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1. INTRODUCTION

The aim of this work is to assess the effect of Neutral Beams on ITER, principally in terms of the
ability to ignite the plasma using Neutral Beam Injection (NBI). Previous work on Neutral Beams
for ITER [1] modelled ITER using Rebut-Lallia-Watkins (RLW) transport [2] without taking
the effect of an H-mode threshold powey (R into account. The present work does use the
L - H transition, models the ELMs explicitly and uses the JET transport model bgttadha).

In this JET model, transport is split between a GyroBohm term (which is purely local) and
a Bohm term which depends on te#getemperature. The model is implemented in the JET
version of the 1_-D predictive PRETOR code [1,4] which is used to explore the route to ignition
on ITER by NBI. Various beam energies are considered and the plasma rotation resulting from
the momentum input of the beams is described. A complete description of this work is in [5].

2. MODELLING ASSUMPTIONS.

A 7.5% wide artificial barrier models the H-mode barrier. Transport inside this barrier is chosen
such, that thglobal confinement is L-modetgg [6,7]) or H-mode (ITER93-HE [6,8]). The
threshold power (in MW) adopted by ITER for a major radius R (m), magnetic field B (T) and
density n (16)9 m'3) is [6]:

P, _4=0.08r"-"BR? (formula 1)
Recent evidence from JET [9] indicates an isotopic mass A (amu) dependence:

PL. H:0.16n0'75BR2/A (formula 2)

ELMs are explicitly modelled by switching to the L-mode for a short period of time when
the ballooning limit is exceeded over the H-mode transport barrier. The plasma enefyyy loss
per ELM for a plasma with energy W, input power P (MW) and surface aregl) B ([10]:

AW/W=0.00124SB/P (formula 3

ITER parameters and modelling information are taken from refs. [11-13]. The patrticle
diffusivity D is chosen to be equal to the electron heat diffusi\éiand the particle pinches are
zero. This implies flat density profiles. The radial momentum diffusiitis chosen equal to
the ion heat diffusivity,.

A 2% Beryllium impurity has been assumed. All ion species are pumped at the edge with
removal of 2% of the edge particle flux. NBI has a 6.5m tangency radius.

3. ELMY H-MODE SIMULATIONS

Fig. 1 gives an example of a simulation in which 100 MW of 1 ME\NBI was applied to a
Ip=21MA, B=5.7T, r33:3'1019 me plasma. The density is ramped to several final densities, in
this case to 10 m>. The dense appearance of the radiated power trace is due to the explicit
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modelling of ELMs. In the example in fig. 1, the helium concentration reaches 8% and the
tritium concentration fi{ng+n,) falls to 42% due to the theam fuelling.

In fig. 2, the time slice between 301 and 305 seconds is expanded to show the ELM’s. The
4% variation in stored energy due to the ELM’s can clearly be seen. The increase in alpha power
during an ELM is caused by the decrease in electron temperagi@u(ihg an ELM, which
enhances the slowing down of the large population of alpha particles present.
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Fig. 1: Route to Ignition on ITER using 100 MW of Fig. 2: Simulation detail of a 5 sec period from Fig. 1
MeV NBI (a) Beam power and thepower generated. with <ne>:1020 me, (a) Alpha Particle Power cou-
(b) Density in units of 16 m'3.(c) Radiated Power in pled to ITER. (b) The Radiated Power in MW. (c) The
MW. (d) Total Stored Energy in MJ. Stored Energy in MJ. (d) eroz-HE TE/ TITER93-HE

Fig. 1 shows that the minimum alpha

power R, for a 16° m™ plasma is just above ,E;fenﬁfn?;t;*é;?];‘f;hgdsﬁggﬁ[ e
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ITER93-HE confinement would keep ITER ignited for almost any density. As soon as a thresh-
old is introduced, the ignition domain shrinks gsntust exceed P, .

Fig. 4 shows the deposition profiles of 200MW NBI into plasmas with densities in the
range of g=7.0-14.5 16°m3. Fig. 5 shows the fraction of beampower coupled to the ions. The
remarkably similar profiles are caused by a nearly constant electron temperature, which arises
because fusion power increases with density.
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4. MINIMUM POWER TO IGNITE ITER

To achieve the H-mode in a n£@° m'3, B=5.7T plasma, at least 69 MW (NE}Y} is required
inside the separatrixdqrmula ). The minimum NBI power itself was found by running multiple
simulations with different NBI power. Once the H-mode is established, the density is increased
to 10° m and ignition is achieved. Very little additional power is needed during the density
ramp.

We performed simulations for 5 different beam energies, ranging from 125 keV to 1 MeV.
For each case we took B fromformula 1and a more optimistic versioR(_, H:0.055r5J "BR?
(formula 4) which is more likdormula 2 Moreover, it could bargued that the thermal power
crossing the separatrix is relevant to achieving the H-mode, rather than the inputiptvesr.
case the power radiated in the bulk of the plasméwhich is significant for ITER but not for
present day tokamaksjust be added to the power requirementTherefore, for each of these
10 cases we ran the case with radiated power added to the threshold power as well.

The resulting 20 cases are plotted in fig. 6. Added to the graph are 5 cases of simulations
using RLW transport from ref. [1]. It can be seen that the beam energy makes little difference to
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the minimum power required to ignite ITER g,

Prap added
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P 4=0.08 n.34 BR2

PrapNOTadded  / _ _,
-

because all power that is deposited inside the o
separatrix ‘counts’. Major differences in the N

power requirement are caused by the physicsﬁo* a e

assumptions. The key assumptions relate to 50 P added
RAD P_ _=0.055 n 34 BR2

e

P_ _ y and the question whether the power roW§E T Y

ing out past the separatrix, rather than the powcér30 |
coupled to the plasma is to be taken for the
L - H threshold power.
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sity plasma (n:3019 m'3). The extra alpha Energy.(a) bottom: RLW model, B=0, from ref [1]..(b)
bottom dashed curve; B, from formula 4. (c) Middle

power is generated due to more central beaso id curve: As (b), B4 added.(d) Top dashed curve:

deposition, more beam power to the ions amﬂ_H from formula 1.(e) Top curve: as (d),padded.
more beam-plasma power. These benefits fall

off sharply below 250 keV. The RLW case from [1] is more sensitive to beam energy (fig. 6)
because in the absence of an H-mode barrier to keep the power in, the poorer penetration of the
beams at higher density does matter.

5. PLASMA ROTATION
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Fig. 7: Simulated Rotation Profiles during the densityrig. 8: Simulated Rotation Profiles during the flat top
ramp in ELMy H-mode. 60 MW NBI into g:|6.5'1019 density in ELMy H-mode. 60 MW of Beams into a
m? plasma. ne:1020 ms plasma.
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Rotation profiles are plotted in figs. 7 and 8. Fig. 7 gives the rotation profiles for different beam
energies atéx6.5'1019 me. It appears that the central rotation is not very sensitive to beam
energy. The rotation at the q=2 surface (located near r/a=0.8) varies strongly with beam energy
down to very low energies. Fig. 8 gives the rotation profiles for different beam energies at
ne:1020 m . Due to the lack of penetration, low energy beams give a lower central rotation.
Rotation at q=2, however, still benefits from reducing the beam energy down to 250 keV.

6. CONCLUSIONS

Neutral Beams provide an excellent means of bringing the ITER plasma to ignition. The mini-
mum power to ignite ITER does not vary much with beam energy and is dominated bykhe L
mode threshold power.

We consider the most realistic simulation to be that which uses the JET results for the H-
mode threshold in DT [9] armbldsthe power radiated within the separatrix to this threshold. On
this basis the curve with the open circles in fig. 6 shows that about 50 MW of NBI power is
needed to ignite ITER. This figure is largely independent of beam energy but has a shallow
minimum at 300 keV for Bbeams.

For inducing rotation a low energy NBI system is best. If very low injection energies are
considered for ITER, however, NBI in the periphery of the plasma should be studied on present
day machines, especially the effect on the H-mode threshold.
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