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Abstract

A Monte-Carlo investigation of the high power fundamental minority
(D)T ICRF heating in JET is undertaken. The effect of the minority ion
concentration, the location of the resonance layer, the symmetry of the wave
field spectrum, the background ion temperature and the a-particle absorption
of the ICRF power on the fusion yield is assessed in a projected pellet injected
reference discharge (ne(0) = 1020m-3, To(0) =12 keV, Ti(0) = 10 keV, Ps =
25 MW, (Pp + Pg)abs/Prf = 80%). Even with np/ne ~ 30%, which is
needed for high fusion yield, the finite orbit width and its related transport
effects, such as the banana drift, and the RF induced diffusion and drift, are
important and strongly reduce the attainable yield. However, as here the
transferred power to background ions dominates over the power to electrons,
the increased target triton temperature can significantly improve the yield, and
achieving Q (= Pgy/Prf) = 1 in JET would appear to be feasible. The use of
the asymmetric wave field spectrum improves the confinement of the
resonating ions and is shown to substantially enhance the yield and the
duration time of the peak yield value. This effect,if also applied to tritons,
could delay the characteristic deterioration of the peaked density profiles
during the pellet-enhanced-performance (PEP) modes. a-particle absorption
of the RF power was found to be very small.

1. Introduction

Radiofrequency heating in the ion cyclotron range of frequencies (ICRF) has been
shown to enhance fusion reactivity beyond what is expected for Maxwellian distributions.
Experiments of ICRF (3He)D heating in JET have produced fast, MeV range, particles and a

3He-D fusion yield Pgys = 140 kW [1]. Furthermore, Stix calculated fusion reactions from
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minority deuterium at ® = w¢p with a Fokker-Planck model, and concluded that the fusion
multiplication factor Q (= Pg¢/Prf) could be made greater than one [2]. Thus, the (D)T ICRF
scheme has great potential, and its experimental investigation has also been proposed for the
JET D-T phase [3]. Predictions for this scheme in JET suggest that effective deuterium
damping, up to 80%, could be achieved even with high minority concentrations np/nt < 40%,
and that the (D)T yield could be as high as 17 MW (Pyf = 25 MW, Zggr = 2) [4]. However, it
has been shown that the finite orbit width and its related transport processes, such as the
banana drift, and the RF induced diffusion and drift, can significantly alter the RF power
absorption, power transfer to background electrons and ions, and thermonuclear yield profiles,
particularly in high power ICRF minority heating cases [5]. This coincides with the fact that
the zero orbit width approximation has typically produced higher fusion yield estimates than the
experiments would indicate [6]. Modelling of the finite orbit effects has recently been done
using the Stix model together with a simplified set of equations to describe the particle
trajectories [7]. The effects of the neoclassical and RF driven transport processes, and the E.
wave electric field component were neglected.

In this study a full Monte-Carlo simulation of high power (Pyf = 25 MW) fundamental
(D)T ICRF heating in JET is undertaken using the orbit following code HECTOR [8]. The
effect of the minority ion concentration, location of the resonance layer, and symmetry of the
wave field spectrum on the fusion yield is assessed, and the feasibility to achieve Q =1 in
JET investigated. As there is concern that the a-particles, which have the same resonance
frequency as deuterium and a large Doppler broadening, might effectively absorb RF power in
the outer region of the plasma [9], the effect of a-particles on ICRF heating is also included.
The pellet-enhanced-performance (PEP) mode combined with the H-mode during the ICRF
heating has produced a high fusion reactivity in JET [10]. As the PEP regime may become
important for reactor ignition studies, a projected high power pellet injected (peaked profile)

discharge is used as a reference discharge.



2. Numerical Assumptions

HECTOR is a Monte Carlo code which follows the trajectories of test particles (~ 2000)
in an axisymmetric tokamak plasma. The particles, which initially have a Maxwellian velocity
distribution, are described with an orbit integrated source function in the C.O.M. phase space.
The particle interaction with the RF wave fields and the Coulomb collision processes of
dynamical friction, pitch angle scattering and energy diffusion are included. The magnetic field
topology was here calculated from a model [11], which represents the JET plasma equilibria.
A description of HECTOR and some of its previous applications can be found in [5,8,12,13].

The plasma is assumed to be in a steady state, with the plasma density and temperature

profiles modelled with a parabolic form

y(x) =[3(0)~y(@](1-%*)" +y(a) )
where y(a), y(o) represent the edge and central values, respectively, and v is the profile
parameter. The single-pass absorption for a fixed value of kj = 7 m! is assumed to have a
deuterium damping efficiency Pp abs/Prf=80%. The input profile for the RF power
absorption density is given in a form

< Paps(Z) >=< Poys(0) > exp(-2LZ%), @
where Z is the distance from the median plane in the vertical direction and L is the electric field
profile parameter.

The plasma parameters of the pellet-injected (peaked profile) reference discharge are
shown in Table I. The discharge is assumed to have Zggr = 1.0. As the impurity influx does
not change the amount of fuel and the burn-up fraction is low, the temporal increase in Zeff can,
thus, be neglected here. The flow of thermal particles to the plasma centre replacing the
diffused and drifted high energy particles is included with the neoclassical transport processes.

The a-particle effects were included by doing parallel simulations, where the o-particle
yield from (D)T ICRH was used as the particle source in the (o)T ICRF calculation. The total

absorbed RF power (= Pp + Pq)abs Was kept constant.



3. Results and Discussion

The fusion yield is shown in Fig. 1 as a function of the RF resonance position. While
the maximum Pg,g is obtained in the zero orbit width limit at r= 0.3 m [4], the orbit
calculation for the same case gives the maximum at r= (.15 m in the absence of the E.
component of the wave electric field. The optimum deuterium tail temperature T; = 140keV,
which can be used in the zero orbit calculations, is not reached when the finite orbit width and
its related transport processes are included. Furthermore, the maximum yield was not found at
the highest temperature as there the deterioration of the peaked minority density profile is the
largest. When the E. term is included, although the higher tail temperature indicates a shift in
the resonance position outwards, a further reduction in the central minority density results in
the optimum resonance position being located at r = 0.10m. The reduction in the Pgyg atr =
0.3 m due to the finite orbit effects is ~ 20% without the E. term, and ~ 40% with the E._ term.
Thus, even with such high minority concentration, orbit effects are clearly important.
Furthermore, due to the transport the maximum value of the Pgs cannot be sustained for a long
period of time unless the minority density in the centre is replenished (Fig. 2). The
neoclassical transport of thermal ions to the plasma centre is not strong enough to prevent the
falling off in the yield from its peak value after t = 0.25t5, where 14 is the Spitzer slowing
down time.

The minority ion concentration strongly affects the Q value (Fig. 3). This value is seen
to increase with the minority concentration and to reach its maximum value of ~ 0.75 at
np/ne = 0.35. At higher concentrations the fusion yield and the Q value are reduced as the
shielding decreases the power absorption by the minority ions and power is absorbed by other
mechanisms such as direct electron heating by TTMP and electron Landau damping.

The use of the asymmetric wave field spectrum with positive parallel wave numbers k;
has been shown to significantly improve the minority ion confinement [5]. The pump-out of
the high energy minority ions from the centre of the discharge is substantially reduced and the
mean energy of the resonating ions can be sustained closer to the value of the maximum fusion
reactivity (Fig. 4). The tail energy is raised as the losses of those particles, which have gained

energy from the RF wave fields, are reduced. The asymmetric wave field spectrum with



positive k) not only improves the fusion yield compared with the cases with the symmetric
spectrum, but also extends the period during which the maximum Pg,¢ can be maintained. This
is demonstrated in Fig. 5 neglecting the decay of the triton density profile. In Fig. 6 the fusion
yield is compared using the symmetric and asymmetric wave field spectra for various ky
values. A substantial difference in Pg,¢ even at low ky values and at high minority
concentrations is seen. However, obtaining Q = 1 by modifying the wave spectrum may not
be sufficient on its own as the RF absorption efficiency by the minority ions suffers at high ky
values.

As the mean energy of the minority ions remains moderate, the fusion reactivity is
strongly affected by the triton target temperature. In Fig. 7 it is shown that even using the
symmetric wave field spectrum, increasing the peak ion temperature to ~ 18 keV would be
sufficient for reaching the Q = 1, and at 25 keV Q would be 1.4. So far in the JET ICRH
experiments the central ion temperatures in high density plasmas have typically been in the
region of 10 keV. In these experiments, however, the small minority ion concentration < 5%
has resulted in very high tail temperatures, in the the MeV range, where the power has been
transferred primarily to electrons. In our projected case the mean energy of the resonating ions
stays low enough for the ion heating to dominate (Fig. 8). Thus, scaling the target ion
temperature from the existing data for our reference case would underestimate the obtainable
T;. In view of this (and taking into account the benefits of using an asymmetric wave
spectrum), achieving Q = 1.0 in JET appears to be feasible.

As the increase in the triton target temperature has such a profound effect on the fusion
yield, it may be worth considering the use of some of the RF power for direct triton heating
with an asymmetric wave spectrum. Although the termination of the PEP-modes is associated
with such processes as the MHD activity [14], the direct triton heating, in addition to raising
the target temperature, would improve the plasma ion confinement and delay the characteristic
decay of the peaked density profiles during these modes.

The effect of the a~particle absorption on the ICRF heating efficiency was found to be
very small. Although the high energy a-particles have an efficient ICRF absorption they will

be quickly lost from the region of the peak wave field strength due to the strong orbit width



related transport. This transport is stronger for the o-particles than for the deuterium minority
as it depends on the particle energy. Furthermore, the overall number of a-particles produced
remains small even after a considerably long time. After 15 the a-particle absorption had only
risen to 350 kW using the symmetric wave spectrum (k) = £ 7 m-1) and up to 400 kW with

the asymmetric spectrum (k; = + 7 m-1).

Summary

A Monte-Carlo study of the high power (D)T ICRH heating in JET has been
undertaken using a projected pellet injected (peaked profile) discharge. It is shown, that even
with ~30% minority concentration, where the tail temperature remains moderate, the orbit
width and its related transport processes play an important role reducing considerably the
obtainable fusion yield. At this high deuterium concentration strong background ion heating
occurs and less power is transferred to electrons. The consequent increase in triton target
temperature will significantly increase the yield and achieving Q =1 in JET would appear to
be feasible. The asymmetric wave field spectrum with positive parallel wave numbers
improves the confinement of the resonating ions. Thus, the yield is significantly enhanced and
the fall off in the yield as seen with the symmetric wave spectrum cases does not occur.
Furthermore, this effect, particularly if applied also to tritons, could delay the strong
deterioration of the peaked density profiles during the PEP-modes. The absorption of the RF
power by the o-particles was found to be very small. The concentration of the q-particles in

the centre of the discharge stays small due to a weak burn-up and the effective transport.
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TABLE I

Plasma Parameters for the Reference Discharge

) oupled

| Damped RF power on minority ions, (Pp+Pg)abs
Central electron density, ne(0)

[ Central electron temperature, T¢(0)

| Central 10n temperatures, T;(0)

1 Density profile parameter, vy

| Temperature profile parameter, vt

I Deuterium-to-electron density ratio, np/ne

| Plasma major radius, R,

1 Plasma minor radius, a

Central magnetic field By(Ry)
Plasma current, I,

| Perpendicular wave number, k)
| Parallel wave number, kj)
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Fig. 3 The effect of the minority ion concentration on the fusion multiplication factor. The
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ny/n,=30% IE I/IE | =12

_ 1 k,=+7m"1
ky=t7m \\/ ! 1100
&
£ 25 k,=-7m" AR k=t7m’ 80 M
2 [/ T 3
%V \\ 60 &
| k= L\ p =
1+ = P Tt AL PP
\\\
\'\\\.: 20
| | | ! l 1 ! ]
02 04 06 0.8 02 04 06 0.8
r(m) r(m)
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