diagnostic chord and the isoline shape determined by the magnetic surface structure
implies that a simple correction of the measured neutral spectra by the energy-dependent

charge exchange reactivity factor o+/E and the Jacobian ~/E may appear insufficient in case
of complex-shaped full 3D plasmas. The correct interpretation of the neutral spectrum shape
Is important to draw conclusions on physical mechanisms responsible for the ion distribution
formation.

Consider the experimental results illustrated by Fig. 4 representing the spectrum from
SDNPA detector # 6 closest to the tangential observation direction measured from

n, =0.4x10" cm™ hydrogen target plasma at Ra = 3.6 m heated by 130 keV H® NBI. The

solid line shows the calculated neutral spectrum with free parameters chosen in such a way
that the thermal slope and the value at the injection energy match the experimental ones (Fig.
4, left). The simple oE correction procedure leads to a U-shape tendency in the ion
distribution (Fig. 4, right) with a decreased fast particle population. The calculation results
suggest that this is an ion distribution property rather than a data misinterpretation. Fig. 5
shows the results for the similar plasma at Ry = 3.5 m.
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Fig. 4. Ry = 3.6 m; left: experimental (squares) and calculated (solid) neutral spectrum; right: o
corrected spectrum reflecting the ion distribution.
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Fig. 5. Rix = 3.5 m; left: experimental (squares) and calculated (solid) neutral spectrum; right: o
corrected spectrum reflecting the ion distribution.
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In order to validate the possibility of making comparisons between these spectra
obtained a different Rax positions, it is necessary to confirm that the geometry of
measurements is not substantially different for these two cases. The magnetic axis shift leads
to a certain displacement of the plasma column with respect to the diagnostic sightlines. The
values of the effective minor radius and the pitch angle cosines of particles measured from
different locations along the sightlines for Ry = 3.6 m and for Ra = 3.5 m were calculated.
Since no enormous differences could be seen, it was accepted that for the two different
magnetic configurations under investigation, the comparisons should be sensible between the
spectra measured with the corresponding SDNPA detectors. Inward shifted plasmas exhibit
an increased fast ion population. This is interpreted as a reduction of fast particle losses in
comparison with the outward shifted case [9, 10].

4. Summary.

A scheme has been realized to calculate the energy resolved flux of neutral particles escaping
from the helical plasma column. Thermal distributions have been analyzed for T;
determination. The presence of a systematic error in case of lower energy range usage has
been demonstrated. Suprathermal distributions induced by tangential NBI have been analyzed
to clarify kinetic effects and the effect of particle confinement on the distribution function.
The effect of increased fast ion population in inward shifted Rax configuration has been
verified via the computational modeling of the escaping neutral fluxes and the experimentally
obtained spectra analysis.
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Abstract

Diagnostic neutral beam (DNB) is applied to study a confinement of energetic ion in the compact helical system
(CHS). The DNB can vary the injection angle in order to study confinement of energetic ions with different pitch
angle. A charge-exchange (CX) neutral particle analyzer (NPA) to measure energetic ions injected by the DNB is
also scannable and varies the observation angle on the equatorial plane in CHS. Combination of horizontally
scannable DNB and NPA provides the information on whether the energetic ions with different pitch angle are
confined in the plasma or immediately lost. When DNB is injected at loss cone region, observed neutral flux is
significantly decreased. The experimenta results are consistent with the prediction of single particle full orbit
calculation. The good confinement of helically trapped ions is expected in the configuration with strong inward
shift in CHS. Experimental result shows better confinement of perpendicularly injected energetic ions in the

inward shifted configuration compared with that in the outward shifted configuration.

1. Introduction

The confinement of energetic ions having relatively high pitch angle is the
interesting issue in heliotron experiments, because it gives a prospect for the efficiency of
a -heating in future. In CHS, the loss cone region of energetic ions exists for theionswith a
pitch angle nearly perpendicular to magnetic field line. Because of this loss cone, there is no
increase of stored energy observed when the heating neutral beam is injected perpendicularly
[1]. In order to investigate the loss cone structure of energetic ions experimentally, the
scannable DNB and NPA systems have been developed in CHS [2]. The DNB can be scanned
horizontally to vary the pitch angle of ions injected as test particles. The behavior of energetic
ions injected by DNB is studied through the measurements of the ion energy distribution
function with the NPA systems. In order to investigate the loss cone boundary in CHS, the
injection angle of the DNB has been scanned for the plasmas with a magnetic axis position
R of 0.88 m. Furthermore, confinement property of energetic ions with different magnetic
field configurations is also investigated by use of DNB and NPA systems. In this paper, the
experimental results and initial analysis are reported.

2. Experimental Set-up
The DNB and NPA systems are installed at the outboard side on CHS (Fig. 1). Both
systems are on the equatorial plane and separated by 180 degrees in the toroida direction.



The beam line can be scanned from
perpendicular injection to tangential

injection both in co- to counter-direction

with a pivot point of R = 1.58 m. Rr
Injected energetic ions are measured
with the NPA at tangential radii (Ri"™"") —
from 18 cm to 74 cm in this experiment. e
The DNB and NPA systems can be
scanned horizontally by 0.1 degree
increments using a pulse motor system.
Beam energy (E,) and extracted current
(Ip) of the positive hydrogen beam are 28
keV and 2 A respectively. The DNB divergence angle measured with a calorimeter is 0.95
degrees at E, of 28 keV. The beam diameter at the focal point is 9.8 cm while the averaged
minor radius of CHS plasma is typically 20 cm. The proton ratio of DNB measured with
spectroscopy system is 0.55. The NPA system consists of an electrostatic deflection plate
and 16 microchannel plates. By changing the voltage of paralel plate of the NPA, the
energy spectrum in the range of 0.1-50keV can be measured with a maximum count rate of

1x 10° counts/s.

Diagnostic Neutral

Test Neutral Particle

NPA

30cm

Fig. 1 Experimental set up of the DNB and NPA
systems as seen from the top of CHS. The beam line
and NPA line of sight on the equatorial plane are
plotted.

3. Resultsand Discussion
3.1 Prompt loss of beam ions dueto the L oss-cone

In order to investigate the loss
cone boundary in CHS, the injection

Ridge line

10 ¢
angle of the DNB has been scanned for ;" : ) 10
the plasmas with a toroidal magnetic 3,9 | y7 7] [ 3 !
field B = 0.83 T and a magnetic axis Zi¢! £ ' \. 0.

position Ry of 0.88 m. The target 102
plasma is initiated and sustained by
electron cyclotron resonance heating
(ECRH) with a power of 220 kW for the
duration of 100 msec. Line averaged ne Fig. 2 Energy spectrum of DNB at each
is 0.7x 10" m™ and central electron tangency radius of NPA. DNB isinjected at Ran
temperature is 0.7 keV in this experiment.  of 30 cm.

The heating power of DNB is small enough

not to perturb these plasma parameters.

Figure 2 shows the measured neutral energy spectra when the DNB is injected at tangential
radius (Rr°™®) of 30 cm in co-direction where the injected fast ions are expected to be
confined in the orbit analyss. The NPA was scanned horizontally shot by shot from

Energy (keV) 70 <@



tangential radius (Ri""") of 18 cm to 74 cm and the
neutral flux is integrated over 50 msec intervals in
the discharge. Each energy component of the
DNB, Ep, (28 keV), Ey/2 (14 keV), E,/3 (9.3 keV)
was clearly observed. E, component shows
slowing down process while Ey2 and Eu/3
components show pith-angle scattering. The ridge
line of space resolved energy spectrum is used to

f(E) (a.u.)

estimate the loss time of energetic ions injected by ;,

DNB. For velocities less than the DNB initial velocity :

Vb, energy diffuson term of seady dtate 3
. . LL

Fokker-Planck equation is X

Sot v3 +v 3 /3
Jo)=( 30 o )W(—5 5 )T e (1)
vi+, v, v,

where & is the energetic ion source term,7 « is Spitzer
slowing down time, 7 |4 IS Characteristic loss time of
injected ions, v, is the beam velocity at critical energy [3].
When the energy of injected ions is high enough not to be
affected by pitch-angle scattering, eq.(1) is modified ag[4]:

o ST Ey 1 /20, 41
AE) = (E)(F) ! (2)
In this experiment, slowing down time is estimated to be
about 45 msec. Applying the eq.(2) as a fitting curve, 7
loss Of Ep component is derived from energy spectrum
(Fig.3(a)). As seen in Fig. 3(b), ther |, Shortens as the
DNB injection angle becomes vertical and significant
depression of CX neutral flux is observed between R;°N®
17 cm and 8cm. This is because the fast ions injected to
the loss cone are immediately lost before they travel to
the sight line of NPA 180 degrees apart in the toroidal
direction. Figure 4 shows the confinement and prompt
loss domain of E, component ions injected by DNB in the
space of pitch angle and normalized minor radius. Test
particles are launched from each point of origin on the
beam line with an initial velocity vector paralel to the
beam direction. The full gyro-motion of the particles is
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Fig. 3 (a) Energy spectrum of each
DNB injection angles. (b) DNB
injection_angle dependence of 7
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each R;""B, Center of three solid
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while neighbor lines show the edge
of cylinder beam with beam
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tracked in a vacuum magnetic field in CHS and when a test particle intersects the vacuum
vessel wall within 70 p sec, the particle is treated as lost. The loss cone boundary exists at

R°NB = 17 cm and calculated loss domain is consistent with experimental results.

3.2 Ru Dependenceof T joss
(@)

(b)
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Fig. 5 |Bnin| contours in the vacuum magnetic field of CHS (a) Inward shifted
configuration (b) Outward shifted configuration
In CHS, confinement of collisionless trapped ion confinement depends on the

magnetic field configuration. In the configuration with the strong inward shift, the distortion
of |Bmin| contours from the magnetic flux surfaces is minimized (Fig. 5(a)). In this
configuration, the drift motion of the helically trapped particles does not deviate significantly
from the magnetic flux surfaces and good confinement of fast ions are expected. In contrast,
in outward shifted magnetic field configuration, the distortion of |Bnin| contours from the
magnetic flux surfaces is large and helically trapped ions crossing the magnetic flux surfaces
will belost (Fig.5(b)).

In order to investigate magnetic axis
dependence of trapped ion confinement in CHS,
DNB was perpendicularly injected into ECRH
sustained plasma with magnetic axis position,
Rx of 0.87 m (inward shifted configuration),
0.92 m (standard configuration) and 99.5 cm

f(E) (a.u.)

7 =6.33ms
loss

R =87.7cm
ax

(outward shifted configuration). In this  g91[ ;Ioss ;:'f7 ms - =121ms |
F =92.1cm
experiment, estimatedr joss iS 6.33 msec for Ra F ax R, =995cm
88.8 cm, 3.97 msec for Ry 922 cmand 121 102 it iie e,
. . . 5 10 15 20 25 30
msec for Ry 99.5 cm respectively (Fig.6). This Energy (keV)

result indicates that inward shifted configuration

Fig. 6 Energy spectrum of each magnetic

has better confinement of perpendicularly injected
energetic ions compared with that of outward
shifted configuration.

field configurations.



4, Summary

The behavior of energetic ionsinjected by DNB is studied with the NPA in CHS. The
DNB injection experiments with different injection angle have been carried out to study
energetic ion loss due to loss-cone. Only a few CX neutrals are observed when the DNB is
injected into the loss cone region (Ri°® < 17 cm).  This is because the fast ions injected to
the loss cone are immediately lost before they travel to the sight line of NPA 180 degrees
apart in the toroidal direction. The confined region in the space of pitch angle and normalized
minor radius determined from measurements are consistent with that calculated with the orbit
code. Then the dependence of the energetic ion loss time on magnetic field configuration is
examined. Inward shifted configuration shows better confinement property of perpendicularly
injected DNB ions. Estimatedr |oss IS CONSistent to the previous experiment where it is
deduced from the decay of DD neutron yield from beam-plasma reactions [5].
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Local Measurement of Energetic Particles in a Core Plasma by a
Directional Probe Method
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Abstract. A directionnal probe method is applied for energetic particle
measurements in outer and inside the last closed flux surface. The two
experimental demonstrations have been performed in the compact helical
system (CHS). One is neutral beam modulation experiment and the other is
the measurement of MHD burst induced loss of energetic ions. The spatial
variation of energetic particle response to MHD burst can be observed,
which is considerd as a first experimental observation.

1. Introduction

Energetic particle transport is one of the most important issues for burning fusion plasmas,
for example, international thermonuclear experimental reactor (ITER). In particular, the
interaction between energetic particles and MHD instabilities is a key issue for energetic
particle confinement. The significant enhancements of energetic particle loss due to MHD
instabilities have been experimentally observed in many fusion devices, and the MHD
instabilities have been strongly studied both experimentally and theoretically [1]. In these
researches, it is considered that the distribution function of energetic particles is important,
because the excitation of MHD instabilities is very sensitive to the distribution function of
energetic particles [2]. However it is difficult to experimentally observe the spatial
distribution of energetic particles in the core plasmas by conventional diagnostic tools, for
example, neutral particle analyzer (NPA), lost ion probe (LIP), and so on, because of
insufficient spatial resolution. In this paper, the application of directional Langmuir probe
(DLP) method for energetic particle measurement is proposed in order to measure energetic
particles with high spatial resolution in section 2, and the directional probe and two
experimental demonstrations of this method are presented in sections 3 and 4, respectively.

2. Diagnostic Principal

A directional probe method is able to obtain deviations of the ion (electron) velocity
distribution function from the dependence of ion (electron) current on the angle of normal
vector of the particle-collecting surface. And it is well known as a plasma flow measurement
method. However it also has sensitivity to beam component for ion and electron in case that
beam component is relatively stronger than flow component, for example, toroidal plasmas
sustained by tangentially injected neutral beam. In such case, the difference of the ion current
measured with the angle of probe surface collecting flux flowing co-direction, 1., and that
flowing counter-direction, I, is assumed here to be proportional to the energetic ion current,

lb;
Ico_lctrzlb (1).
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Fig. 1. (@)The schematic view of cross section of the DLP, and (b) the
horizontally elongated cross section of CHS standard configuration and the
area in which the DLP can scan.

The accuracy of this relation must b experimentally e confirmed by calibration for the high
energy beam.

2. Experimental

A ten-channel probe array has been installed on a directional Langmuir probe (DLP), and
each probe head set up a thermocouple. This probe is useful as a conventional DLP and a
thermal probe measuring local heat flux (which is not mentioned in this paper). The water
cooling channel is installed inside the probe and removes the heat load from energetic
particles and the plasma. This probe has been vertically installed from upside in a
horizontally elongated cross-section of CHS, and it can move in the directions of vertical, z,
and major radius, R. The schematic and scan region of this probe are shown in Fig. (1).
Moreover, this probe can be rotated along the probe axis, so measure co- and ctr-going fluxes
separately. In this experiment, the probe head is negatively biased with the voltage of —120V
to collect ion current. The temperature increase of the probe head is also measured as a
monitor in order to prevent from melting down of the DLP, and is about 100 degree at
maximum in the region of r/a>0.8. The scale of this probe is 40mm in diameter and the
collector area of each probe tip is 4mm in diameter, so the spatial resolution of this probe is
about 4mm. The sampling speed of data acquisition system is 1MS/sec and the time resolution
of this probe system is <10usec.

3. Results and Discussions
3.1. Neutral beam modulation experiment

The application of the directional probe method for energetic particle measurement has
been performed using the neutral beam modulation discharges in CHS. The NBI has been
injected into the co-direction and repeated turn on and off in a discharge. The DLP has been
inserted in the plasmas and the co-and ctr-going ion current have been measured at r/a= 0.84.
The modulation pattern and the probe currents are shown in Fig. 2-(a) and -(b), respectively.
The co-going ion flux measured by the DLP is larger than the ctr-going one in the NBI
heating phase, while the two fluxes are almost same in electron cyclotron heating (ECH)
phase without NBI heating. The energetic particle flux evaluated by eq.(1) (which is shown
in Fig.2-(c)) is synchronized with the neutral beam pattern and also consist with the energetic
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Fig.2 The wave form of neutral beam modulation experiment; (a) electron
cyclotron heating and NBI heating, (b) ion currents measured by HP, I, and
letr, (C) The difference of I, and Iy, and (d) neutral particle flux with the
energy of 33.4keV measured by a neutral particle analyzer.

particle fluxes measured by a neutral particle analyzer (the sample is shown in Fig.2-(d)). This
result means that it is possible to evaluate energetic particle flux using eq.(1).
3.2. MHD burst experiment

The excitations of toroidal Alfven eigenmodes (TAE) and energetic particle mode (EPM)
have been observed [3,4] and energetic particle losses synchronized with EPM bursts have
been also observed by a lost ion probe (LIP) in CHS [5,6]. The energetic particle
measurements by the DLP have been performed in plasmas in which EPM bursts are excited.
The EPM burst | chirping down with the frequency range of 10-50kHz (The frequency range
of TAE is >100kHz.) has been observed in NBI heating phase (80msec<t<180msec), and the
significant increases of the co-going ion flux measured by the DLP have been also observed,
while no response has been observed in ctr-going flux, which are shown in Fig.3-(a) and —(c),
and each magnified figures are shown in Fig. 3-(b) and -(d), respectively. The perturbation
amplitudes of the magnetic field are also shown in the magnified figures. The response of the
co-going ion current is attributable to the energetic ion behavior by the EPM burst, because
such response can not be observed in ctr-going one.

The responses of energetic particles to the EPM burst can be observed in wide area inside
and outside of the LCFS (0.8<r/a<1.05, which is limited by the probe drive system), and is
classified in two types; one is fast response in the burst glowing phase, and the other is slow
response in the decay phase of the burst, which can be clearly seen in Fig. 3-(c). The fast
response of energetic particle to the EPM burst can be observed only inner region of r/a<0.96,
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Fig.3. (a) The co- and (b) ctr-going ion fluxes measured by the DLP
and magnetic field fluctuation measured by a magnetic coil. (c),(d) The
magnified graphs of (a) and (b), and the amplitude of the magnetic field
perturbations are also shown in (c) and (d).

and the amplitude of energetic particle flux of this fast response have a linear relation to the
amplitude of magnetic field perturbation of the EPM and is also sensitive to the population of
the energetic particles at the point, while further analysis is necessary for confirmation of
these relation. Thus the fast response has information about distribution of energetic particle
in the plasma and the eigenfunction of the EPM. The spatial profile of the fast response
amplitude seems to be consistent with the EPM burst profile measured by a heavy ion beam
probe [7].

On the other hand, the slow response can be observed in wide spatial area of 0.8<r/a<1.05
and seems to be sensitive to the envelop of the burst, in particular, to that of the decay phase.
The slow response of energetic particles observed by the DLP outside of the LCFS agrees
well with the energetic particle loss measured by the LIP. So the spatial distribution and
propagation of the slow response is significantly important for understanding the rule of
energetic particle transport due to EPM bursts in toroidal fusion plasmas, which is left for
future study.

4. Conclusion

In order to measure energetic particles with high spatial resolution, the application of
directional probe method for energetic particle measurement was proposed, and two
experimental demonstrations confirmed that this method is useful for high energy particle
measurement inside the LCFS. Moreover, the new feature of energetic particles can be
observed using this method, that is, the dynamic responses of energetic particles to EPMs and
their spatial profile have been observed. The further investigation is necessary for
understanding of energetic particle transport due to EPMs, which is left for future study.
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Abstract

Two heterodyne reflectometer systems are utilized for the fluctuation measurement in the Large Helical Device
(LHD). By using the extraordinary polarized wave, we can measure the corresponding value to the combined
fluctuation with the electron density and the magnetic field in the plasma core region even if the radial electron
density profileisflat. E-band system has three channels of fixed frequencies of 78, 72, 65 GHz. The systemis
very convenient to observe magnetohydrodynamics (MHD) phenomena such as energetic particle driven
Alfvén eigenmodes, even if the system works as an interferometer mode. The detailed behaviour of the
energetic particle mode is studied when low-n MHD burst is occurred. It seems to be caused that the spatial
distribution of high energy particle is changed by such a MHD-burst. Also to know the radial distribution of
MHD mode, frequency swept R-band reflectometer is applied for the first time. It seems to be successfully
detected the energetic particle mode and toroidal Alfvén eigenmode.

1. Introduction

In the burning plasma energetic alpha particles enhance magnetohydrodynamics
(MHD) modes such as toroidal Alfvén eigenmodes (TAES). On the other hand MHD mode
affects the alpha particle transport and changes plasma confinement. Therefore energetic
particle driven MHD instability has been studying in several magnetic confinement devices
[1-4]. Usualy MHD phenomena are observed by magnetic probes and the excellent
analytical technique is developed to know toroidal and poloidal mode number and travelling
direction etc. Also theoretical analysisusing three dimensiona code has been developing [5].
For the comparison between the simulation code result and the experimental result, it is
important to measure directly the radial distribution of these modes.

In Large Helical Device (LHD [6]) recently we have been applying two types of
microwave reflectometer system for measuring the radial distribution of the fluctuation,
because the microwave reflectometer has a potential of the localized measurement by using
the cut-off effect in the plasma core. One system is the multi-channel heterodyne fixed
frequency reflectometer [7]. Recently the real-time data acquisition system is applied with
the sampling rate of up to 10 M Sample/sec by using a compact-PCI based digitizer. Then it
can measure the density and magnetic fluctuation in the core region during the whole plasma
discharge. And another one is the frequency swept reflectometer system. When the plasma
condition seems to be steady during the frequency sweeping period, the radial profile could
be measured each sweep in one plasma discharge. By using these reflectometersit is quite
easy to observe MHD phenomena such as energetic particle mode and Alfvén eigenmodes.
In this paper we present these two reflectometer systems and some experimental results.
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2. Frequency Fixed E-band Reflectometer System

E-band fixed frequency heterodyne reflectometer system is utilized for the
fluctuation measurement [7]. Currently the system has three channel s of fixed frequencies of
78, 72,65 GHz. Power combined three microwaves are travelling to/from the LHD by using
a corrugated waveguide for avoiding the transmission loss. The simplified super heterodyne
detection technique is used for the receiver system. In LHD the real-time data acquisition
system has been able to be utilized and the sampling rate is up to 10 M Sample/sec by using a
compact PCI based digitizer [8]. The systemisvery convenient to observe MHD phenomena
such as energetic particle driven Alfvén eigenmodes, launching the extraordinary polarized
wave. InFig. 1 the temporal behaviours of the reflectometer signal of 78 GHz and magnetic
probe signal and these power spectra are shown. Coherent spectra of around 8 and 16 kHz
are caused by low-n mode oscillation. Intherange of 100~150 kHz there are alot of coherent

Reflectometer 78GHz p~0.35

Magnetic Probe

PSD (<500kHz)

1.50 1.60 1.70 1.80 1.90 2.00
time [s] time [s]

Figurel Time evolution of reflectometer signal and frequency spectrum (Left)
and these of magnetic probe signal (right)

mode. These mode are identified the n=1 (n: toroidal mode number) TAE mode by the
magnetic probe analysis. Also on the reflectometer signal it is observed higher mode around
230 kHz. Just after t=1.82s MHD-burst is occurred and TAE mode frequency components
are rapidly disappeared and then passing 0.02s these mode are revived. This sudden
disappearance may be caused that the distribution of high energy particleis changed by such
a MHD-burst. In this experiment the birth source of energetic particle is generated by the
neutral beam and this injection of neutral beam is kept constant during this phenomenon is
occurred. Therefore the TAE mode is re-exited quickly and then it keeps to a next burst.
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3. Frequency Modulated R-band Reflectometer System

To know theradial distribution of fluctuation there are two methods in reflectometry.
One is the multi-channel system, and another is the wide band frequency source system. For
the latter system, source frequency sweeps step by step in the whole frequency range. The
step width is limited by the characteristic time of the desired fluctuation frequency. Of

course, during the frequency
modulation, the plasma condition and
fluctuation level are assumed to be
constant. Figure 2 shows the
schematic of frequency modulated
reflectometer system. The system
uses voltage controlled oscillator
(VCO) as a source. The output
frequency of this source is easily
changed by the external controlled
signal. The output wave is amplified
and also this frequency is multiplied
by two. The reflected wave is mixed
with alocal wave for the heterodyne
detection and IF signal is amplified
and detected. Data acquisition
system is the same as the previous
E-band reflectometer system.

11-18.5GHz 22-37GHz

VCO

Arb.

Wave Gen.

Data
Acquisition

60Hz-15MHz System

Figure2 Schematic of FM-CW Reflectometer

The experiment is carried out that the axial magnetic field strength is 1.0 T, the
averaged electron density is under 0.5x10"°m™, and neutral beam is injected with constant.
The source frequency is swept full range every 200ms and the number of the stair step is 20.
Each time of the launching frequency is 10ms and data sampling rate is 1us, then the data

500

PSD (<500kHz)

400
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100

395 |

—a 376

—1.148
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4.
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Figure3 Frequency spectrum of interferometer mode CW Refl ectometer
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point is 10,000 and the freguency
resolution is 100Hz. It is enough to
observethe MHD phenomenasuch as
TAE. Figure 3 shows the frequency
spectrum of the previous frequency
fixed 78GHz reflectometer signal. In
this plasma condition there is no
cut-off layer of 78GHz and this
system is operated as an
interferometer mode. We can see
several continuous coherent
frequency components. Figure 4
shows the radial profile of the
fluctuation strength of the frequency
swept reflectometer signal during
t=4.0-4.8s (4 periods). It can be
obtained that the frequency
component around 200kHz is large
near a p=0.8 and the other
component around 150kHz is
localized in the plasma centre. Here
the meaning of the data points which
are located under p=0 is that these
frequency waves are not reflected
from the plasma and they are come
back from the opposite wall.
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In NBI heated LHD low density plasmas at low magnetic field (B; < 1 T), the bulk plasma
beta <f,,,> exceeds about 1 %, and calculated energetic ion beta <f,,> is comparable to
<P,.> on the assumption of classical slowing down of energetic ions. In the high beta
plasmas, the bursting TAEs (toroidicity-induced Alfvén eigenmodes), of which amplitude is
one order of magnitude larger than that of non-bursting ones, are often observed and
appreciably affect the energetic ion transport. Moreover, HAEs (helicity-induced Alfvén
eigenmodes), of which frequency is about eight times higher than that of TAEs, are also
observed. In order to identify and estimate of important damping mechanisms of the observed
AEs, we compared between the experimental data, such as observed mode frequency and
profile, and the global mode analysis using CAS3D3. AEs can have a global mode structure
and avoid the intersection of Alfvén continuum in high beta LHD plasma. We studied the
observed region of AEs in parameter space, which are based on the database of AEs
experiments, composed of the resonance and the stability conditions. In these studies,
continuum and/or radiative damping, of which damping rate depends on the magnetic shear,

is thought to be an important role in stabilizing AEs in LHD.
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MHD spectrum in the heliotron configurations allowing a large Shfranov shift is considered.
In such three dimensional toroidal configurations, the MHD spectrum in the stable side has
many different points from that in the two dimensional axisymmetric tori, namely,

1. Helicity-induced shear Alfvén Eigenmodes [1] are theoretically expected and experimen-
tally confirmed [2].

2. The shear Alfv’en continuum spectrum becomes discrete spectra in the high-wave-
number limit by the three dimensional properties of the equilibrium quantities.

In order to clarify the whole structure of the MHD spectrum in the stable side, firstly ideal
MHD spectrum with slow and fast magnetosonic branches are investigated by using the three
dimensional stability code cas3d3 [3], and secondly kinetic effects on such an ideal MHD
spectrum are examined by using a wave analysis module of task code [4]. Through those
analyses, the similar points and different points of the ideal MHD spectra between three and
two dimensional configurations will be clarified.
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Observation of Compressional Alfven Eigenmodes
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ORISE

Fast-ion instabilities with frequencies somewhat below the ion cyclotron frequency occur frequently in
spherical tokamaks such as the National Spherical Torus Experiment (NSTX). NSTX and the DIII-D
tokamak are nearly ideal for fast-ion similarity experiments, having similar neutral beams, fast-ion to
Alfven speed v¢/ v,, fast-ion pressure, and shape of the plasma, but with a factor of two difference in the
major radius. When DIII-D is operated at low field (0.6 T), compressional Alfven eigenmode (CAE)
instabilities appear that closely resemble the NSTX instabilities. In particular, the mode frequencies,
polarization, and beam-energy threshold are nearly identical to NSTX. CAE in high-field discharges and
emission at cyclotron harmonics are also observed. As on NSTX, the basic stability properties are
consistent with the idea that the instability is driven by anisotropy in the fast-ion velocity distribution and is
damped predominately by Landau damping of electrons. The results suggest that these modes could be
unstable in ITER.

Instabilities with frequencies /~=0.4-1.1 f;; are observed in most beam-heated discharges
in the National Spherical Torus Experiment (NSTX). (f. is the ion cyclotron frequency.)
Similar instabilities are also common in the Mega Ampere Spherical Tokamak (MAST).
NSTX studies of the sub-cyclotron emission indicate that the instabilities are usually
compressional Alfven eigenmodes (CAE), although some of the modes are probably
global Alfven eigenmodes [1]. The phenomenology of CAEs was studied extensively in
NSTX [2]. Although emission at harmonics of the ion cyclotron frequency is often
observed in conventional tokamaks, emission at ~0.6 f;; has never been reported. This
raises the question: is sub-cyclotron emission peculiar to spherical tokamaks? Or can it
occur in large-aspect ratio devices such as ITER?

Recent experiments in DIII-D show that CAE are also common in conventional tokamaks
when the fast-ion speed exceeds the Alfven speed. Figure 1 shows an example from a
0.6 T discharge with modulated injection of a 80 keV deuterium neutral beam. CAE
activity is also detected in some full-field (2 T) discharges, although it is less common.
Phenomenologically, the instabilities in DIII-D are very similar to NSTX. The data are in
qualitative agreement with the idea that the primary damping mechanism is parallel
electron Landau damping, while the principal driving term is a bump in the fast-ion
distribution function caused by finite orbit effects.
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Figure 1. Magnetics signal and spectra in a low-field DIII-D discharge. The beam
power is also shown.

A full-length paper on these observations was submitted to Nuclear Fusion in August

2005 [3]. Recent work is concentrating on the poloidal and radial structure of the modes.

The origin of the frequency splitting is also under investigation.
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Effect of Ion Cyclotron Acceleration on Frequency Chirping Beam-
Driven Instabilities in NSTX
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The fast-ion distribution function in the National Spherical Torus Experiment (NSTX) is modified from
shot to shot while keeping the total injected power at ~2 MW. Deuterium beams of different energy and
tangency radius are injected into helium L-mode plasmas, producing a rich set of instabilities, including
TAE modes, 50-100~kHz instabilities with rapid frequency sweeps or chirps, and strong, low frequency
(10-20 kHz) fishbones. The experiment was motivated by a theory that attributes frequency chirping to the
formation of holes and clumps in phase space. In the theory, increasing the effective collision frequency of
the fast ions that drive the instability can suppress frequency chirping. In the experiment, high-power (~3
MW) harmonic fast wave (HHFW) heating accelerates the fast ions in an attempt to alter the effective
collision frequency. Steady-frequency TAE modes excited early in the discharge are affected by the HHFW
heating but there is no evidence that the chirping of 20-100 kHz modes is suppressed.

An understanding of the nonlinear dynamics of fast-ion instabilities is essential to predict
the amplitude and subsequent fast-ion transport associated with alpha-driven instabilities
in ITER and other burning plasmas. Some instabilities, such as the classic fishbone, have
frequencies that change by a factor of two on a millisecond timescale while other
instabilities, such as the TAE, have frequencies that are virtually constant on this
timescale. In this paper, frequency "chirping" refers to large changes in frequency on a
sub-millisecond timescale.

The phenomenon of rapid chirping driven by energetic particles is extremely common.
The widespread nature of the phenomenon in systems with different instabilities and
different energetic particle populations suggests that a generic theoretical model of the
coupled wave-particle system might describe the essential features. Berk, Breizman, and
collaborators have attempted to develop such a model. They explore a simplified system:
the classic " “bump-on-tail" Bernstein-Greene-Kruskal (BGK) problem of a distribution
function that excites electrostatic waves. The basic idea is that the velocity-space
gradient that drives the instability is analogous to the configuration-space gradient that
drives fast-ion instabilities. Flattening of the distribution function in velocity space
corresponds to fast-ion transport. Berk et al. find that several frequencies determine

the nonlinear dynamics of such a system [1]. The response depends on the characteristic
bounce frequency of the resonant particle trapped in the finite amplitude wave wp. The
rate v that particles leave and enter the resonance region in phase space due to
collisions (or other relaxation processes) affects the evolution of the system. The linear
growth rate y. of the kinetic drive and the damping of the background plasma yq4 are also
important. In their model [2], frequency chirping is associated with the formation of
holes and clumps in the phase space that describes the fast-particle distribution function.
When collisions are weak, these phase-space structures persist and frequency chirping is
possible. When the effective collision rate is large, the structures are rapidly destroyed
and no frequency chirping occurs.
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Figure 1. Magnetics spectra, raw signal, and cross power during fishbone
activity for discharges with and without HHFW heating.

Recently, a detailed test of the Berk-Breizman model was performed in a dipole
experiment [3]. A population of energetic electrons drove a strongly chirping
interchange instablity. When electron cyclotron heating was added to increase the
effective collision frequency of the resonant electrons, chirping was suppressed.
Quantitative estimates of yr, Y4, @b, and vegr explained the observations. The experiment
reported here was motivated by this dipole experiment. The basic idea of the experiment
was to use neutral beam injection to create chirping instabilities, then use high harmonic
fast wave (HHFW) heating to increase v of the resonant fast ions, thereby suppressing
the frequency chirping.

The results of the experiment were unexpected: HHFW had no effect on the strongest
chirping instabilities. Figure 1 shows a pair of nominally identical discharges with strong
fishbone instabilities. The HHFW has no detectable impact on the modes. Similarly,
application of HHFW earlier in the discharge, when rapidly chirping modes in the TAE
band occurred, also had no effect (Fig. 2). In contrast, application of HHFW did suppress
TAE modes with steady frequencies. Also, chirping of ~ MHz GAE modes was altered
by HHFW heating.
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Figure 2. Magnetics spectra, raw signal, and cross power during chirping
activity in the TAE band for discharges with and without HHFW heating.
The toroidal mode numbers are indicated.

Neutral particle measurements show that fast ions were accelerated by the HHFW
heating. Calculations suggest that the ion cyclotron waves interacted with fast ions
throughout the plasma and in most of velocity space, so it is likely that the ions that
resonate with the fast-ion driven instability were accelerated. Estimates indicate that the
increase in v was more than adequate to suppress chirping if the Berk-Breizman model
was applicable.

Recent calculations by Vann [4] suggest that strongly driven (called “non-perturbative”
because the fast ions alter the mode structure) instabilities exhibit different frequency
chirping behavior than the “perturbative” instability studied by Berk et al. A likely
hypothesis is that the HHFW heating failed to suppress chirping of the ~20 kHz and ~50
kHz instabilities because these modes are Energetic Particle Modes [5]. In contrast, the
interchange mode studied in Ref. [3] is a normal mode of the background plasma.

A full-length paper on this study will be submitted in late 2005 to the Physics of Plasmas.
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I nitial measurements of the beam ion profilein NSTX with the Solid
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The Solid State Neutral Particle Analyzer (SSNPA) array on the National Spherical Torus Experiment
(NSTX) utilizes silicon diodes coupled to fast digitizers to measure the energy distribution of charge
exchange fast neutral particles (35~100 keV) at four fixed tangency radii (60, 90, 100, and 120 cm) to
obtain the corresponding beam ion profile. Noise reduction techniques required to operate in the tokamak
environment and post-shot pulse height analysis (PHA) methods are described. The results have been
compared with those on the scanning E//B type Neutral Particle Analyzer (NPA) and good agreement was
achieved. The redistribution and loss of beam ions during MHD activity including sawteeth events and
internal reconnection events have been observed.

The initial design of the Solid State Neutral Particle Analyzer (SSNPA) array on the
Nationa Spherical Torus Experiment (NSTX) was described in an instruments paper by
Shinoharaet al. [1]. This poster highlighted recent improvements. An improved signal-
to-noise ratio is obtained through fast digitization of the signal (Fig. 1). In software, the
following algorithm is used to select valid pulses.
1. Find al points below a given threshold.
2. For adjacent points that exceed the threshold, locate the peak of this particular
pulse.
3. Find the baseline and pulse height for each individual pulse.
4. After normalization, compare the pulse shape with the model pulse shape. If chi-
sguared is smaller than a specified value, accept the pulse as valid.

Initial results indicate that the SSNPA array has an energy resolution of ~ 10 keV. The
diagnostic is able to detect redistribution of fast ions caused by MHD events.

A paper on recent improvements to the SSNPA diagnostic will be submitted to the
Review of Scientific Instruments for inclusion in the proceedings of the 2006 High
Temperature Plasma Diagnostics conference.
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Abstract
Studies on the loss of alpha particles enhanced by toroidal field (TF) ripple in a low-aspect-ratio tokamak reactor

(VECTOR) have been made by using an orbit-following Monte-Carlo code. In actual TF coil systems, the ripple loss
of alpha particles is strongly reduced as the aspect ratio becomes low (the power loss oc A for A>2.5) and the
reduction of the number of TF coils results in a large amount of ripple loss even in a low-aspect-ratio tokamak. To
reduce the number of TF coils from 12 to 6, about 40% of coil size enlargement is necessary in VECTOR. Ferrite
plates are very effective to reduce ripple losses of alpha particles. By using ferrite plates, the coil size enlargement for
N=6 can be relaxed to 15% and the number of coils can be reduced from 12 to 8 without enlargement of coil size in
VECTOR.

1. Introduction

It has been shown in previous works that the toroidal field ripple shows a very strong decay
in the plasma region in a low-aspect-ratio tokamak [1,2]. Moreover, the area of ripple-well region,
the size of the ripple-enhanced banana drift and the area of stochastic orbit region are all become
smaller, as the aspect ratio is reduced. By these synergetic effects, the ripple loss of alpha particles
is strongly reduced as the aspect ratio becomes low (the power loss is proportional to A** for A>3)
and consequently, alpha particles are well confined in a low-aspect-ratio tokamak reactor
“VECTOR (the Very Compact Tokamak Reactor)” [2,3]. It has also been shown by numerical
studies using an orbit-following Monte-Carlo (OFMC) code [4] that thanks to the good confinement
of alphas in a low-aspect-ratio system, the number of TF coils can be reduced from 12 to 6 in
VECTOR by keeping the maximum heat load due to loss alpha particles on the first wall within an
acceptable level (~IMW/m?).

These results, however, have been obtained by using a model field ripple [5].  In order to
reexamine the ripple loss of alpha particles in an actual field ripple, a new code to calculate 3D
magnetic field in a realistic TF coil system (Fig.1) has been developed and combined with the
OFMC code. In the code, radial shift and radial expansion of coil configuration can be set by input
data, radial coil expansion factor Fe, and radial shift R, as shown in Fig.1. Calculations of the
effect of ferrite plates on the field ripple are also available.

R= Fexp(Rst_ Rct)+Rct+Rshift

0~

6.0

4.0
2.0

R(m)
0.0 : : :

Fig.1 TF-coil system to calculate field ripple, radial shift (A) and expansion (B).
Typical shapes of plasma and first wall of VECTOR are also shown in (B).

dial shift
(A) ra / Z = FexpZst
Z(m) Rshift / zZ(m) (B)
80 \\ 80 . --.. radial expansion




2. Reexamination of Loss of Alpha Particles in Actual Field Ripple

Qualitative studies on the ripple loss of alpha particles have been made by adopting an MHD
equilibrium for a non-circular plasma [6]. Calculation parameters are summarized in Table 1 and
shapes of first wall and TF coils are shown in Fig.1(B).

2-1 Dependence on the Aspect Ratio
Simulations were performed by changing
the major radius only and keeping the relative
positions of plasma, first wall and TF coils and
the safety factor at plasma surface. Results for
an actual field ripple are shown in Fig.2 (A) and
those for a model field ripple (constant edge
ripple v, =1%) are also shown in (B) for
reference. The aspect-ratio dependence of the
ripple loss in an acutual field ripple is much
stronger (c A®®) than that in a model field
ripple (c A*?) because the edge field ripple

depends on A as shown in (A).

Fig.2 Dependence of the ripple loss
loss of aplha particles on the
aspect ratio in an acutual
field ripple (A) and in a
model field ripple (B).

Fig.3 Dependence of the ripple loss
of aplha particles on the aspect
ratio in an acutual field ripple
(A) and in a model field ripple

(B).

P14

Table 1 Calculation parameters

Major radius
Minor radius
Toroidal field @R=R;
Plasma temperature

Plasma density

Plasma current
Safety factor @¥=1.0
Elongation
Tiangularity

Effective Z

Charge number of impurity

Number of TF coils

R, = 3.7 ~9.2m
a = 19m
B, =31T

T(P) = Te (1-9)
T(P) = T (1-9)
To(P) = T{(¥) =T(P)
T, =Ty =35keV
n(¥) = ng (1-¥)*3
np(¥) = ni(P) =n(¥P)
Ne = 2x1020 m™

i) = jo (19"
ga=gqs(a) = 2.56

K = 155

é = +0.5

Zgs = 1.9 (uniform)
Zmp = 6.0 (carbon)
N = 4~18

=
o
o

=
=}

Total Power Loss Fraction G, &
Field Ripple at Plasma Outer Edge v,

o
[N

G,
Yo
o AS.S
N=12
1.0 10.0

Aspect Ratio A

=
o
o

Total Power Loss Fraction G, &

=
o

A=1.94

Field Ripple at Plasma Outer Edge v,

o

Total power loss fraction G,
(=Y
(=}

(%)
H®

/

o A4‘3

N =12
Yo=1%

1.0 10.0
Aspect Ratio A

| /.AE‘\‘

Total power loss fraction G

(B) Yo= 1%
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2-2  Dependence on the number of TF coils

Results in an actual field ripple calculated by changing only the number of coils and keeping the
safety factor at plasma surface g, are shown in Fig.3(A). Results of the previous work for a model
field ripple obtained by keeping the field ripple at outer plasma edge v,=1% shown in Fig.3 (B) for
reference. In a realistic TF coil system, the edge field ripple strongly depends on the number of TF
coils, consequently, the ripple loss is substantially increased as the number of coils is reduced.

3. Evaluation of TF Coil Parameters by 2-D Heat Load

Quantative studies on the ripple loss of alpha particles in VECTOR have been made for a
realistic MHD equilibrium and an actual field ripple by
adopting the same OFMC code. A bird’s-eye view of P~ S
VECTOR is shown in Fig.4. Shapes of the plasma and the N L -
first wall are shown in Fig.1(B). The major radius R=3.7m. . / _ \
Other parameters besides the major radius, such as the ' \ /
elongation, the triangularity and the plasa current are the D\ Sy . / /
same as those summarized in Table 1. :

= -

= 20m

—} -

Two dimensional distribution of the heat load Fig.4 Bird’s-eye view of VECTOR
due to loss particles have been evaluated by using
30,000 test particles. It took about 6 hours of CPU time by using 128 processors of SGI Altix3900.

Targets of the present work are as follows;

1. To evaluate two dimensional heat load due to loss particle,

2. To evaluate the effect of ferrite plates on the ripple loss of alpha particles, and

3. To find the minimum number and the size of TF coils to meet the allowable
peak heat load.

A typical poloidal distribution of the heat load averaged over the toroidal angle is shown in Fig.5.
Usually, there are three loss regions, top and bottom divertor regions and near the plsama outer edge.
We concentrate our attention only on the peak near the midplane, because powerful cooling systems
are ususally installed in the divertor regions.

4.0E+05 60
divertor 3 |
3.0E+05 |- midplane 20 0
! L
divertor 1 100

2.0E+05

Enl

1.0E+05 120
5 | 180

0.0E+00 bl 140

1 21 41 61 81 101 121 141 161 181 201 S
Wall Mesh Number

<P,> (W/m?)

Toroidal Average of Heat Load

Fig.5 Typical poloidal distribution (toroidal average) of heat load on the Tirst wall

Two dimensional heat load on an axisymmetric first wall for Fe,=1.2 and Rgnir=0 with ferrite
plates (0.25m thick at 0.63m from the plasma surface as shown in Fig.1(B)) is shown in Fig.6(A).
The heat load is stlongly localized in both poloidal and toroidal directions. If the firs wall surface is
corrugated along the magnetic field line, the heat load is substantially flattend in the toroidal
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direction as shown in Fig.6(B).

‘ p\aglﬂa/y ’
&

NN 22 y(l—coquﬁ):I

Heat Load (W/m?2)

Fig.6 Two dimensional heat loads on an axi-symmetric and axi-asymmetric first wall for
Fexp=1.2 and Rg7=0 with ferrite plates.

6.0 <
« O,®:N=6 EE Thickness of Ferrite Plates AT (m)
g 50 - \RENZY A ° g o0 01 02 03 0.4 (B)
é open : without ferrite, % 0.0 ; ;
S 40 r closed: with ferrite o A 0.3
g a0 | - £ 10 (A) Fexp=1.2
g 2.0 2 3 \\ AR..=07m| E02 [ /
. ® w
T @) ] g 20 \ < 0.1
¥ 1.0 = = \ 0.4m ' -
© A 5 . edge ripple v, = 2%
o 6] j] c 40
0.0 ‘ : S oz 00 -
00 1.0 20 30 4.0 50 % 6.0 |__ARpr:gap betweenplasma | 00 02 04 06 08
Field Ripple at Plasma Outer Edge (%) x and ferrite plates ARp ¢ (M)
Fig.7 Peak heat load against edge field Fig.8 Reduction of field ripple by ferrite plates for various
ripple for various cases. gaps between plgsma and ferrite plates against plate

thickness (A) and a contour for edge ripple 2%(B).

The peak heat load against the edge field ripple is shown in Fig.7 for various cases. It is known
that the allowable heat loads on the first wall is about IMW/m?* without cooling system [7]. Figure 7
shows that generally, allowable field ripple at plasma outer edge vy, to meet the peak heat load less
than 1 MW/m? is about 2.0%.

Reduction of field ripple by F82H ferrite plates for various gaps between plgsma and plates ARp.¢
against their thickness ATg and a ARp.r - ATg contour line of y,= 2% for Fe=1.2 are shown in Fig.8
(A) and (B), respectively. In the calculation of field ripple with ferrite plates, a magnetization surface
current jm( ¢ ) = jm (1 + cosN ¢ )/2 is assumed to remove higher haromonics of the field. Figure 8
shows that studies to optimize the gap ARp.rand the thickness ATgshould be made in future. The
higher harmonics of the field ripple might have an impact on the 2-D distribution of the heat load.
These studies are left for furure works.

Finally, contours of peak heat load of IMW/m? with respect to the number of TF coils N and coil
expansion factor Fex, with and without ferrite plates (ARp.s =0.63m, AT =0.25m) are shown in Fig.9.
Even in a low-aspect-ratio system, if the number of TF coils is reduced, it is necessary to allow some
enlargement of the coil size to control the edge field ripple less than 2% and consequently the ripple
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loss of alpha particles. Figure 9 shows that about 40% of enlarghement of coil size is necessary to
meet the requirement for the allowable peak heat load without cooling system to reduce the number
of TF coils by one half (from 12 to 6) in VECOR. The enlargement can be relaxed to 15 % by using
ferrite plates. It is noted that by using ferrite plates, the number of coils can be reduced to 8 without

any enhancement of coil size. 12

Original VECTOR
SR
310 |
Fig.9 Contours of number of TF coils and coil Lo without ferrite
expansion factor to meet peak heat load ;:i 8
of IMW/m? with and without ferrite plates § 7+ _ _
(ARp.¢ =0.63m, AT¢ =0.25m) Z 5|  Winferme
5

08 0.9 1 11 12 13 14 15

Coil Expansion Factor F,

4. Conclusions
Conclusions of the present work can be summarized as follows:

1. In actual TF coil systems, the ripple loss of alpha particles is strongly reduced as the aspect
ratio becomes low (the power loss oc A®® for A>2.5) .

2. In actual TF coil systems, the reduction of the number of TF coils results in a large amount
of ripple loss even in a low-aspect-ratio tokamak.

3. Corrugation of the first wall surface along the magnetic field line is effective to reduce the
peak heat load due to loss particles.

4. To reduce the number of TF coils from 12 to 6, about 40% of coil size enlargement is
necessary in VECTOR. Ferrite plates are very effective to reduce ripple losses of alpha
particles. By using ferrite plates, the coil size enlargement for N=6 can be relaxed to 15%
and the number of coils can be reduced from 12 to 8 without any enlargement of coil size in
VECTOR.

Following studies are left for future works;

1. To optimize the configuration of ferrite plates (position, thickness etc.).

2. To evaluate the effect of higher harmonics of TF ripple by ferrite plates on the peak heat
load due to loss particles.

References

[1] K.Tani, et al., The 10th Spherical Tokamak Workshop STW2004, Kyoto,(2004).
[2] K. Tobita, et al., Plasma Phys. Controlled Fusion 46, S95-S105 (2004).

[3] S. Nishio, et al., IAEA-CN-94FT/P1-21, Lyon, France (2002).

[4] K.Tani, etal., IEEJ Trans. FM, 125, No.11 (2005).

[5] K. Tani, et al., Nucl. Fusion 23, (1983) 657-665.

[6] K.Tani, et al., Nucl. Fusion 33, (1993) 903-914.

[7] S.Nishio, et al., J. Plasma and Fusion Research, 78, No.11, (2002) 1218-1230



1 P15

Orbit following calculation of energetic ions
for design of ferritic insertion on JT-60U
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The design work for ferritic inserts is described from the viewpoint of the behavior of energetic ions. The
confinement of energetic ions and the absence of the unfavorable heat flux on the first wall was assessed by
using the Fully three Dimensional magnetic field OFMC code, which was developed for a ferrite insert program
in JFT-2M. In the final design, the confinement of energetic ions is improved by a factor of about 1.3 times in a
particular large volume plasma with Bt, = 1.9T.

1. Introduction

The toroidal field (TF) ripple induces loss of energetic ions due to local mirror trapping
(ripple trapped loss) and/or due to lack of the up-down symmetry of banana orbit (banana
diffusion). Such enhanced transport of the energetic ions reduces the efficiency of the heating
and current drive. To avoid such enhanced transport due to the ripple induced loss, installation
of ferritic steel was proposed [1]. The first experiment was carried out on JFT-2M to
investigate the reduction of energetic ion loss by using ferritic steel. And the reduction of NB
ion loss and the compatibility of ferritic steel with high performance plasmas were
demonstrated [2, 3].

Through the valuable experience and results on ferritic insert experiments on JFT-2M, ferritic
insertion on JT-60U was proposed. The TF ripple reduction by the ferritic insertion is
expected to contribute to the steady-state high-beta plasmas research on JT-60U, because the
reduction of energetic ion loss brings: 1) enhancement of the heating and current drive
“effective” efficiency, 2) extended pulse length of RF injection due to the reduced heat flux
by energetic ions on antennas and, as a result, improved coupling between antennas and a
plasma with a smaller gap, 3) availability of wall stabilization without losing the net heating
power, and 4) possibility of enhanced availability of the rotation control to improve the MHD
stability and transport.

The design work of the ferritic
insertion was carried out in 2004, and
its installation has finished at the
summer of 2005. Here, the design work
using orbit following calculations of
energetic ions are described. The design
work was carried out aiming at
effective, machine-safe, and short-term
installation. In the design work, the
enhanced confinement of energetic ions
and absence of the large heat flux on
the first wall has been assessed for the

NB ions by using the Fully three pjoure 1. NB systems on JT-60U. #2,3,4,6,12,13,14 are
Dimensional magnetic field Orbit- perpendicular PNBs. #7,8,9,10 are tangential PNBs.
Following Monte-Carlo code, which #15,16 are tangential NNBs. Total power of PNBs is
was revised from an original code [4] 24.75 MW, and that of NNBs is 4 MW in this
under the ferritic insert program in JFT-  calculation.
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2M [2].
2. Trials and Final Design 3%

JT-60U has eleven positive ion-based NBs (PNBs) with the
injection energy of ~85keV and two negative ion-based NBs
(NNBs) with the energy of 350-420 keV. On PNBs, two |
beams are co-tangential to the direction of the plasma current |
and the toroidal field, two beams are counter(ctr)-tangential,
and seven beams are perpendicular. And NNBs are co-
tangential.

As mentioned above, the ripple reduction is expected to bring
four benefits mainly. The wall stabilization and better RF
efficiency are mainly obtained in a large volume plasma.
Thus, our assessment has been carried out intensively for the
large volume plasma configuration. An example of the
configuration is shown in Fig. 2 (E34797, t=3.8s, Bt0/Ip =

G2
Figure 2. Shape of analyzed
large volume plasma with ripple
rate contour of TF coils alone.

1.86T/1.1MA, B,=1.9,ne~

15X10191’1’1—3) At first. the Absorbed | Loss |Absorbed Loss |Absorbed |Absorbed |Absarbed
) ) ’ power | power | power power power power power

reference results, namely for full | for full for for for far for

without ferritic steel plates injection |injection|perp. PNB|perp. PNB| co. PNB | cir. PNB | co NNB
(FP), are shown in Tab 1. %] % % %l %l %] %l
The loss of perpendicularly

injected beams is large and |W/OFP | 54 46 40 60 73 59 75
63 % of the deposited power.

The loss of tangentially |case | 72 | 28 | 63 | 37 | &7 | 67 | 88
injected beams is also not

negligible. In the

dlstrlbutlon Of escaping Case ll 72 28 63 37 87 69 88
energetic ions, most of the

escaping ions hl‘[. on the first case il 70 30 61 39 87 68 86

wall on the mid-plane of

plasma as an orbit loss in Einal

this configuration. D'g:ign 68 | 32 | 58 42 84 67 84

We used the ferritic steel

with the ingredient of 8Cr- TABLE 1. POWER FRACTION OF NB ION DESTINATION.

2W-0.2V [5]. This steel has FRACTION IS THE RATIO TO THE DEPOSITED POWER IN
T . PLASMA, NOT TO THE INJECTION POWER.

a similar saturation

magnetization ( 1.7T @573K ) to
F82H ferritic steel (8Cr-2W-0.2V-
0.04Ta), which is a reduced-
activation ferritic steel developed Case (I) Case (Il) Case (lll)
by JAERI [6]. - 25mm
-

We analyzed several configurations — 15mm ~

of ferritic insertion in design works.

Here, results from three key

configurations are shown. In these Figure 3 Trial configurations of ferritic insertion, Case (1),
configurations, we considered only (II) and (IIT). The Note: line thickness is not proportional to
a few important limitations: 1) the thickness of ferritic steel. The line thickness is
installation inside vacuum vessel exaggerated for illustration.
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because a realistic space of its installation is not available outside the vacuum vessel. 2) plate
thickness, which should be thinner than that of carbon tiles of 27mm. 3) typical port shape.
Namely, detailed port shape and interference with
diagnostics such as magnetic sensors was not
taken into account. In these configurations, the
ferritic steel was placed in 18 fold toroidal
symmetry. The configurations are illustrated in Fig.
3.

The ripple amplitude is large around the mid-plane
of the vacuum vessel. In the case (I), the ferritic
inserts are placed around the mid-plane as possible
in order to reduce the ripple amplitude around the
mid-plane. However, because of a relatively weak
Figure 4. Bird’s eye view of ferritic gypport structure, the region of ferritic inserts is
insertion. Thickness of FP is 23 mm limited on the baffle board of the divertor.

In the case (II), the ferritic inserts are added on the ceiling of the vacuum vessel. Because
there is a thin region with relatively large ripple amplitude on the top of the plasma (Fig. 2),
which might induce banana diffusion by affecting the excursion of banana tips. The ferritic
inserts on the ceiling of the vacuum vessel can reduce the ripple in this region.

In the case (III), the ferritic steel on the baffle board of the divertor was removed compared
with the case (I) because the ferrite installation on the baffle board can restrict the operation at
high plasma current due to the weak support structure of the baffle board.

The simulation results for these three cases are shown in Tab 1. The differences among these
three results are small, but the technical difficulty is increased in the cases of (I) and (II)
compared with case (III). From these results, we decided to choose the minimum installation
of case (III) as a base of a final design. In the final design, we imposed more restrictions for a
realistic installation. The restrictions are: detailed port shapes, e.g. for tangential ports, the
interference with diagnostics such as magnetic sensors, the opposed wall of NNB injection.
As a result, the 18-fold toroidal symmetry was lost in the magnetic field. The bird’s eye view
of the ferritic inserts is depicted in Fig. 4. In this configuration, carbon tiles were replaced by
ferritic steel on about 10% of the surface area inside the vacuum vessel. The calculation result
is shown in Tab 1. Compared with the reference case without FPs, the absorbed power is
increased by a factor of about 1.3 times as a whole for a full injection, and the absorbed power
of perpendicularly injected beams is increased by a factor of 1.5. We also estimated the heat
load on the LH antenna region. The heat ¢

load was reduced from 0.6 to 0.2 g i pE oy @ . n N
MW/m® in this particular discharge. 0.4 A A e Terriic
These results are encouraging for our 0.2 | 506 power fraction to deposited power - - |
coming experiments. Namely, because 0
of the increases of the absorbed heating 0 1 2 3 4
power, the MHD stability, the 14 i g
controllability of the current profile , and 1.3 n

. : 12 u
the controllability of the rotation profile, i1 [ |
we are expecting 1) longer discharges 1 LEnhanced ratio of absorbed power .
with high g, and high confinement for 0 1 5 3 4

ITER hybrid scenario, 2) higher g,
beyond an ideal limit of free boundary,
3) longer discharges with high fgs .

Bt, [T]
Figure 5. Variation of the absorbed power fraction for
cases with and without ferritic insertion, and the
ratio of the absorbed power with ferritic insertion to

3. Dependence on  Toroidal  Field that without ferritic insertion.



Strength

The magnetic field produced by ferritic plates is saturated in
above the external vacuum magnetic field of about 0.6 T. Thus,
the magnetic field produced by ferritic plates is almost constant
in the typical operational toroidal magnetic field, namely > 1T, on
JT-60U. This means ferritic plates might “over-cancel” the TF
ripple in the lower magnetic field, and work less effectively in the
higher magnetic field. It is interesting to investigate the

effectiveness of the ferritic

insert in the different strength of the magnetic field produced by
TF coils. We have assessed the effectiveness in the magnetic field
of 1.2T, 1.6T, 2.6T and 3.3T. The most of the plasma parameter is
same with the case of 1.9T. The plasma current and poloidal coil
current was varied, depending on the value of the toroidal field.
Namely, the safety factor, q, profile is identical to the case of

=M.

Shape of
middle-size
volume plasma

Figure 6.
analyzed

1.9T. The strength of the toroidal magnetic field at R=4.4 m and Z= 0.2m are compared for
these 4 cases. The ripple amplitude for 2.6 T and 3.3T is less reduced compared with the case
of 1.9 T, however we can see the reduction of the ripple amplitude. In Fig. 5, the

variation of the absorbed power

fraction for cases with and without the

Absorbed

Absorbed power

Loss Absorbed | Absorbed | Absorbed

.« . . . . power power power power power
ferritic insertion and the ratio of the forfull | forfun | " for for for
. o injection [injection| PSP | co. PNBI | ctr. PNBI | co NNB
absorbed power with the ferritic o4l o | P o4l o 4l
insertion to that without the ferritic %]
insertion. The ferritic insertion is less |0 FP 73 27 60 92 76 04

effective for the case of 2.6T and 3.3T,

compared with 1.2, 1.6 and 1.9T. Even

Final
so, the absorbed power was enhanced D';‘;gn 81 1 73 95 8 95
by about 1.2 for both the case of 2.6T
and 3.3T. TABLE 2. POWER FRACTION OF NB ION

DESTINATION. FRACTION IS THE RATIO TO THE

4. Effectiveness of ferritic inserts in a
middle-size volume configuration

DEPOSITED POWER IN PLASMA FOR THE
MIDDLE-SIZE VOLUME PLASMA.

In the large volume plasmas above analyzed, the major loss is the orbit loss around the mid-
plane of the plasmas. Thus it is considered that the final design, in which most of the ferritic

plates are installed above the mid-plane, is
effective in the large volume plasma,
however it was not obvious whether such an
installation was effective even in a middle-
size volume plasma, in which the ripple
trapped loss appears clearly.

We have investigated the effectiveness of
ferritic insertion of the final design in a
middle-size  volume configuration of
Buw/Ip=1.9T/1.1MA. The plasma
configuration is shown in Fig. 6. The
results of the comparison are shown in Table
2. The ferritic insert of the final design

AP (L O T | N S A | Y IR (U | BU R [
1.46 1 o N ! AN THIEY |'I I'I a |'l 11 ! 'I |
|||||||'|"l[‘,|;|l'l'|.'|__|..'|"'I.||II'II‘|
MW N g o WO e W W
L | L I e I T U I WL
oyl ooy Uy ! g

1 1l i ' \ v oy
------ \ (A N L v

Bt [T]

-180  -120 -80 0 60 120 180
Toroidal Angle [deg.]

Figure 7. Toroidal variation of the toroidal
field strength at R=4.25m Z=0.2

works even in the case of the middle-size

configuration. Without ferritic inserts, there are heat loads on the first wall of the downward
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position of plasma. These heat loads come from the ripple trapped loss. With ferritic inserts
the heat loads were reduced much. It is considered the ferritic plate around the mid-plane of
the vacuum vessel effectively can reduce the TF ripple around the position of the plasma,
where it is far from ferritic plates. Fig. 7 shows the toroidal variation of the toroidal field
strength at R=4.25m Z=0.2, where is the outer edge on the mid-plane in this configuration.
The TF ripple amplitude is reduced even at this position. This result is similar to the
experimental results of external ferritic plate installation on JFT-2M [2].

5. Summary

For the further pursuit of the steady-state advanced tokamak research on JT-60U, the ferritic
insertion was proposed to reduce the TF ripple. The ripple reduction in large volume plasmas
is expected to bring 1) the improved heating and current drive “effective” efficiency, 2) the
extended pulse length and the improved efficiency of the RF injection, 3) the availability of
wall stabilization without losing heating power, 4) the possibility of the enhanced availability
of the rotation control to improve the MHD stability and transport. This proposal of ferritic
insertion is based on the successful experience under the ferritic insert program on JFT-2M.
In the design work of ferritic insertion, the confinement of energetic ions and absence of the
unfavorable heat flux on the first wall was assessed by using the F3D OFMC code, which was
developed for a ferrite insert project in JFT-2M.

A large volume plasma of By/Ip=1.9T/1.IMA was investigated to determine the final
configuration of the installation. In the final design, the confinement of energetic ions is
improved by a factor of 1.3 for the full injection. We also assessed the effectiveness
dependence on the several different toroidal field strengths. Some benefits of ferritic insertion
can be available to the higher Bt. A medium sized plasma was also analyzed. The ripple
trapped loss was reduced and the confinement of energetic ions is improved by a factor of 1.1.
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Stability of the Alfven eigenmodes in JT-60U reversed shear plasmas
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1) Japan Atomic Energy Research Institute, Naka 319-0193, Japan
2) Department of Nuclear Engineering, Kyoto University, Kyoto 606-8501, Japan.

A reversed shear (RS) plasma is potentially an efficient operation mode for steady
state tokamak reactors with good confinement and a large bootstrap current fraction.
However, the behavior of AEs in RS plasmas has not been systematically studied as those in
PS plasmas. The stability of toroidal Alfven Eigenmodes (TAEs) in RS plasmas was first
calculated by using the NOVA-K code and the results indicated that TAEs in the RS
configuration are more stable than those in the PS configuration and are more stable in the RS
plasma with internal transport barrier (ITB) than that without ITB. Recently, the observation
of AEs with a rapid frequency sweeping and then saturation of frequency as ¢_, decreases in
RS discharges can be explained by considering the properties of reversed-shear-induced Alfven
Eigenmode (RSAE) near ¢, and their transition to TAEs. AEs change from RSAEs to TAE
as q,, decreases. It is found by the experimental results of JT-60U and the numerical
calculation with TASK/WM that AE is most unstable during transition from RSAE to TAE
and TAE is most stable. We investigate the stability of AEs in RS plasmas including RSAE
and transition from RSAE to TAE. The g-profile measurement is more accurate with higher
magnetic field. Therefore, the experiments for AEs destabilized by NNB in JT-60U RS
plasmas were carried out with a relatively high toroidal field. To investigate the effect of g¢-
profiles on AE stability, the g-profile is changed during NNBI by changing the ramp-up rate
of plasma current and the injected power of positive neutral beams as shown in Fig. 1. The
n=1 AE at the transition from RSAE to TAE is excited from t~5.85s and stabilized after
changing to TAE at t~6.05s and the other n=1 TAE is observed from t~6.4s after changing PS
configuration. We also systematically calculate AE stability with TASK/WM code.
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Fig. 1 The profile of safety factor when  Fig. 2 The observed AE in the 40743
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Excitation of Alfven Eigenmodes using the DED Coil in the TEXTOR
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Results from the first experiments to excite Alfven eigenmodes (AEs) in the TEXTOR tokamak plasma by using
the dynamic ergodic diverter (DED) coils as an external antenna are presented. Notable features of AEs
experiments using DED coils are exciting different modes around m/n=12/4, 6/2, 3/1 by changing the coil
configuration, studying the effects of magnetic islands and edge magnetic fields ergodization on AEs when the rf
current is applied for dc and AC DED operation, etc. The rf current of < 4A with scanning the frequency
100kHz-1MHz is applied on the one of the DED coils. The coil impedance versus frequency is measured for the
plasma (Ip = 350 kA, Bt = 2.25 T, n,~=2-3x10" m™) with AC DED (1kHz, 1.5kA) and compared with the

theoretical calculation. The excited waves are detected by the Mirnov coils installed around the torus.

1, Introduction

Weakly damped Alfven eigenmodes (AEs) excited by high energy ions such as alpha particles
created by DT fusion reaction are recognized as one of important topics for confinement of
alpha particles themselves in the International Thermonuclear Experimental Reactor (ITER).
Due to the interaction of AEs with energetic ions, the modes become possibly unstable and
the particle orbits are modified to enhance the loss and affect the ignition process in fusion
reactors. Alfven eigenmodes activity driven by resonant energetic particles produced by ion
cyclotron heating (ICH) and neutral beam injection (NBI) has been studied in different
tokamak experiments [1, 2]. Energetic ion losses and resultant reduction of the neutron

production accompanied with the appearance of toroidicity induced AEs (TAEs) have been

1



observed [3]. Passively excited AEs in such experiments have difficulties in studying the
characteristics of the damping and stabilities of the modes due to the driving terms of NBI
and ICH. The active method combining excitation by externally introduced antenna with
coherent detection of proving signals at the plasma edge and core has been performed in JET
[4]. We use the DED coil in TEXTOR [5] as an antenna to excite AEs and aim to investigate

not only their characteristics but also the effects of edge field ergodization on AEs.

2, DED antenna system and diagnostics

The DED consists of 16 perturbation coils wrapped around the high field side of the torus
(poloidal extension: 70°) as shown in Fig. 1 and generate a perturbation field which has
Fourier components having resonance near the plasma edge. The perturbation field is not
only static but also rotatable in the helical direction (predominantly in the poloidal direction).
The AC frequency of the field goes up to 10 kHz, and the resulting poloidal rotation velocity
can exceed the diamagnetic drift at the plasma edge. A four phase current up to 15 kA on the
DED coils ergodise the surface magnetic field structure.

One or two pairs of the DED coils are used as the antennas for AEs excitation. The maximum
rf frequency, current and voltage induced in the coils by using the rf amplifier are IMHz, SA
and 75V (zero to peak values), respectively. The coil set can be chosen in several ways that
excite the perturbation fields of the poloidal and toroidal modes m/n=12/4. 6/2 and 3/1 (the
effective poloidal mode numbers are 20, 10 and 5, respectively) by using two rf amplifiers
with phasing each other. The coil inductance is ~15 uH for m/n=3/1 mode at 100kHz. The
magnetic perturbation field against the total field dB/B is estimated as ~5x10°° (rf current

~5A) at r/a=0.9 (q=3) for m/n=3/1. In order to estimate the antenna loading for AEs excitation,

the coil current and the voltage are measured
CPU Data Logger i
‘_?— by the Rogowski coil and the capacitive
RF Generator ﬁAggfnc_mﬂz pick-up (Fig. 2). The capacitive pick-up uses
freq. moduration . . . .
a thin dielectric ceramic plate for the
=3 ectors . . . .
min=3/1,6/2,12/4 | [1, v acct isolation from the high voltage in the DED
) U_L = ri . WiFaoy Gotls ] operation. The small rf signal can be

S superimposed on the large DED current to
study the effects of edge field ergodization
on AEs. The excited AEs fields in the plasma
TEXTOR DED coils are measured by the Mirnov coils located at
several positions in toroidal and poloidal

Fig. 1 DED coils and AEs antenna system directions.



2, Coil impedance measurements
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Fig. 3 (a) Ip and ne of TEXTOR
shot. Frequency spectrum of rf
generator (b), coil voltage (c) and
current (d), respectively.

In Fig. 3, an example of the coil voltage and
the current are shown for typical TEXTOR
plasma discharge where toroidal field Bt, line
averaged electron density ne and plasma
current

Ipare 2.4 T, 2.3x10"”m and 350 kA,
respectively. The preliminary results shown
here are obtained by using the DED coil
configuration of 3/1 mode. The rf current with
the frequency sweeping from 100 to 300kHz
in 1 sec is applied during the flat top period of
the discharge (Fig. 3(b)). The frequency
spectrum of voltage pick-up and current
signals show the driving frequency peaks and
also its higher harmonics. The voltage pick-up
is more affected by the plasma noise than
current one due to the high impedance
detection system. We observed some high
impedance peaks in the frequency spectrum
which is attributed to the parallel resonance
with the stray capacitance of the DED cables.
When the plasma exists the real part of the
coil impedance (same phase with the coil
current) increases and the circuit resonance
peaks become small and broader. The Mirnov
coil placed almost 90 degrees away from the
rf coil in poloidal direction detects the rf
magnetic field perturbation during the plasma
shot. The analysis on the AEs evidences in

Mirnov signal is now underway.

3, Impedance measurement with DED

operation



The unique feature of DED is the rotation of the magnetic perturbation. It is observed that the

induction of the plasma toroidal rotation comparable to the one achieved by ~IMW of

unidirectional NBI [6]. These features are expected to influence on the damping and the
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stability of AEs.
The AC DED
current is ramped
up to 1.5kA
(1kHz) during the
plasma shot and
the rf current of
~4A (the
frequency is swept
in 1 second) is
superimposed on
the DED current at
almost the end of
the rump as shown
in Fig. 4(a). The rf
signals of coil
current and voltage
can be still
obtained under this
condition with a
little DED AC
frequency (1kHz)

modulation (Fig. 4(b)). An example of the power
spectrum of the change in the coil loading resistance
from the vacuum shot Arp(w) is shown in Fig. 5. There
are some peaks around 370kHz in this case. The TAE
modes and the coil impedance for m/n=3/1 are calculated
to compare with the experiments. The cylindrical plasma
density and current profiles are assumed as
n.=n,(1-0.95-")"", j, =jo(1-0.95-r*)* which are
determined from the experimental data. The

profile of Alfven continuum frequency is shown



for n=-1, m=1, 2, 3, 4 which are dominantly excited by the m/n=3/1 coils (Fig. 6(a)). The coil

impedance has peaks around 209 kHz and 373 kHz (Fig.6 (b)). The lager is similar to the one
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Fig6 (a) Alfven  wave
continuum frequency for n= -1,
m=1,2,3,4, (b) coil impedance
spectrum and (c) power
absorption  profile. n,=3.2x
10”m”, Bt=2.25T, D, q,=1.25,
Ip=300kA

observed in the experiment. The radial absorption
profiles of the wave in these frequencies indicate
that the absorption occurs at the plasma periphery

region (Fig. 6(c)).

4, Summary

The DED coils are used as an antenna to excite
AEs (TAE) and the preliminary experiment for
impedance measurement has been performed with
AC DED operation. The further detailed
measurements are needed to investigate the effects
of the active modification of the plasma periphery
by DED on AEs (TAE).
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Abstract

Production, confinement and thermalization of high-energy particles are the fundamental issues in fusion plasma
ion kinetics. The ion distribution function fi(v, 6 t) and its evolution under the ion cyclotron heating (ICH) and
neutral beam injection (NBI) are studied by energy resolved charge exchange neutral particle flux measurements.
For helical systems, such as LHD, local diagnostics are required due to the complex 3D magnetic configuration.
First radially resolved measurements of local H’ atomic energy spectra have been made on LHD by the pellet
charge exchange (PCX) method with a Compact Neutral Particle Analyzer (CNPA). The diagnostic technique,
the initial measurement results in the range 10-100 keV and the data analysis are described.

1. Experimental Method

An impurity cloud reoud << Iplasma Surrounding an ablating solid pellet provides a
localized charge exchange target scanning the plasma radially. This is an advantageous
approach to the local charge exchange neutral particle analysis [1] alternative to the use of a
diagnostic neutral beam. The PCX atomic flux Ir CX(E, r(t)) substantially exceeds the naturally
occurring neutral flux and reflects the local plasma ion distribution function at the pellet
position. Pellet-induced neutral fluxes were previously measured on LHD with a natural
diamond detector [2]. However, obtaining the energy spectra from these data in the main
energy range of interest (10'-10° keV in the present experiments) is complicated due to the
high operating speed, i.e. the spatial resolution requirement [3].

The new diagnostic presented here is based on a Compact Neutral Particle Analyzer
(CNPA) [4] installed on LHD for measurements in the Hy energy range 1 - 170 keV. CNPA
employs a thin 50 A diamond-like carbon stripping film instead of a traditional gas stripping
cell to ionize the incoming neutrals, a strong permanent analysing magnet (z 1 T) sorting the
resultant protons by energies (Larmor radii) and an array of 40 channel electron multipliers
(CEMs) for particle detection. Pneumatically accelerated polystyrene (-CgHg-), balls are
injected transversally; typical D,.; = 500-900 um, v,.; = 300-400 m/s resulting in 1-2 ms pellet
flight time to the full ablation in the core plasma. The angle between the analyzer sight line
and the pellet injection axis is 2° on the horizontal midplane projection and 1° in the poloidal

plane. The values of the local v/v for the observable particles are usually in the range -0.2 to
+0.2 along the average pellet flight length.

The operating count rate C in PCX experiments is dictated by the desired radial
resolution 6/ = 10"'m  the pellet velocity v, and the minimum statistically acceptable number
of counts per one spectrum N =10, Therefore, the analyzer should be able to
process € 2N V0 /0 =10's" For such high particle fluxes CEMs can be used in the current mode
in addition to the pulse counting mode. CEM signals are fed to two independent counting and

current mode electronic sections Thus, the system is suitable for both passive measurements
of naturally occurring neutrals and the active probing with a diagnostic pellet.
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2. Initial Measurement Results

A clear response of the neutral fluxes to the diagnostic pellet injection has been
observed and the energy spectra of PCX neutrals have been obtained with CNPA. The CEM
current signals were recorded with 100 s time resolution. The measurable energy range was
10 — 100 keV (due to 16 of 40 channels initially available). Ar/He plasma-forming gas was
used. The experimental conditions and the obtained energy resolved pellet-induced neutral
fluxes are summarized in Fig. 1 illustrating the heating time diagrams and the general
discharge waveforms. The left side corresponds to D, = 834 wum, v, = 385 m/s pellet
injection in the steady state of H minority ICH sustained plasma at R,x = 3.6 m, § = 0.09%.
The right side corresponds to D,.; = 867 um, v,,; = 400 m/s pellet injection in the steady state
of compensated tangential H® NBI heated plasma at R,x = 3.8 m, B = 0.23% (unbalanced NBI
is likely to cause the pellet trajectory deviation and thus is objectionable for PCX measurements).

The diagnostic pellet injection time corresponds to the spike on the total radiation power
curve for each discharge. The millisecond-range pellet ablation time intervals are expanded on
the lower two plots showing Ha light intensity from the pellet cloud at 656.3 nm and the
synchronous increase in the CEM current signals reflecting the neutral particle flux. Different
curves on the lower plots correspond to different energy channels. Fig. 2 shows the
measurement geometry calculation for the ICH heated plasma discharge. This is required to
recalculate the time into the effective radius and to interpret the observed particle pitch angles.
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Fig. 1. Energy resolved H' fluxes synchronous with the visible light from the diagnostic pellet injected
into H minority ICH sustained n, =0.4x10" c¢m” Ar/He plasma (left) and H NBI sustained

n,= 2x10" em™ Ar/He plasma (right).
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Fig. 2. Range of the radial scan of ICH plasma by the D, = 834 um, v, = 385 m/s diagnostic pellet
(ablation region) and observable particle pitch angle cosines at R,, = 3.6 m, = 0.09%.

3. Data Analysis

The naturally occurring neutral flux IY(E 1) depends on the charge exchange target
density profile and is calculated as a superposition along the diagnostic sight line expressed by
an integral equation with respect to the local neutral source function [5]. The PCX atomic flux
I, r(t)) >> I°(E, 1) originates from a localized source and thus one only needs to correct
it for all energy-dependent factors to obtain the local ion distribution function.

First, the CEM signals S(E, t) should be corrected for the known detection efficiencies at
the corresponding energies since S(E, t) = K(E)]’P CX(E, r(t)). The obtained PCX atomic flux
itself is expressed as [2]

S,S
Arkl’
where the geometric factor contains the aperture area S,, the visible area of the pellet cloud S
and the distance to the cloud L; the exponent accounts for the attenuation of the neutral flux in
the plasma on the way out to the periphery; Fy(E) is the neutralization factor in the pellet

ablation cloud; fi(E, r(t)) is the local ion distribution function in the plasma. Fy(E) can be
calculated from the ionization-recombination balance in the cloud [6]:

_1_eXp(_(Go—>1(E)+O-1—>0(E))'Sn) 1
- 1+0,.,(E)/0,_, (E) 140, ,(E)/0_, (E)

F(PCX)(E,r(t))= e_T(E’L)FO(E)ni (r(t))Vl.f,.(E,l‘(t)) (1)

2)

F,(E

where O150 and Go-1 are hydrogen neutralization and ionization total cross-sections in the
cloud respectively and S, is the line-integrated cloud density (across the cloud). If this value is
high enough, the approximate formula can be used. Thus, the knowledge of the cloud density
and the dominating ion charge states in the cloud during the pellet flight is required as well as
the experimental data or theoretical estimations of the relevant charge exchange cross-
sections. For a polystyrene (-CgHg-), pellet the relevant elementary processes are:

H " +C* S H +C*", H*+H > H +H"

and H*+C* > H" +C*™*"
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Fig. 3 (left). a). Polynomial fits to experimental
cross-sections of H’ stripping by C** [7]. b). OBK
estimations of e capture by H' from C* and
experimental data for C’ [8] and H’ [7]. c).
Equilibrium neutral fraction Fo(E) calculated for
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Fig. 4 (right). Proton energy distributions at different
radial positions calculated from CNPA data using
Fy(E) a) for ICH plasma and b) for NBI heated
plasma.

The experimental stripping cross-sections for H’ by carbon ions are available [7] as well
the very well known hydrogen charge-exchange cross-section. However, the cross-sections of
the electron capture by H" from carbon have only been experimentally determined for C° [8].
Therefore, Oppenheimer-Brinkman-Kramers approximation [9] has been used to estimate

them. The cross-sections that contribute to @150 and Go-1 are shown in Fig.5 a) and b). The
ion charge state composition of the pellet cloud has not been experimentally characterized.
The assumption made to calculate the neutral fraction is 50% HO, 25% C1+, 25% C**. The
resultant equilibrium Fy(E) is shown in Fig. 3 c¢). The PCX atomic flux attenuation was
assumed to be negligible.

The obtained Fy(E) allows one to calculate the ion distributions from the measured
escaping neutral energy spectra. Fig. 4 shows f;(E) at different radial positions.
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Fig. 6 (right). Radial dependence of effective H*
1 ion temperature in NBI heated plasma (lower
energy range).
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The lower energy distributions below 25 keV
are attributed to the thermalized proton
population. The high energy tails from

O 1 | L 1 1 1 L 1 L :
' 5E o G 6 e tangentlal'NBI heated plasma correspond to
the particles that have undergone a
& significant pitch angle scattering. These tails

at different © depend on the NBI source function, i.e. the initial NBI particle angular
distribution. In the energy range corresponding to thermalized protons from ICH and NBI and

also for high energy tails from ICH an effective temperature is defined as T (p)=~1/k(p)

where k(o) is the logarithmic slope of f,-(E)/ JE . Fig. 5 shows the effective proton
temperature radial profiles calculated from the thermalized particle energy range (a) and also
from the high energy tails (b) in ICH plasma. Fig. 6 shows 77/ radial dependence calculated
from the thermalized NBI particle energy range. The simple polynomial fits (solid curves) on

¢ ¢ o B
all plots have the form 7?’7(,0)=7?ﬂ(0)(1—,0 ).
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Introduction

The gamma ray measurement from fusion plasma is one of the important techniques
to clarify fast ion properties in plasma. Some observation of the gamma-ray in JET plasma
was reported. ?C(d,py)*C and °Be(a,ny)**C reactions on the JET observation are mainly
recommended as the actual prospective nuclear reaction on the gamma-ray measurement [1].
However, it is thought that the gamma-ray observation by means of these reactions
significantly depends on the conditioning (i.e. densities of the beryllium and carbon in
plasma). Therefore, it is also important to examine the availabilities concerning the methods
of gamma ray. We have tried to measure the 2.18 MeV gamma ray of D(a,y)°Li reaction and
the properties of the another gamma ray emission by MeV-He™ beam irradiation experiment.

Irradiation experiment and gamma ray spectroscopy
We carried out the irradiation

experiment to measure the gamma N crcionoy 2o Targﬁ;;i;%g%{ﬁfﬁ e
spectroscopy induced by He'™ beam. iy : |
Figure 1 shows the schematic view of
the irradiation experiment. Tandem ) e : ¥~
van de Graaff accelerator (5SDH-II) in -*""""E%‘; et
Kobe University was used. A deuteride . e N -
polystyrene (CgDsg) thick target was : )
implanted with He™ beam in the
energy range of 2-4 MeV. Also thick
targets of a carbon and a deuteride
titanium (TiDy) were implanted to
compare with the result of the C¢Ds target irradiation respectively. The mean of He-beam
current was about 400nA. The emitted gamma ray was detected by a HpGe detector. The
HpGe detector’s relative efficiency was about 25% and was surrounded with the lead block
assembly to intercept background gamma ray and unnecessary gamma-ray as much as
possible. The energy calibration of the detector was done with the Co-60 and Cs-137
checking source. In order to monitor the production of neutron by the irradiation, we used the
BF3 counter which installed on the experimental room wall.

Lead for y-ray shielding
——

g

Fig.1 Schematic view of He** irradiation experiment.



Result and discussion

Figure 2 shows the
detected  background  gamma
spectrum with our Ge detector.
Some typical background peak
(K-40, TI-208, Bi-214 and Pb-214)
was mainly observed. In order to
detect gamma ray from the samples
effectively, there is no shielding
material between the head of
detector and the target backing
material. Therefore, the level of
background yield was more several
time than a while covered case.
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Fig.2 Measured background for 15.7 hours. Some
typical photo peaks (K-40, TI-208, Bi-214 and
Pb-214) was observed.

Figure 3 shows the measured gamma-ray from used C¢Dg, carbon and TiDy under
3.5-MeV He™" irradiation. each yield was normalized with incident coulomb of He™ ion.
Below 1MeV, it is thought that the count of gamma ray was dominant at gamma-ray by
"Ge(n,ny) inelastic reaction and Al(n,xy) reaction. Especially, the profile of spectra in the
range of 0.5 and near 1 MeV corresponds with the past results [2]. It could be considered that
the the neutron emission was due to the **C(c,n)**O reaction and D-D reaction between the
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Fig. 3 shows the measured gamma-ray from used C¢Dg, carbon and TiD, under 3.5-MeV
He™™ irradiation.
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and deuterium in the sample. From
the monitoring of the BF; detector,
the neutron counting rate on the
irradiation of the CgDs and the ] »
carbon samples increased more than
TiDy case. Therefore, it is due to the
neutron from *C(a,n)'®O reaction.
In the energy range between 2.1MeV 6.0E+02 {  at3.5 MeV He beam \
and 2.2 MeV, that is, near 2.18 MeV |
gamma-ray from D(o.,y)®Li reaction, ] \
we observed some shape and broad HOERZ AW N
peak. ] Iéte ;%I &fe%/'ﬁ “ﬁi\;r?m W
Figure 4 shows the detail
spectrum in the range of 2.04 -2.24

H(ny) (2.23)?

1.0E+03 A

8.0E+02
Bi-214(2.204)?

Level of 2.18 MeV y

Yield /mC

2.0E+02

MeV on 2.25-, 3.0- and 3.5-MeV ] 2.25 MeV He beam case

H*" irradiations to the C¢Dg sample 0.0E400 ‘ ‘

respectively. On the case of 3.5 MeV 2040 2140 2240
Energy MeV

irradiation, we observed 2.24-MeV . . .
] Fig.4 The detail spectrum in the range of 2.04
sharp peak and satellite peak, a  -224 MeV on 2.25-, 3.0- and 35-MeV H**

somewhat broad peak near the 2.22  irradiations to the CsDs sample.
MeV and a broad peak with some
structure near 2.06-2.16 MeV. However 2.18 MeV peak which agree with D(c,y)°Li reaction
could not be found. The dash horizontal line in Fig.4 means the yield level estimated with the
past cross section data [3]. As our preliminary view, it was thought that the sharp peak on
2.24 MeV is due to H(n,y)D and 2.22-MeV peak is Bi-214 (2.204MeV). Furthermore, it is
considered that the broad peak in 2.06-2.16 MeV is constructed from the single escape peak
of TI-208 and some gamma-ray from "*Ge(n,ny). As above mentioned, we need to improve
our measurement system to observe the 2.18 MeV gamma-ray from D(a,y)°Li reaction.
Especially, the shielding of the background gamma ray precisely should be improved.

On the other hand, 3.09, 3.68 and 3.85-MeV peak was obviously observed on the
He™ beam irradiation. Also the 3.09- MeV peaks have the distortion of the profile. Figure 5
shows the measured gamma profile. The three peaks is significantly thought that the
3.09-MeV peak was induced by *2C(d,py)*C reaction. For the reason of the observation, we
suggest that elastic recoil deuteron with He™ bombardment induced the sequential
12C(d,py)™C reaction (see Fig.5). Also it is suggested that the distortion of the 3.09-MeV peak
profile was due to the Doppler effect. The half life time (T,,) of 3.09 MeV gamma from the
12C(d,py)™C reaction is estimated about 1 fsec [4]. Also the maximum kinematics energy of
the residual *3C nucleus can estimate about 0.2 MeV. Considering the range of 0.2-MeV **C
nucleus in the sample (CgDs), the stopping time is in order of 1 nsec and corresponds with the
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Fig.5 The gamma-peak from sequential **C(d,p»)**C reaction induced elastic
recoil deuteron.

Ty, of 3.09 MeV gamma from the **C(d,py)**C reaction. Therefore, it is considered that the
edge shoulder of 3.09-MeV peak is the gamma-ray emitted from **C particle running in the
sample.

Summary

In order to observe the y-ray induced with high energetic o particles, we carried out
the irradiation experiment with He™ beam. Especially, we tried to measure 2.18-MeV vy ray
by D(a,y)°Li reaction and examined the propriety of the availability to plasma diagnostics.

Some broad peak in the range between 2.1 and 2.3 MeV was observed. However, it
was difficult to identify 2.18-MeV y ray from D(a.y)°Li reaction because of the background
gamma-ray (Bi-214 (2.204MeV) and single escape peak from the TI-208) and 2.2-MeV photo
peak from H(n,y)D reaction.

3.09- and 3.85-MeV peak was obviously observed and the peaks the sequential
2C(d,p)*3C* due to the elastic recoil deuteron with o particle bombardment (knock-on
deuteron). Also It is suggested that the distortion of the 3.09-MeV peak profile is due to the
Doppler effect. By the influence of the Doppler effect, it is thought that high energy o particle
flux is able to measure.
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Abstract. In order to produce diagnostic helium neutral beam for alpha particle measurement in nuclear fusion
plant of deuterium-tritium reaction, helium ion (He") or helium-hydrogen ion (HeH") beams of ~20 keV have
been considered as a primary beam. For He' beam, it is important to produce focused high-current-density ion
beam in order to pass through small apertures of alkali gas cell with an enough signal level. For HeH' beam,
conditions producing HeH" has not been investigated in detail as yet. In order to extract these beams, focused
high-current-density neutral beam system is applied. For He" beam extraction of ~22 kV, it is confirmed that
current density of ~86 mA/cm’ is achieved, whose value is close to necessary value in ITER. For HeH" beam
extraction in the case of ~300 V acceleration, the production rate of HeH" component increases with the increase
of helium gas pressure ratio to hydrogen gas pressure when its value is > ~75 %. In the case of 25 kV
acceleration, if 15 % of total current (which includes H', H,", H;', He" and HeH' components) is HeH"
component, current density of HeH" is estimated as ~13 mA/cm?, whose value is larger than necessary value in
ITER. From melted traces of the target plate, it is estimated that the divergence angle is about £0.8 deg.

1. Introduction

It is very important to measure the behavior of alpha particles which contribute for the
continuous plasma burning in nuclear fusion plant of deuterium-tritium reaction. In order to
measure the spatial and velocity profiles of alpha particles, injection of permeable helium
neutral beam of ~1 MeV to the burning plasma has been considered [1]. The helium neutral
(He") beam exchanges charges with helium ions (alpha particles), and produced high-energy
helium neutral particles are measured by the energy analyzer. In order to produce diagnostic
He’ beam, following two methods are being considered. Helium ion (He") beam of ~20 keV
and ~100 mA/cm® is converted to negative helium ion (He') through the alkali gas cell
(conversion rate~1 %) [2,3], and accelerated to ~1 MeV, then He of ~1 MeV spontaneously
becomes He’ (~0.2 mA/cm?) by passing through a reasonable length (neutralization
efficiency~20 %). In this system, it is important to produce focused high-current-density ion
beam in order to pass through small apertures of alkali gas cell with an enough signal level.
Another method which can give a simple way to realize the 1 MeV He” beam is to use the
helium-hydrogen ion (HeH") beam of ~20 keV and ~2 mA/cm®. This beam can be accelerated
to ~1 MeV, and neutralized through the gas cell with sufficient probability (neutralization
efficiency~10 %) [2,4]. In this concept, conditions producing HeH™ beam has not been
investigated in detail as yet.

We had already developed a high-current-density neutral hydrogen beam system with strong
focusing in order to inject the beam through a narrow port in the vacuum vessel [5]. For the
purposes of deep understanding of beam characteristics, we had also tried to extract ion
beams of various kinds of elements (hydrogen, deuterium, helium and nitrogen). In the
present paper, we will report characteristics of He' beam with strong focusing and
high-current-density, and the results on optimized conditions for obtaining sufficient HeH"
beam intensity, in our beam system.
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2. Experimental Setups

In our ion beam system, three concave-type electrodes, acceleration, deceleration and
grounded electrodes are used. The extraction aperture diameter of the concave acceleration
electrode with a meniscus structure is 4.0 mm at the ion-source side [6]. The transparency of
each electrode is ~50 %. The distance between the acceleration and deceleration electrodes is
5.5 mm, and that between the deceleration and grounded electrodes is 2.0 mm. The thickness
of all electrodes is 2.0 mm. The plasma is produced using a bucket type ion source whose
inside surface is covered by a copper sheet 2.0 mm thick to prevent accidental arc erosion.
Cusped magnetic field is larger than 1500 G at the inside surface of the chamber, and residual
magnetic field in the plasma region is smaller than 5 G. The magnetic field measured by a
gauss meter shows a fairly good agreement with the designed value. A power supply (PS)
system with capacitor banks is adopted. Specifications of PSs are 30 kV and 50 A with
voltage ripples less than 5% for the acceleration PS, -5 kV and 6 A for the deceleration PS,
and 300 V and 1 kA for the arc PS. The filament PS of DC operation (30 s) has the
specifications of 20 V and 2700 A (= 180 A x 15 sets of filaments), and constant-voltage
control is programmed with the setting accuracy of 0.1%. Narrow hairpin tungsten filaments
of 2 mm are adopted as cathodes [7]. The designed beam duration is 30 ms.

In order to measure beam species, mass analyzer (Balzers Instruments, PPM422) whose
maximum energy is limited less than 500 V is used. Therefore, in the case of mass analysis,
DC power supply system of 300 V and 20 A is used as an acceleration PS.

3. Experimental Results

At first, experimental results on helium acceleration of ~25 kV are described (in this case,
helium gas is not puffed into the neutralization cell). Figure 1(a) shows the dependency of
extracted ion current on filament voltage, which current is estimated as Iycceleration — Ldeceleration-
These currents are the circuit currents measured between the power supply and electrodes. In
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the case of helium discharge, the extracted current has the maximum value at an optimized
filament voltage. In the case of hydrogen gas discharge, filament voltage that achieves the
maximum current value increases. This result suggests that it is possible to operate filament
voltage at lower value. Figure 1(b) shows the dependency of extracted He™ current on arc
voltage. There is a tendency that beam current saturates over V.= 200 V. It is noticeable that
He" beam can be extracted at low filament voltage, because we can reduce the heat flow into
the acceleration electrode. Figure 2 shows time evolutions of each parameter in the case of
Vacceleration = 25 KV, Vieceleration= -1.2 KV, Vare= 200 V, Vijamen= 13.7 V. He+ beam of ~22 kV
and ~40 A is obtained, then current density of ~86 mA/cm® (= ~40/(nr’x0.5)) is achieved,
whose value is close to necessary value (~100 mA/cm®) in ITER (International
Thermonuclear Experimental Reactor). Here, r indicates effective radius of the electrode.
Next, in order to produce HeH' component in the ion source, helium and hydrogen gases are
mixed in the gas reserve tank. Figure 3 shows time evolutions of each parameter in the case of
Vacceleration = 300 'V, Vieceleration= -4.5 k\/; Vare= 110 'V, Vijamen= 10.5 V and He gas pressure
ratio to hydrogen gas pressure= 75 %. Ion beam of ~6 A which includes H', H,", H;", He" and
HeH" components is extracted. Figure 4 shows the number of HeH" particles measured by the
mass analyzer as a function of beam energy, in the case of Veceleration = 300 V, Vieceleration= -4.5
kV and Viiamen= 10.5 V. Here, in order to detect the maximum number of particles at each arc
voltage condition, the energy of the detector is scanned. As arc voltage increases, the number
of HeH" particles increases, but saturates around 130-140 V which almost corresponds to
electron energy that ionization cross section to He™ becomes maximum.

Figure 5 shows the number of HeH', He™ and H' particles as a function of He gas pressure
ratio to hydrogen gas pressure, Py ratio, in the case of Vieceleration = 300 V, Veceleration= -4.5 kV,
Vare= 110 V, Viilamen= 10.5 V and ion beam current = ~6 A. It is clear that the production rate
of HeH" component increases, when helium gas pressure ratio is larger than ~75 %. In the
case of Pye.raic= 90 %, the number of HeH" particles corresponds to ~15 % of total counts for
H', He" and HeH" particles. (The analyzer sensitivity for H, gas is qualitatively larger than
that for He gas. However, we cannot conclude the precise ratio, since absolute sensitivity
calibration has not been conducted). Figure 6 shows the number of HeH', He" and H"
particles as a function of beam energy (here, x axis in Fig. 5 is converted to the beam energy).
As the amount of helium gas component increases, space potential in the ion source increases.
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In order to study the beam performance of high-energy particles, total beam of H', H,", H3",
He" and HeH" components is accelerated. Figure 7 shows time evolutions of each parameter
in the case of Vacceleration = 25 KV, Vieceleration= -1.2 KV, Vare= 250 V, Viiamen= 13.9 V and
Peratic= 75 %. Ion beam of ~40 A is extracted. If 15 % of total current is HeH" component,
current density of HeH' is estimated as ~13 mA/cm® (= 40x0.15/(nr’x0.5)), whose value is
larger than necessary value (~2 mA/cm?) in ITER. However, in order to measure only HeH"
beam current, we must separate HeH' component from total beam of H', H,", H3", He" and
HeH'" by using the magnetic field system.
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In order to examine beam shape, focal point and beam divergence angle, high energy beam of
~25 keV is irradiated to a stainless steel target plate which is installed at the target chamber.
The melted patterns on the plate are taken at several positions (X= 1530, 1735, 1835 and 1920
mm) shot by shot. Here, X indicates the distance from the electrode. As an example, the beam
trace of the target plate at X= 1530 mm is shown in Fig. 8. From these melted traces, it is
estimated that the focal length is ~1400 mm and the divergence angle is about +0.8 deg.

4. Summary

Characteristics of He" and HeH" beams which produce He’ beam used for the alpha particle
measurement are described. In order to extract these He' and HeH' beams, the strongly
focused high-current-density hydrogen neutral beam system is used [5]. It has been shown
that this beam is strongly focused into a diameter of ~36 mm at the focal point with the
divergence angle of about +0.8 deg. As a result, a power density as high as ~1 GW/m’ is
attained at the focal point of the neutral beam.

For He" beam extraction of ~22 kV, current density of ~86 mA/cm” is achieved, whose value
is close to necessary value (~100 mA/cm?) in ITER. It is noticeable that He™ beam can be
extracted at low filament voltage, which mitigates heat flow into the acceleration electrode.

In the case of Vacceleration =300 V, Vdeceleration: -4.5 k\/: Varc: 110 \/5 Vﬁlament: 10.5 V, it is
measured by the mass analyzer that the production rate of HeH' component increases with the
increase of helium gas pressure ratio to hydrogen gas pressure when its value is > ~75 %. In
the case of 25 kV acceleration, if 15 % of total current (which includes H', H,", H;", He" and
HeH" components) is HeH™ component, current density of HeH' is estimated as ~13 mA/cm?,
whose value is larger than necessary value (~2 mA/cm?) in ITER. However, in order to
measure only HeH" beam current, we must separate HeH™ component from total beam of H',
H,", H;", He" and HeH" by using the magnetic field system. From melted traces of the target
plate installed at several positions from the electrode shot by shot, it is estimated that the focal
length is ~1400 mm and the divergence angle is about £0.8 deg, which reveals almost the
same superior characteristics as the case in neutral hydrogen beam [5].
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Ministry of Education, Culture, Sports, Science and Technology of Japan, based on the
screening and counseling of the Atomic Energy Commission, and a part of this study was
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A conceptual design of an active-neutral-beam-probe-diagnostic-system for alpha particles produced
by D-T nuclear reaction in a plasma confined by a magnetic fusion reactor has been examined. An
energetic He® beam plays an important role in the system. To detect a signal of neutralized alpha particles
from the fusion plasma with enough S/N ratios, a high brightness He® beam produced by spontaneous
electron detachment from He™ ions is required. A prototype of a He" ion source has been designed and
assembled to test the performance in producing a source beam for high intensity He beam through a

double-charge-exchange process in alkali metal vapor.

1. Introduction

In the next generation magnetically confined fusion experimental reactors, such as
ITER (International Thermonuclear Experimental Reactor), plasmas will be self-heated
by high-energy alpha particles produced by D-T nuclear fusion reaction. The spatial and
energy distributions of alpha particles in the core plasma are one of the most important
issues for burning plasma diagnostics. Several methods to measure the velocity
distribution of alpha particles have been proposed. One of the most promising methods
Is based upon the double-charge-exchange reaction of a fusion produced alpha particle
in a core plasma to capture two electrons to escape from the plasma and detected by an
energy analyzer installed outside the confined magnetic field. Post et al. proposed an
active beam probe method to neutralize the alpha particles by injecting an energetic
neutral helium (He) beam into the core plasma.[1] Sasao and Sato showed the
possibility of producing an energetic ground state He® beam by spontaneous electron
detachment from negative helium ions (He") to diminish impurities of the metastable
states of He".[2]

In this paper, a conceptual design of the measurement system of the velocity
distribution function of alpha particles in the core plasma using an energetic He” beam
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with a neutral particle energy analyzer is shown. In section 2, a measurement scheme is
described. The counting rate of the neutralized alpha particles produced by double
charge exchange reaction due to incident energetic He® beam is estimated taking into
account of the beam attenuation in the plasma. In section 3, the measurement system
employing the active probing beam with the energy analyzer for the neutralized alpha
particles is described. Components of the system are listed, and specifications of a high
intensity He™ ion source with three concave multi-aperture electrodes are described.

2. Measurement scheme

Sasao et al. described the diagnostic beam system for alpha particle measurement
on ITER previously.[3] However, the system should be modified to be adaptable to the
new ITER design. A schematic illustration of a possible geometry for tangential
injection of an energetic probing beam into ITER plasma is shown in Fig.1. Fusion
produced alpha particles after being neutralized by the injected beam are detected by the
energy analyzer installed outside of the plasma confining magnets. With this
configuration, the detector can cover the entire region of radial position in the plasma.

Fig. 1 Schematic illustration of a possible geometry of tangential injection of an energetic
He® probing beam into ITER plasma. Diagnostic NBI system is left-up side behind the third
NBI heating system and the energy analyzer is installed right-down side in the figure.

In the previous report [3], the velocity of the He® beam is required to exceed 0.6V,
where v, is the velocity of the fusion alpha particle at its birth. This velocity was
considered necessary for the incident beam to penetrate to the center of the plasma. The
number of neutralized alpha particles per a velocity interval, C(v)dv, is derived by,

C(v)dv=n(v)n, (v,r)n, (r)oy (v)v,VdQdv,

where 7n(v), ny, (vr), ny(r), oz24Vv), Ve, V are transmission coefficient of outgoing
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neutralized alpha particle, local density of alpha particles, that of beam particles,
cross-section of two electron capture of alpha particles, relative velocity between an
alpha particle and an injected neutral particle, plasma volume respectively. The
charge-exchange cross-section decreases rapidly when the relative energy is greater than
200 keV.[4] The total counting rate for an ITER plasma of ne(r=0) = 10%° m™ with 1%
produced alpha particle density and 10% attenuation of He® beam with the velocity of
0.8v,, the atomic current of 10 mA in the area of 200 mm x 50 mm is estimated to be
10°-10° particles per second.

3. Active beam probe system using He? beam

In order to diagnose the velocity distribution of the alpha particles produced by
D-T nuclear fusion reaction, an active beam probe system using He® beam with an
energy analyzer has been designed as shown in Fig. 1. In the conceptual design, the
system consists of a high-brightness positive helium (He") ion source, an alkali-metal
vapor cell to produce He ions by double charge exchange reaction, a magnetic
deflection type ion separator with a stigmatic beam focusing, an electrostatic
pre-accelerator, a radio-frequency quadrupole (RFQ) linac, a long-free-flight beam
transport line and a neutralized alpha particle detector. The ion beam production and
acceleration devices are designed to be installed behind the third neutral beam injection
(NBI) heating system. The schematic diagram of the He- beam production and
acceleration devices is shown in Fig. 2. The accelerated He™ beam is injected into the
beam transport line of the NBI heating system and the neutralized He” beam produced
by auto-detachment process during the long beam transport line is directed to the fusion
reactor. The element species, the beam energy and the beam current in each component
are tabulated in Table 1. The efficiency for the double charge exchange from He™ to He’
is referred in Ref. [5] and the lifetime of He" is referred in Ref. [6] which is recently
measured by utilizing an electrostatic ion storage ring.

Table 1 Element species, beam energy and current in each component (expected values).

Exit of He" Exit of Downstream Exit of Exit of Downstream
ion source alkali metal of ion Electrostatic RFQ linac | of 40 m free
vapor cell separation Accelerator flight tube
Element He' He", He®, He' He' He' He®
He
Energy 10-30 keV 10-30 keV 10-30 keV ~200 keV ~2 MeV ~2 MeV
Current 3A 3 A (total) ~60 mA ~55 mA ~50 mA ~10 mA
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There have been many investigations on the production of a high-intensity He
beam in accelerator applications. The most reliable method is to employ
double-charge-exchange reaction of a He™ beam in an alkali metal vapor.[7],[8] A high
intensity He™ ion source is required to produce enough intensity of He” beam with a low
divergence. At National Institute of Advanced Industrial Science and Technology, an ion
source with three concave multi-aperture extraction electrodes to converge the formed
beam into a narrow spot has been developed.[9] A He™ beam extracted from this type of
ion source injected into an alkali metal vapor cell will produce a high intensity He
beam. A prototype of the He" ion source based on this idea has been designed. The
specifications of the He™ ion source are tabulated in Table 2.

Table 2 Specifications of He" ion source.

Beam Current 3A

Beam Energy 10-30 keV
Beam Divergence < 1.0 deg.
Extraction Range 100 mm in diameter

Focal Length of the
750 mm

Concave Electrodes

Fig. 2 Schematic diagram of He” beam
production and acceleration devices.

Meanwhile, a proof-of-principle low beam current test stand is also under
construction to check necessary components for the active beam probe system and to
investigate the beam qualities.[10]

4. Summary and future plans

A conceptual design of confined alpha particle diagnostic system for ITER using an
energetic He® beam produced from auto-detachment of an electron from He™ ions has
been described. In the system, the energy analyzer can detect the neutralized alpha
particles distributed the entire region of radial position in the plasma. In order to obtain
the signal with enough S/N ratio detection, the injected energetic He beam is required
to possess the intensity of about 10 particles per second.

The prototype of the He™ ion source for producing the high intensity He” beam by
double-charge-exchange reaction will be assembled in 2006 spring at National Institute
for Fusion Science in Japan, where a high technology for neutral beam heating has been
developed. The beam quality of the high brightness He* beam will be investigated.
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Further development of the acceleration and neutralization of He™ beam is desired.
Especially, RFQ acceleration of the high intensity He” beam up to 2MeV is one of the
most challenging subjects. It is also necessary to survey the possibility of neutralization
of He” beam by photo-detachment process in order to replace the long beam transport
line for electron auto-detachment process to a short high efficiency photo-neutralizer.
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In JT-60U (JAEA Tokamak 60 - Upgrade), a collective Thomson scattering (CTS) technique based on a CO,
laser is being developed in order to establish a diagnostic method of confined alpha-particles in burning plasmas.
In order to the demonstrate feasibility of the CTS system, a new laser systems is being developed, with which
improved signal-to-Noise (S/N) ratio of a detection signal and temporal resolution will be obtained. The laser
has cavity length of ~ 4 m and has high repetition rate (10 Hz). To improve the spectral purity of the laser,
cavity length will be feedback-controlled and a spectral filter will be installed in the output of the laser.
Numerical calculation shows that ion temperature will be evaluated from the scattered spectrum with the new
CO, laser.

1. Introduction

In order to understand the behavior of alpha-particles which are the dominant heat source
in a burning plasma, it is necessary to measure the spatial distribution of the density of the
alpha-particles and their energy spectrum. In a collective Thomson scattering (CTS) technique,
the plasma scatters a laser light and the frequency broadens due to the Doppler shift, and the
scattered radiation is detected. In principle, the number density and energy spectrum of the
fast ions can be determined from the spectrum of scattered radiation, however, the
development of measurement techniques and hardware are at a very early stage. A technique
based on CTS is being developed using CO, lasers [1-5] and gyrotrons [6] to measure spatial
distribution and energy spectrum of the alpha-particles. The CTS technique based on the CO,
laser has the advantage of small plasma refraction, simplifying the tracking of the scattered
radiation. On the other hand, it is necessary to choose a small scattering angle, 6, so that the
scattering wave length is larger than Debye length A, which satisfies a = (k-A,)" >1, where k
is the scattering wave number, k = 2-k;-sin(6/2), k; is the wave number of incident beam. In the

JT-60U parameter region (Te > 1 keV. ne > 10%°m™), it is necessary to take the scattering
angle of 0.5 degree or less.

A preliminary design of a beam line and a receiver system with the vertical scattering
geometry has been developed for International Thermonuclear Experimental Reactor (ITER).
To realize the CTS measurement, a proof-of-principle test on the CTS system using the
JT-60U plasma is being conducted. Also present status of newly developed CO, laser is
described.

2. Collective Thomson Scattering System proposed for ITER

ITER requires diagnostics of confined alpha-particles with time resolution of 0.1 s and
spatial resolution of a/10, where a is minor radius of the plasma. A CTS system based on a
pulsed CO, laser is under consideration for alpha-particle measurements on ITER, because
there is no experimental data obtained at present tokamaks. Therefore demonstration of the
CTS system is strongly required.

Heating neutral beams (NB) (E = 1 MeV) are normally co-injected in ITER and have a
velocity similar to alpha-particles at birth. An important point is that the CTS measurement
cannot, in general, distinguish between beam ions and alpha-particles which have the same
velocity. The diagnostic scattering geometry must be oriented so that the scattering k vector is



(a) Counter direction Co direction

——Total -

----- Electron
—=— Alpha
—+— Beam

Ps (WiHz)

12 -0 -8 6 -4 -2 0 2 4 6 8 10 12
Frequency shift (GHz)

Fig.l (a) Calculated spectra of CTS system on ITER. (b) Preliminary design of
vertically viewing CTS on ITER.

near the toroidal direction to minimize contributions of NB-ions to the scattering spectrum.
The distribution function of co- and counter-direction can be measured with the vertical
geometry.

Figure 1 (a) shows the calculated spectrum of scattered radiation for the proposed ITER
CTS system shown in Fig. 1 (b). Individual contributions to the scattered power due to
alpha-particles, beam ions, electrons and thermal ions are indicated in Fig. 1(a). In the
calculation, n,= n,= 1x 10°m>, T,= T,= 20 keV, Z,, = 1.8, laser power P, = 50 MW,
scattering angle 8= 0.5°, and solid angle, A€2 = 0.1 sr were assumed. It is clearly shown that
the vertically viewing CTS could resolve counter-travelling alphas without being masked by
beam ions.

The laser is injected to the plasma through the divertor. The scattered radiation is
collected by a mirror optics located in the upper port and is transferred to the diagnostic room.
The present CTS system in JT-60U cannot distinguish between co- and counter-ions because
the frequencies of the local oscillator of the heterodyne receiver and the pulsed laser are the
same (10.6 um). In this case, the spectrum obtained is the summation of co- and
counter-directions. In order to distinguish co- and counter-ions, isotope CO, and N,O lasers
which have shifted frequencies (2 - 10 GHz) from the pulsed laser can be used as the local
oscillator laser and this was proposed for ITER[7].

Since the scattering angle, 8, must be small (~0.5"), optimization of spatial and spectral
resolution is one of the major task for CO, laser CTS in ITER. Scattering length (84% of the
CTS signal comes from the length of L), and spectral resolution (FWHM), Af/f, which is equal
to the velocity resolution Av/v, is described as follows;

L=w/sin(0/2) (1)

Af 6.7/w
— = ()
f  2ksin(0/2)

where, w is radius of Gaussian beam waist (e power level) which is equal to the radius of
Gaussian sensitivity profile, and k; is the wave number of incident laser at the plasma.
Scattering length and spectral resolution as a function of the beam radius is shown in Fig. 2
(a) and (b). Scattering length of L ~ 0.92 m and spectral resolution of Af/f ~ 0.32 is obtained
with beam radius of 4 mm, or L ~ 0.69 m and Af/f ~ 0.43 is obtained with beam radius of 3
mm. Beam radius of 3 mm is easily obtained with the mirror of 3 cm in diameter in the beam
propagation optics of ITER. To obtain better spatial and spectral resolution, combination with
tangentially viewing CTS system is needed to be considered.
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Fig. 2. (a) Scattering length L and (b) spectral resolution Af/f as a function of beam radius w.

3. Test of the Collective Thomson Scattering System on JT-60U

In order to demonstrate the feasibility of the measurement, the CTS technique is being
developed in the JT-60U tokamak [3-5]. A schematic view of the CTS system in JT-60U is
shown in Fig. 3. A CO, laser system, a stray light filter, and a heterodyne receiver system are
developed in collaboration with Oak Ridge National Laboratory (ORNL). The pulse shape
and wavelength of a transversely excited atmospheric pressure (TEA) laser are controlled by
injecting a beam from a 10W continuous wave (CW) CO, laser. It has a pulse width of about
1 us and repetition rate of 0.5 Hz. The maximum output energy is about 15 J. The beam

diameter is about 4 cm and
divergence of the beam is 0.5
mrad. He-Ne laser beam is
combined with the CO, laser
and also combined with line of
sight of the receiver for optical
axis alignment. The scattering
angle must be small (0.5°) to
obtain large ion contribution on
the scattered spectrum.
Vacuum windows on JT-60U
are made of zinc selenide
(ZnSe)  with  antireflection
coatings that have high damage
thresholds (19.9  J/cm?).
Distance between the CO, laser
and the plasma center is about
70 m. The laser beam is
focused at the plasma center
using a molybdenum spherical
mirror (focal length f=13.1 m)
of 150 cm in diameter. The
scattered light is collected by a
spherical mirror (f = 7.8 m) 50
cm in diameter. Stray light is
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Fig. 3 Schematic diagram of the Collective Thomson
scattering system in JT-60U
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reduced by a notch filter with hot CO, gas. The scattered signal is detected by a heterodyne
receiver and the spectrum is analyzed by a filter bank with six channels.

Measurements of the scattered signal from the JT-60U plasma were performed with a NB
heated plasma. However, scattered signal was not detected due to electrical noise originating
from the pulsed laser discharge and stray signal coming from mode impurities in the laser.

4. Development of CO; Laser

In order to improve S/N ratio of detection signal and to improve temporal resolution and
spectral purity, a new laser systems is being developed. The laser has unstable cavity which
has a length of ~ 4 m and has high-repetition rate. Schematic view of the newly developed
CO;, laser is shown in Fig. 4. Expected performance of the laser are as follows; repetition-rate
is 20 Hz, output energy is 18 J, beam divergence is 1 mrad, and diameter of the beam is 4 cm.
The cavity is comprised of six discharge units, which consists of main-discharge electrodes,
pre-ionization pins (not shown in the figure), and two heat exchangers. To achieve
high-repetition rate, working gas is cooled by the heat exchangers. Though the electrodes and
the heat exchanger are designed to have capability of 20 Hz operations, the laser will be
operated at a frequency of 10 Hz at first. Since discharge unit and power supply are
component of a commercial laser, it is easy to improve its performances. To improve the
spectral purity of the laser, cavity length will be feedback-controlled and a spectral filter will
be installed to the output of the laser.

5. Summary

One of the candidates to measure confined alpha-particles is collective Thomson
scattering technique using a pulsed CO, laser. By using a vertical viewing CTS geometry, it is
possible in principle to distinguish the alpha-particle distribution from the energetic NB ions.
Scattering length of L ~ 0.92 m and spectral resolution Af/f ~0.32 will be obtained with beam
radius of 4 mm. New laser system is being developed in order to improve the measurement
performance (S/N ratio, temporal resolution) and proof-of-principle test will be performed
with the improved laser system on JT-60U in next year.
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Abstract. For fast ion studies in confined plasmas, the scintillator probe has been designed and was installed
into the Large Helical Device (LHD). A periscope with eyepiece, relay, and objective lenses is coupled with
optical fiber bundle to transmit the scintillator light to an image intensified charge coupled device camera and
3x3 photomultiplier arrays. Using the scintillator probe, we show the experimental results of the fast ion loss
profile at the edge plasma of LHD and the fluctuation signals of fast ion loss in the plasma detachment

experiment. In these experiments, the scintillator rises in temperature of around 190 °C.

1. Introduction

The fast ion behavior is studied by using the scintillator probe in the Large Helical
Device(LHD) with / = 2 / m = 10 heliotron configuration, where / and m are the poloidal and
the toroidal mode numbers of the helical plasma, respectively, because fast ion driven
instabilities have possibilities of the substantial ion losses. In particular, the understanding of
fast ion and alpha particle behaviors created in burning plasmas is the common interest for
stellarator and tokamak devices in view of the performance of thermo nuclear reactor.

The scintillator probe can measure the pitch angle and energy of fast ions escaped from
confined plasmas simultaneously. Zweben et al. studied MeV ions produced from DD
reaction using poloidal array probes in Tokamak Fusion Test Reactor(TFTR) [1]. The same
principle of the detector is used in other devices [2-4]. We have developed the same principle
of the scintillator probe and have installed it into LHD. The moveable scintillator probe can
access to the outer edge plasma region from outer port of the oblong cross section of plasma.
The detail of the scintillator probe system is written in Ref. [5]. We show the typical results

obtained using the scintillator probe.
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2. Dependence of pitch angle and gyro radius of lost ions

Figure 1 shows the dependence of pitch angle on the magnetic axis, R, = 3.5, 3.6, and 3.75 m
with the toroidal magnetic field from 1.0 to 2.8 Tesla. Two spots are observed usually on the
scintillator plate around the pitch angle of 90 degrees, when the neutral beams (NB) are

injected.
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Figure 1. Pitch angles with Rax = 3.5 m (open circles), 3.6 m (closed circles), and 3.75 m (x) are
plotted. The observable region is hatched from 50 to 120 degrees.

The gyro radius estimated from the peaks of striking points on the scintillator plate is
plotted as a function of the magnetic field at the probe head position, Byope in the figure 2. In
this case, the toroidal magnetic field changes from 1.0 to 2.8 Tesla. Two curves are drawn in
this figure for the comparison. They correspond to the energies of 160 keV for the NBs and
1.6 keV for the thermal ions. The observed signals do not exceed the gyro radius estimated
from the energies of NB, and eliminate the thermal ion components. Thus the signals of fast
ion loss are detected. The acceptable difference between measured and NB energies would
come from the slowing down of fast ions, the resolution of the probe, and the error of the
probe position.

The loss signal of fast ions with the pitch angle of approximately 80 degrees and the energy
of 160 keV is shown in Figure 3. Before the injection timing of NB#3, fast ion loss is bellow
the noise level. As NB#3 is injected, the fast ion loss increases. When the fast ion loss during
only NB#2 injection is subtracted from that during NB#2 and #3 injections, we can estimate
the amount of fast ion loss induced by NB#2. The amount of fast ion loss induced from NB#2
and #3 are almost same after NB#3 injection. However the change of fast ion loss before/after

t = 1.9 s is not understood.
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Figure 3. Fast ion loss signal and magnetic probe signal during the co-direction (NB#2) and counter
direction(NB#3) NB injections.

3. Fast ion behavior at the plasma edge

To obtain the spatial distribution of lost fast ions, the scintillator probe is scanned at the edge
of the LHD plasmas, where the major radius, R, is from 5040 to 5240 mm, shown in figure 4.
The relative intensities of fast ion loss signals measured by the photomultiplier agree well
with those measured by the image intensified CCD camera from the figure 4. At the probe
position of 5100 mm, the decrease of the intensities of fast ion loss is observed. These data

are useful for the estimation of deposition profile of NBs with the computer simulations.
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Figure 4 Spatial profile measurements of lost fast ions in edge plasmas. The open circles and closed

circles indicate the photomultiplier signals, and the image intensified CCD signals, respectively.

4. Fluctuation signals before and after the plasma detachment phase

After the strong gas puffing, the self-sustained detachment plasma is observed in LHD [6]. As
shown in figure 5, before the detachment, the significant loss of fast ions with the pitch angle
of approximately 90 degrees is detected from t = 0.8 to 1.2 s by the scintillator probe. But
after the detachment, the loss of fast ions disappears to the noise level. During the time
window of pre-detachment, the fluctuation frequency of approximately 5 kHz is appeared in
the signals of both the magnetic probe and the scintillator probe, but the fluctuation signal
becomes quiescent in the detachment phase. From the mode analysis of the magnetic probe,
this fluctuation signal is considered to come from the edge plasma region. In addition, the hot
plasma boundary shrinks to approximately 90% of the pre-detachment plasma boundary [6].
From these results, two explanations are considered for the decrease of fast ion loss. With the
plasma shrinking, the NB penetration at the edge region becomes larger, and it leads to the
decrease of the total number of ionized ions. As another possibility, with the plasma shrinking,
the exhaust of fast ions by the edge plasma fluctuation disappears. Further investigations are

required to explain the fast ion behavior at the edge region in detachment plasmas.

5. Scintillator characteristics

The emission intensities of the scintillator (ZnS:Ag) depend on the temperature. The enough
emission light is obtained without any degradation at the substrate temperature of up to 190
°C in the plasma experiments. Throughout the 6 month plasma experiments of LHD, the
scintillator surface is not damaged apparently. However the qualitative study for the emission

efficiency should be carried out in higher temperature region to estimate fast ion losses.
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Figure 5 Fluctuation signals of fast ion losses in the detachment discharge. The detachment phase

starts from t=1.2 to 3.2 s (this figure shows until t=2.0 s).
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The diagnosis of lost alpha particles is important for the operational safety and evaluation of an
experimental fusion reactor. A radiation-hard diagnostic device has been proposed based on an imaging
bolometer and a multi-foil thermal detector. In this paper we discuss ongoing work with testing prototype
imaging bolometers on JT-60U and the testing of a prototype multi-foil thermal detector on an ion

accelerator.
1. Introduction

The confinement of alpha particles is an important topic for the operation of a fusion
reactor as they should transfer their energy to the fuel plasma and then be exhausted
safely through the divertor. If their confinement is poor the 3.5 MeV helium nuclei
could escape through the last closed flux surface and scrape-off layer in a spatially
localized manner that could do serious damage to the first wall of the reactor.
Therefore the diagnosis of lost alpha particles is important for the operational safety and
evaluation of an experimental fusion reactor. A lost alpha detector has been identified
as one of the key diagnostics for the ITER experiment which will soon enter the
construction phase. The diagnostic requirements specified by the ITPA diagnostics
group are given in a Table 1 [1].

In spite of this importance, a suitable diagnostic solution has yet to be found for the
ITER device. Two options have been deployed on magnetic plasma confinement
devices to study the loss of energetic ions.  The first is the scintilator probe that has
been used successfully on various plasma confinement devices to diagnose the energy
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[PARAMETER |conDiTiON|RANGE  [RESOLUTION

Temporal [Spatial |Energy Accuracy
|[First wall flux [Default 2 MW/m2 +[100 ms  |&/10 250 keV |10%
(with FI -?) -poloidal |(desired)
direction?
Transients [20 MW/m2J10 ms TBD - 30%
(with FI - ?)

Table 1 Measurement requirements for lost alphas on ITER [1].

distribution and pitch angle of escaping energetic ionized particles [2]. The second are
Faraday cup detectors, which provide information on the energy distribution of lost ions
[3]. However, both of these concepts are subject to questions regarding their
applicability in a neutron-rich fusion reactor environment. For the former, a suitable
scintilator material should be found that can operate at high temperature and withstand
the high neutron fluxes. For the later, problems with detecting the expected
nanoampere level electrical currents in the presence of radiation induced electromotive
forces are anticipated. These problems call for a new technique which is durable and
reliable in a fusion reactor environment and can provide the necessary information on
the escaping alpha particle energy distribution and pitch angle.

A new concept for measuring energetic ions escaping from a fusion reactor has been
proposed based on the combination of a multifoil thermal discriminator and an imaging
bolometer [4] and is known as the InfraRed MultiFoil Thermal Detector (IRMFTD)
The imaging bolometer is a radiation-hard energy detector which uses a thin metal foil
to absorb the energetic radiation or particles from its front side facing the plasma and is
imaged on the back side by an infrared camera through a periscope infrared optical path
[5]. The infrared camera measures the change in temperature of the thin foil and then
this information is used in the solution of the two-dimensional heat diffusion equation
for the power deposition distribution in the foil. A stack of multiple thin foils is placed
in front of the imaging bolometer to discriminate the energy distribution of the absorbed
particles as shown in Figure 1. By layering the discriminating foils in a stair-step
fashion, one dimension can be used for energy discrimination and by proper orientation
of the detector with respect to a slit and the magnetic field the other dimension can be
used for pitch angle discrimination as shown in the conceptual design in Figure 2.

In this paper we report on ongoing research into the development of this diagnostic.
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Figure 1 Conceptual design of IR multi-foil discriminator stack and re-radiating foil
thermal detector. for IR multi-foil thermal detector.
This R&D can be separated into two areas: development of imaging bolometers;
designing, fabricating and testing prototype multi-foil thermal detectors on ion beam
facilities. In the following we report on the current status and future plan for each of
these areas.

2. Imaging bolometer testing on JT-60U

An integral part of the IRMFTD is the imaging bolometer. Imaging bolometers have
been operated recently on the helical devices LHD and CHS [6,7]. However this is not a
sufficient test of the viability of an imaging bolometer for a tokamak device because of
the lack of disruptions in a helical device. There for we embarked on a project to test
an imaging bolometer on the JT-60U tokamak. The bolometer foil, pinhole camera
and vacuum IR window were installed in JT-60U in August of 2003 [8]. The IR camera
was installed in 2004 and initial data were taken during the 2004-2005 campaign as
shown in Figure 3 [9]. Loss of IR camera signal during the high powered NBI
indicated that the neutron and magnetic shielding of the IR camera were not adequate.
Therefore the shielding was increased for the 2005-2006 campaign. Soft iron
magnetic shielding was increased from 6 mm to 20 mm, a 15 mm lead shield was added
for gamma rays, and the boron-doped polyethylene was increased from 3 cm to 9 cm.
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Figure 3 CAD image of field of view of imaging bolometer in JT-60U with divertor shown in red
(left), IR camera images of core radiation at disruption (middle), and divertor radiation during
Hydrogen discharges (right).
In addition other improvements were made to enable triggering of the IR camera and 14
bit data acquisition.

3. Foil testing on an ion beam facility

Tests have been carried out on an ion beam facility using a simple prototype IRMFTD
shown schematically in Figure 4 [10]. Three types of stopping foils were tested; nickel

Blackened  \/acuum feedthrough HgCdTe PD
3um Ni foil ]
to ADC
— || AgCI-AgBr-Agl IR fiber
lons 0 LN, dewar
—p ==
Stopping foil L |

Figure 4 Schematic of prototype IRMFTD [10].

(1 um), diamond-like carbon film (150 nm), CVD damond membrane (155 nm). The
results of the transmitted power fraction versus beam energy are shown in Figure 5. The
discrepancy at low energies is attributed to scattering.

4. Conclusion

Preliminary work has been done on the development of an infrared multifoil thermal
detector for measuring energetic charged particles in fusion devices. This work has
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basically demonstrated the proof of 1-
principle of using foils to discriminate o
ion energy and the durability and =
operability of an imaging bolometer ina  *
tokamak environment. However, much 01

work remains to demonstrate the
viability of the diagnostic for ITER.

Work on JT-60U will continue to
demonstrate the applicability of an

H H H '0-01'|'|'|'|'|'|'|'|
imaging bolomter in a tokamak reactor o ~ oo 20 30 30 40 450 50 550 60
environmentwith high neutron fluxes. E keV

Experiments with a prototype IRMFTD  Figure 5 Transmitted power fraction versus H*

will be extend to investigate a prototype beam energy for .a one micron Ni foil compared
IRMFTD using multiple foil layers and  with the prediction of the Monte Carlo
an IR camera and its application to an calculation, TRIM (in blue) [10].

existing fusion device. In addition consideration of integration issues for ITER and
detector locations have begun.

This work is partly supported by Grants-in-Aid for Scientific Research of the JSPS,
No0s.16560729 and 16082207.
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