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1. Introduction

This paper reports the effects of toroidal magndield (TF) ripple on the
confinement of NBI-produced deuterons in recent 8kferiments where a¥=16 TF ripple
harmonic was induced [1]. The influence of an ewkdnTF ripple on NBI deuterons is
examined with a neutral particle analyzer (NPA)ha 5—40keVenergy range by analyzing
the neutral deuterium fluxes formed by Charge eXgea(CX) and recombination of
deuterium ions with energies well above the tentpesaof plasma deuterons [2]. Due to the
NPA line of sight, the observed flux is induced nhaiby the charge exchange between
neutrals and deuterium ions wij = 0 at the plasma mid-plane: the measured fluxes
characterize therefore the ions mostly affectedifyyies. Such a reduction in the deuterium
neutrals emitted from plasmas with lda16 ripple harmonic was observed in previous ripple
experiments at JET [2, 3]. The main purpose of plaiger to report on an experimental study
of the reduction in neutral deuterium®Dlux and its dependency on the magnetic shear in
the plasma core (as well as other plasma parametedson the magnitude of tiN=16 TF
ripple harmonic. Interpretive 3D Fokker-Planck miaate of the effect of TF ripple on the
partly thermalized NBI deuterons contributing to asered B fluxes is in reasonable
agreement with measurements.

2. Experimental results

We analyze ripple effects on NBI ions for threeugp® of plasmas: 1) Positive Shear
(PS) plasmas without ICRH; 2) ITB plasmas with I@ptimised Shear (OS) in the core and
moderate ICRH heating; 3) ITB plasmas with ReveiSkdar (RS) in the core and moderate
ICRH heating. Fig. 1 illustrates the reduction loé tF flux emitted from a positive shear
I/B=1.14MA/2T plasma with predominantly on-axis eojed ions (Rk=7.4MW with
‘normal’ beams at RigencfRaxis0.44) in the absence of ICRH {R:=0) and at relatively
mild ELM activity. In this paper the measured data averaged over the 2s time interval
during the quasi steady-state phase of NBI. le&nsthat the ripple induced reduction &f D
flux is maximum at energlg ~ 40keVand vanishes at energies ki), in agreement with
previous observations [2, 3]. This observation ¢atks that the main effect of TF ripple in
this case is on the beam ions (EX2¥), while the bulk plasma deuterons, responsibleHer
D° fluxes observed at low energy (E<10429)) are practically unaffected. The magnitude of
the N=16 ripple harmonic for the last closed flux sugat the outboard midplan® [J 3.8m,

® See the Appendix of M.L.Watkins et al., Fusion iye2006 (Proc. 21st Int. Conf. Chengdu, 2006) IAEA
Vienna (2006)
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Z[10.3m),d16, is characterized by the ratio of the currentserghbouring TF coils {in/Imay)
such thatys = Fo1e> With F = (Imax min)/ (Imaxt Imin) @and 316> being the magnitude of pure
N=16 ripple harmonic f}i, =0). Note that in the JET plasma cross sectiomtagimumd; s’
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Fig. 2 Effect of N=16TF ripple harmonic on the
neutral deuterium fluxes in PS plasma without
ICRH in the case of predominant normal NBI.

Fig. 1 TF ripple reduction of Bfluxes in PS
plasma without ICRH

[03.4% is reached at the loB/-Figure 2 shows the neutral deuterium fluxes inpR&ma
without ICRH in the case of predominantly ‘norm&BI as the function of energy for
different ripple magnitudes and different plasmaapeeters. The red curves correspond to
the plasmas without additional TF ripplefllmax=1) and blue curves are for plasmas with
O16max= 0.8% and 1% (li/Ima=0.62 and 0.52 respectively). As expected plasnitslanger
slowing-down times for beam deuterons® O n/T.*? produce higher fluxes of energetic
neutrals due to higher steady-state density of b&ams (ng O 7). However, relative
reduction of the Bfluxes with TF ripple both for=0.35s and fors=0.6s is close to 50% for
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Fig. 3 Effect of N=16TF ripple harmonic on the Fig. 4 Effect of N=16TF ripple harmonic on the
D%fluxes detected from OS plasma with moderd¥fluxes detected from RS plasma with moderate
ICRH. ICRH.

E>30keV. It is clearly seen that TF ripple essentially deses the fluxes of energetic
neutrals in all pulses shown thus indicating th&t fipple produced a reduction in the
population of beam ions with low longitudinal velkies.
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Similar ripple reduction of the Bemission at E>20keV is observed for plasmas with
low shear in the core and moderate ICRH power as se Fig. 3. The figure shows the
energy dependence of the’ Bluxes detected from LS plasmas at 1.8-1.9MA/2\gith
Pnei=8.8-12.7MW and Rrr=3.2-3.8MW and with the core values of deuteriurowahg
down time == (1.2-1.3)s. In contrast to the PS plasma withtDRH, these NPA
measurements indicate an increased flux of lowgneeutrals (E<20keV) from plasmas
with TF ripple. One possible explanation for thisght be the decreased ELM induced
deuteron loss from the plasma periphery due todtiaction of ELM amplitude in discharges
with TF ripple [4]. Fig. 4 shows the ripple effemt the O fluxes detected from RS plasmas
at 1.8MA/2.2T with Rg=8.7-11.7MW and Rry=3.2-3.8MW for 7.=(1-1.5)s. Similarly to
the low shear plasmas with moderate ICRH in RSnpéathe TF ripple reduces th@ flux at
high energy E>30ke\) in accordance with the expected ripple induced laf NBI fast ions,
but increased fluxes are observed at lower ene(ges0ke\) in the presence of additional

ripple.

3. Modelling results

According to 3D Fokker-Planck modeling carried aut[5] the N=16 TF ripple
harmonic can affect the confinement of toroidatigpped NBI deuterons in JET plasmas.
Super-banana diffusion of toroidally trapped iomguced by enhanced TF ripple was shown
to reduced the density of partly thermalised beautetons E<50keV) in typical JET
plasmas by up to 30 - 50% compared with sagghout ripple. In this paper we present

100 Monte-Carlo modelling of the flux of
neutral deuterons in the 510 keV energy
range emitted from the positive shear
plasmas without ICRH. Simulation
accounts for charge exchange and
recombination of Maxwellian deuterium
ions of the bulk plasma and of beam
deuterons with a distribution function
calculated using the 3D COM Fokker-
Planck code [5].

Fig. 5 demonstrates the calculated
%o 5 9.0 o5 emissivity profiles of deuterium neutrals
Normalized radius emitted along the LoS of the NPA for
Fig. 5 Calculated profiles of Temission induced Pulse #69710 (time averaged between 60
by bulk plasma deuterons in shot #69710 a@8nd 62 s) as a result of charge exchange
dependent on the neutrals energy and recombination of bulk plasma
deuterons. The modeling illustrates the outwaré siithe emission region as the energy of
neutrals is increased [6]. To evaluate the contiobuof NBI deuterons to the observed D
emissionwe use the distribution function of partly therrsall beam deuterons obtained with
the 3D COM Fokker-Planck calculation. Fig. 6 shotke contours of the calculated
distribution of beam ions with Y&/=0 along the LoS of the NPA (Z=0.28m) in the man
spanned by major radid® and ion energy for PS plasma (pulse #69710) in the case of
‘normally’ injected 130keV deuterons. The TF rippte seen to substantially reduce the
population of NBI deuterons with smal| &/ along the LoS of the NPA. At E ~ 30-40keV

the ripple reduction of\k, exceeds 50%.
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Fig. 6 Contours of calculated distribution of beaoms LB,(R,E,\ﬁ/V:O, Z=0.28m) for PS plasmas

(shot #69710) in the case of normally injected E0keuterons in the absence of TF ripples (left)
and in the case of N=16 TF ripple harmonic (righm)luced by }in/l ma=0.52, diema=1.1%

Finally, figure 7 shows the modeled Buxes for pulse 69710 as a function of energynigk
into account the NBI distribution function shown figure 6: it can be seen that the
interpretive modeling of ripple effects on NBI iofis in reasonable agreement with the
measurements.

4. Summary

Ripple induced reduction of the fluxes of deuterineutrals in the 5 — 40 keV energy
range from the plasma mid-plane was observed iante8ET experiments. The maximum
observed reduction of Dfluxes due to ripple is -
approximately 50 % and occurs at energies above S Luikneutals
keV. In positive shear plasmas without ICRH rippl o= T e
reduction of [ fluxes vanishes at energies below 115
keV. However, in the case of plasmas with low cg ™"
reversed shear core, increasedfiDxes were observed &
for energies below 10 — 20 keV in the presence §
additional ripple and ICRH heating. Interpretive® .|
modeling of the deuterium neutral emission the
accounts for the superbanana ripple diffusion ofl NE wor) oo o ¢
ions is in reasonable agreement with measureménts_.. Energy (keV)
least for the scenarios without ICRH. Note thaplés 51#:25%7710 MOde"ed.d fluxes for shot

- . . as a function of energy
may essentially effect the fast ion confinemeniliBR

where TF ripple magnitude at the outer separagrexpected to b&é~ 0.5%.
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