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Abgrad. To investigate energetic ion transport induced by Alfvén eigenmodes (AES) the neutron emission prdfile
messurement and the charge exchange (CX) neutrd particle flux messurement by Naturd Diamond Detector has been
peformed smultaneoudy in the JI-60U for the firg time. It was found from the CX neutrd patide flux and spectrum
messurements that energetic neutra partides in a large energy range (100 - 370 keV) were enhanced due to Abrupt Large-
amplitude Events (ALES) of TAEs in week shear plasmas The neutron redid profile was redigributed due to ALEs The
enagelic ion prdfiles inferred from these messurements indicate that ALES cause aradid redisribution of energetic ions of a
large energy range from the core region to the outer region of the plasmain week sheer plasmas. This energy range is conagtent
with the resonance condition between the mode and the energetic ions. In reversed shear plasmas reversed-shear-induced AEs
(RSAEs) and thar trangtion to TAEs as the minimum vaue of the sdfety fadtor decreases has bean observed. Neutron
messurementssuggest energeticionlossislargein thetrangtion phasefrom RSAESto TAES

1. Introduction

In burning plasmas with a high a-partide pressure gradient, Alfvén eigenmodes (AES) such asthe
toroidicity-induced AE (TAE) [1] can be detabilized by a-partides The destabilized AEs can induce
enhanced trangport of a-patides from the core region, which can cause the degraddion of the
performance of a fudon reector. Log a-patides may aso damage the firg wal. Thus, the

undergtanding of apha particle trangport due to ungable AEsis important. AES have been extensvely
sudied and severd kinds of AEshave been predicted theoreticaly and observed intoroida confinement
devices experimentaly. Furthermore, effects of AES on energetic ions have been sudied in TFTR[2],
DI11-D[3], and JT-60U[4, 5] and s0 on. Sofar, however, it has not been reported in detail s how energetic
ions behavein plasmasand how energeticionsarelog.

In JT-60U, the ITER rdevant parameter regime of 0.1% < 3,, < 1% and v,/v,, ~ 1 has been sudied

recently with the Negative-ion-based Neutrd Beam (N-NB) Injection in order to assessthe AE activity
and the effect of AEson the loss of energetic ions [6]. In week magnetic shear (WS) plaameas, bursting
modes cdled Fag Frequency Swesping (FS) mode and Abrupt Large-amplitude Event (ALE) in the
frequency range of TAES have been observed during N-NB injection. In particular, ALEs are found to
cause large energetic ion trangports. Moreover, in JT-60U reversed magnetic shear (RS) plasmeas the
reversed-shear-induced AEs (RSAES) and thar trangtion to TAES as the minimum value of the safety
factor (0, decreases have been observed [7]. In order to invedtigate the energetic ion trangport due to
these AEs induced by N-NB enagetic ions, the neutron emisson profile measurement [8] and the
charge-exchange (CX) neutrd particle flux and gpectrum messurement by newly inddled natura
diamond detector (NDD) [9] were performed in JT-60U for thefirg time. The neutron emission profile
messurement is of greet importance for the knowledge of theion temperaure profile or dpha paticle
emisson in future fuson devices such as ITER [10], and can aso be used for plasma trangport sudy.
Since neutrons are dominantly produced via beam-target ion fuson reection in N-NB injected plaamas,
achange of the neutron emisson profileindicates a change of the energetic ion density profile Thus, the
neutron emisson profile measurement isa useful todl for the study of energetic ion trangport.
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section of theplasma.

The CX neutrd particle measurement (oectrometer) isaso one of the mogt effective diagnodicsto
invedigate energetic ion behavior because CX neutrd particles provide informaion such as energy
digtribution function of confined energeticions.

In this pgper we present the results of the neutron emisson profile measurement and CX neutrd
particle flux messurement during AES and the associated enargetic ion trangport inferred from these
messurementsin JI-60U.

2. Diagnogicsfor investigation of energetic ion transport

In order to investigate energetic ion behavior we messured two kinds of neutron emisson rate and
CX neutrd particle flux and energy spectrum. One neutron emission rate is the total neutron emisson
rate by Fisson Chamber [11] and the other is the neutron emisson profile messured by the neutron
emisson profile monitor [8]. The neutron emission profile monitor congsts of a fan-shgped 6-channel
collimetor array (2.6m x 1.5m x 1.3m) viewing apoloidd cross section, and islocated about 5 m away
from the plasma center asshown in Fig. 1. The CX neutrd partide flux and spectrum are measured by
the natural diamond detector (NDD) [9]. The NDD detects the neutrd particles whose pitch angles are
amog same asthat of the birth energetic ions by the N-NB as shown in Fig. 2. The enargetic ions are
neutraized through a charge exchange reaction with the neutra particles D° or the hydrogen-like carbon
ions C**and are emitted from the plasmaas neutra particle fluxes. We also measured the AE frequency,
amplitude and mode number by Mirnov coilslocated neer thefirs wall.

3. Energdticion trangport dueto burgting AEsin Weak Shear plasmas

We paformed AE experiments usng N-NB in wesk shear (WS) plaamas with the following
paanees .= 0.6MA, B;= 12T, Px= 5SMW, where B is the power of N-NB. Furthermore, two
units of pogtive-ion-basad NB were a0 injected for the diagnodics of ion temperaiure and g-profile. In
thisdischarge, theratio of the beam ion velocity pardld to the magnetic fidd to the Alfvén velocity was
V,/V, = 1.03, and the volume averaged hot ion beta was <f3,> ~ 0.6 %. The paameter domain for
enagetic ions produced by N-NB in thisexperiment issmilar to the domain of a-patidesin ITER.

Figure 3 showsthewaveforms of plasma parameters during N-NB injection. Figure 3(a) showsthe
timetraces of plasma current and injected N-NB power. Figures 3(b) and (c) show thetime traces of the
frequency spectrum and mode amplitude with frequency of 20 - 80 kHz, respectively. Att = 4.6 5, n(0)
~2.2x10°m? T(0) ~ 1.8keV, T,(0) ~ L9keV, g(0) = 1.4 and Z; ~ 2.1, where n0), T(0), T,(0) and
g(0) areectron dengty, dectron temperaure, ion temperature and safety factor a the plasmacenter and
Z isthe effective charge, repectively. Burding TAES cdled fast frequency-sweegping (FS) modes and
abrupt large-amplitude events (AL Es) are observed asshown in Fig. 3(b) and (¢). Fas FSmodeshavea
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Fig.3 Time traces of plasma paramgers of E43014.
(a): Plagma current, 1, and N-NB injection power. The
beam enegy of N-NB is 397keV. (b) Freguency
spectrum of magnetic fluctuations. (¢) Armplitude of
megnetic fluctuationswith frequency of 20-80 kHz

time scde of 1-5 msand itsfrequency chirpstoward
both the upper and lower Sdes. On the other hand,
ALEs have a time scde of 200-400 us and thar

amplitudes are large with 8B/B ~ 10" near the firgt

wadll. The occurrence of ALES coincides with large
drop of neutron flux and indicates fast ion trangport.
Therefore, we determine the energetic ion transport
by measuring the neutron emisson profile and the
CX neutrd flux and gpectrum during ALEs

The time trace of the neutron emisson rate
during N-NB injection is shown in Fig. 4 together
with the magnetic fluctuaion amplitude. Figure 4(a)
shows the time trace of the tota neutron emisson
rae. Figure 4(b) shows the time trace of the
neutron emission rate of each channel messured by
the neutron emisson profile monitor with the
innekrmost channd @ the top. The magnetic
fluctuation amplitude shown in Fg. 4(c) isthesame
as in Hg. 3(c). During ALEs the totd neutron
emisson rate is ether increased or reduced dightly,
but after ALEs the totd neutron emisson rae
reduced sgnificantly over atime period of 10to 20
ms= as shown in Fg. 4(8). Asshown in Fg. 4(b),
the neutron emisson sgnasfrom the centrd region
(fa < 0.38) reduced, while d9gnds from the
peripherd region (r/a> 0.64) increased after ALES.
This suggests the enagetic ion prdfile is
redisributed duetoALEs

Figure 5 shows the time trace of mode
amplitude and neutrd particle flux with energy
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Fig4 Neutron signals during the occurrence of
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Fig5 Time trace of neutral particle fluxes with
energy windows of (a) 0 — 100 keV, (b) 100 — 200
keV, (c) 200 — 300 keV, (d) 300 — 400 keVand (e
mode anmplitude during N-NB injection in the
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Fig.6 Timetrace of neutral partide flux with energy
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particle fluxes by ALEs and (c) a diagramof the resonant shot
condition under the experimental condition of E43014. :
Theresonance energy region is 70 ~ 350 ke\,

windows of () 0—100keV, (b) 100—200 keV, (c) 200—300 keV, and (d) 300—400 keV during N-NB
injection, respectively.  The enhancement of neutrd particle flux with energy of 100 —400 keV can be
clearly observed during ALE. On the other hand, neutrd particle flux with energy of 0 — 100 keV isnot
enhanced. In contragt with this, Fig. 6 showsthetime trace of the neutral particleflux in the same energy
windows asshown in Fig. 5 for the E43017 shot. The enhancement of neutrd particle flux isobservedin
al energy windows due to a mini-callgpse in the neutrd particle flux was obsarved. These reaults
indicate ALEs cause trangport of energetic ion in a large energy range. Figure 7(a) shows the energy
digribution of the neutrd particle flux before AL E and after the neutrd particle flux enhancement dueto
ALE isobsarved, and Fig. 7(b) shows the fraction of enhanced neutrd particle flux dueto ALE. One
sees that the neutrd particle flux in the energy range of 100 - 370keV is enhanced dueto ALEsin the
E43014 shat. This result suggedts that the emitted neutra particles satisfy the resonance condition with
the mode, expressed by N = (f/f)g-ng+m [12], where N is an integer, f is the mode frequency, . isthe
toroidd trandt frequency of energetic ions, n is the toroidd mode number, m is the poloidd mode
number and q is the safety factor. A diagram of the resonant condition is shown in Fg. 7(c) for the
experimental condition of the E43014 shot. The shadow area shows the broadness of the resonant
condition, which arises from the broadness of mode frequency as shown in Fig. 3(b) and the ambiguity
in the q profile Thus it is edimated thet the resonant energy range is 80 ~ 350 keV for N = 1. The
enagy range of enhanced neutrd particle flux corresponds quditetively to the resonant energy range for
N = 1. This result suggests that the enhanced neutra particle fluxes result from the resonant interaction
between energetic ionsand AE modes.

Indeed the time evolutions of the neutron sgnds indicate a rather complex set of time scdes as
showninFg. 4. However, the neutrd particle flux messurement indicates the behavior of energeticions.
Figure 8 shows expanded time traces of (&) mode amplitude, (b) totd neutron emisson rate and (C)
neutrd particle flux with energy of 100 - 400 keV. The energetic neutra particle flux increases rgpidly
during an ALE burgt and decreases dowly after the ALE burd. This could indicate that during ALE
burgts energetic ions resonating with bursting ALES are trangported to the larger radid domain. The
dower decay in the neutron emisson rate over a 10 to 20 msec period isdueto lower target background
plaama dengty at larger r/a, dowing-down and redigribution of these trangported energetic ions. Also,
the smdl increases of neutrd particle flux during dowing down over 30 msec after ALE bursts suggest
some further energetic ion trangport due to much smdler amplitude fluctuations such as Fagt FSsthat
occur between ALE burgs as shown in Fig. 3(b). The neutron emisson rate sarts to increase after
decreasng for 10 to 20 msec by the supply of N-NB injection.
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Abd inversion before ALE at t = 4.643 s and after
ALE att = 4.656 sinthe E43014 shat.

Since the beam-target neutrons account for over 90% of thetotal neutron emisson according to the
caculaion by TOPICS code [13] and the energy range of enhanced neutrd particlesisover 100keV, the
observed change in the neutron emission profileis atributed to the trangport of energetic ions produced
by N-NB. Thus, Figures 4 and 5 indicate that ALEs redidribute energetic ions from the core region to
the outer region of the plaama.

To undergand how ALES cause eneargetic ion trangport, we esimate the change of energetic ion
dengty profile from the neutron emission profiles. Here, we choose a representative time dice at t =
4643 s(beforeALE ) and at t = 4.656 s (efter the ALE). However, because the vauesshown in Fig. 4(b)
are the line-integrated neutron emission rate dong each line of sght, we have to employ the Abd
inverson method to obtain the radid neutron emisson profile We use the Abd inverson by Wiener
Filter method in JT-60U [14]. The neutron emisson profiles obtained by the Abd inversona t =4.643 s
and 4.656 sareshown inFg. 9.

To infer thetrangport of energetic ions from the change in the neutron emisson profile, we assume
for ampliaty that the fugon resction is only due to beam-target ions. As mentioned above, the beam-
target ion reection accounts for over 90% of the total neutron emisson rate in such N-NB injection
experiments from the TOPICS code calculéion. Therefore, thefugon resctivity

(ov) = f f dv,av, f(v,) T (v,)o(V' )V V=V, -V,

can be wdl gpproximated by the beam-target reectivity. The beam-target reactivity for amono-energetic
beam of gpead v, reacting with Maxwellian targe; ionswith therma speed v, [15] isgiven by

ol e ] e ) @
bth\ th J

Thetota reectivity is obtained by averaging (ov),, over the beam energy didtribution. For the fuson
crossstion o in Eq. (1), we employ the equetion presented by Bosh et d. [16]. Therefore, the neutron
emissonrae S, isgiven by

S =Ny '(Ov)bt’ @
where n,, and n, are the density of target plasma and beam ions, respectively, (ov),, is the averaged
(ov),, over the beam energy distribution. We need to provide the energy didtribution function of beam
ions, and we use the energy didribution function calculated by OFMC code[17]. S, isobtained from Fig.
9 and ny, isobtained from the meesured deta. Furthermore, (ov),, isestimated by the above caculation.
To obtain the energetic ion dendty n, spdid profile, we divide the normdized minor radius into 51
intervasand caculate n, in each intervd. We then comparet hen, profiles before and after the
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occurrence of ALEs
Before the occurrence of ALES, the energetic ion dengity profile can be caculated by Eg. (3). On
the other hand, it isnecessary to take into account the result of CX neutra particle flux messurement to
obtain the energetic ion dengty after ALES The energetic ion density after ALES ny,, is derived as
follows We express the energy dependence of enhanced neutra particde fluxes dueto ALES shown in
Fig. 7(b) by afitting function F(E) given by
F(E) = exp|-{(E - 250)/70)" |

wherefEEM“ F(E)dE =1and E is enagy in keV. E,,, ad E,,, ae the maximum energy and the

MIN

minimum energy of the enhanced energy range, reectivey. E,,. = 370 keV and E,,,, = 100 keV in
this case. We assume that the energetic ion density N with energy didribution function F istransported
jugintheradid direction dueto ALES Then, the energetic ion density after ALES, ny,, isgiven by,

nafter = nbefore + NTR (3)

Safter = Soefore + NTRnth {<OV>bt ‘Esz }
Safter - Soefore
!

Erao.MAX

nth{<ov>bt ‘Ereso.MIN }

where <ov>btl‘ = isthe averagefuson reectivity with energy digtribution F(E) over theenergy region
of E;to E,. ny, isesimated by subdituting N, to Eq. (3).

Figure 10 showsthe energetic ion dengty profiles before and after theALE esimated from Egs. (2)
and (3), respectively. One can see tha the center region of energetic ion profile is reduced but the outer
region increases dightly. The inverson radius of these profiles is rfa ~ 0.58. The totd energetic ion
population integrated over the volumeisreduced by 4% by theALE, with a 16% reduction in the centrd
region of r/a< 0.58.

Als, Sy, Isexpressed by

!

AN =

Thus, the energetic ion dengity prdfile inferred from the neuron emisson profile measurement and
the CX neutrd particle flux measurement indicates that AL Es induce both radid redigtribution and loss
of enargeticionsin the resonant energy range.
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4.Energeticion trangport dueto AEsin Reversad Shear plasmas

We have observed anather kind of AEs in RS plasmas [7]. Figure 11 shows the time trace of
gpectrum of magnetic fluctuation in N-NB injected RS plaama (E41449, B, = 2.1T, |, = 0.9 MA). We
observed not only n = 1 mode but aso n = 2, 3 modes. For the n = 1 mode, after frequency sweep
upward, saturation of frequency isobserved. Thistime evalution of then = 1 mode can be explained by
the reversad shear-induced Alfven eégenmode (RSAE) modd [7, 18, 19]. The RSAE modd predictsthat
as the minimum vaue of safety factor (q,;) decreasesto 2.5, the n =1 mode changes from RSAE to
TAE. RSAE isan AE locdized near the g, The RSAE modd a <o predicts that the mode amplitudeis
enhanced in the mode trangtion phase. In this discharge, the neutron emisson profile messurement was
performed during AEs in RS plasmeas for the firg time. Figure 12 shows the energetic ion prdfile
inferred from the neutron emisson profile messurement a (a) the trangtion phase from RSAE to TAE
(at=539 ad (b) ater the n = 1 mode disgppears (at t = 6.2 9. The energetic ion prdfile is
sgnificantly reduced duetothen =1 mode a t = 5.3s Thetotd energetic ion population integrated over
the volume is reduced by 11.4% during the trangtion from RSAE to TAE. However, Sncen = 2, 3
modes exid in this plasmaeven after then = 1 mode disgppears, the effect of these modes on energetic
ion trangport nesdsto beinvestigated.

5. Summary

In the present work the neutron emisson profile measurements and neutrd particle flux
messurements are performed investigate the trangport of energetic ions due to AE induced by N-NB
enagetic ionsin JT-60U. It was found from the neutrd particle flux and spectrum measurements thet
enagetic neutra partide fluxes in a large energy range (100 - 370 keV) are enhanced due to ALEs.
Neutron emission profile measurements suggest that the neutron radid prdfile is redigributed due to
ALEs The enagetic ion dengty prdfile is inferred from these measurements, and the reult indicates
that ALEs cause aradid redidribution of energetic ionswith alarge energy range from the coreregionto
the outer region of the plaamain week shear plasmas Thisenergy range of the trangported energetic ions
is conggent with the resonance condition between the mode and the energetic ions. This suggests that
the energetic ion trangport results from resonant interaction between energetic ions and TAES In
reversad shear plasmas the reversad-shear-induced AEs (RSAES) and thar trandtion to TAES have
been observed. The neutron emisson profile messurements were performed for the firg time and
uggest that the energetic ion trangport is large as RSAES trangt to TAES and over 10% of the totd
enagetic ion population integrated over the volumeisreduced in this phese.
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