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Abstract

Heating with waves in the ion cyclotron range of frequencies (ICRF) is a well-established
method on present-day tokamaks. ICRF waves will also be used in ITER and are planned for
the demonstration fusion power plant DEMO. The present paper analyses ICRF heating in
recent experiments on the JET tokamak with the ICRF modelling code PION. Special
emphasis is given on second and higher harmonic heating schemes (o =~ nNwg, N>2) in
preparation of ITER. The results show that the theoretical picture of heating at the harmonics
of the ion cyclotron frequency on which PION is based is reasonably correct. This gives
confidence in the simulations of other experiments on JET and in the extrapolations of ICRF
heating to ITER and future reactor plasmas.

1. Introduction

Heating with waves in the ion cyclotron range of frequencies (ICRF) plays an important role
in the operation and the performance optimization of several present-day experimental fusion
devices. ICRF waves will also be used in ITER and are planned for the demonstration fusion
power plant DEMO. For ITER, the main ICRF scenario is the second harmonic heating of
tritium (ow~2wcr) which coincides with the fundamental minority heating of *He. For second
harmonic heating of tritium, as for other harmonic ICRF heating schemes, the damping of the
wave power is a finite Larmor radius effect. Its physics can be studied in the present day
experiments using ICRF schemes involving second or high harmonic damping (o =~ N, n
>2). Recently, important aspects of the scheme have been explored on the JET tokamak with
the ITER-like wall [1] in plasmas with ICRF heating alone and with combined neutral beam
injection (NBI) and ICRF heating. Since for higher-harmonic heating the absorption strength,



and thus the ICRF power partition among different absorbing species, depend strongly on the
distribution function, such scenarios are particularly challenging to model. In the present
paper, recent experiments in JET are analysed with the ICRF modelling code PION [2] with
special emphasis on the physics of higher harmonic heating. We consider three series of
experiments with different ICRF scenarios for which second or higher harmonic damping
plays an important role: (a) hydrogen minority heating, coinciding with second harmonic
heating of deuterium beam ions, in high-performance discharges; (b) third harmonic heating
of deuterium beam ions for fusion product studies [3] and (c) second harmonic heating of
hydrogen in hydrogen plasmas [4]. Comparisons between the experimental results with
modelling are presented, with special emphasis on the comparisons of the simulated ICRF-
induced enhancement of the neutron rate and ICRF-accelerated fast deuterium distribution
functions with those measured with the neutron time-of-flight spectrometer TOFOR [5].

2. ICRF modelling with the PION code

In the present paper the ICRF modelling code PION [2] is used to analyse ICRF heating and
ICRF-driven fast ions at JET. PION provides a self-consistent and time-dependent calculation
of the ICRF power deposition and the pitch-angle averaged velocity distribution(s) of the
resonating ions. It is based on simplified models and, therefore, it is relatively fast, which
makes an analysis of a large number of discharges feasible. Furthermore, PION takes into
account the synergy with NBI [6], which is particularly important for the analysis of the
present discharges. Finite-orbit-width effects are taken into account by noting that the fast
ions have turning points close to the cyclotron resonance and by averaging the collision
coefficients over those orbits.

In the course of the analysis reported in this paper, the PION code has been further developed.
This work has been motivated by detailed comparisons with the measured ICRF-driven fast
ion distribution functions up into the multi-MeV energy range. They have confirmed that in
the experimental conditions where the ICRF power is large enough to drive a significant
ICRF-driven fast ion tail, the resulting fast ion distribution function can decrease sharply due
to finite Larmor radius effects around the first local minimum of the ICRF diffusion

2
coefficient Dge(V,p) o< 2‘E+Jn_1(kLp)+E_Jnﬂ(kLp)‘ ~0. Here, v is the velocity, p is the
N

cosine of the pitch-angle of the ion relative to the background magnetic field, the sum goes
over the toroidal mode number N spectrum of the launched wave, k | is the component of the

wave vector perpendicular to the background magnetic field, p = lel-pz/mci is the Larmor

radius, J,, is the Bessel function of first kind, and E, and E_ are the left-hand and right-hand
components of the wave electric field, respectively. This happens when wave-particle
interaction is suppressed due to finite Larmor radius effects and acts as a barrier for phase
space diffusion to higher energies [7, 8]. In order to include this effect in the modelling of the
pitch-angle-averaged distribution function as in PION, it was found that the pitch-angle-
averaging of the ICRF diffusion coefficient plays a key role. Previous to this work, the pitch-

angle-average of Drp(v, ) in PION was calculated as %f_ll Dgr (v, )dp [2] which was found
to give good results apart from the proximity of the barrier, where it is not able reproduce the
sharp decrease of the distribution function as observed in the experiments. This was found to
be due to the spread in the location of the minimum of Dgg(v, ) for different p which
effectively smears out the barrier. Such spreading is not physical because the ICRF waves
tend to drive an anisotropic fast ion population of predominantly trapped resonant ions with
u =0 which absorb significant fraction of the available power. Improved agreement between



the measured and simulated distribution functions around the barrier is obtained with a new
pitch-angle-averaged ICRF diffusion coefficient based on a simple model for the pitch-angle-
dependent distribution function f(v, W) which is used as a weight function in the pitch-angle-
averaging of Dgrp(v, ) as detailed in Appendix. In this paper, first PION results with the
upgraded Dgg(v, ) are presented. In our future work, we plan to assess this model further
against experimental pitch-angle-resolved fast ion data and/or other ICRF modelling codes.

3. ICRF heating of high-performance hybrid discharges

Finite Larmor radius effects play an important role in JET high-performance discharges with
combined NBI and ICRF heating. Here, we analyse three discharges 86614, 87331 and 86871
from the JET hybrid scenario development aimed at designing a plasma regime capable of
long pulse operation with a combination of inductive and non-inductive current drive. The
overview of the main discharge parameters are shown in Fig. 1. Discharges 86614 and 86871
were carried out at a toroidal magnetic field By of 2.9 T and a plasma current I, of 2.5 MA,
while By of 1.95 T and I, of 2.1 MA was used for discharge 87331. Up to 22 MW of D NBI
was applied with injection energies in the range of 90-115 keV. In discharges 86614 and
86871 up to 5 MW of ICRH power was applied at a frequency of 42.5 MHz while in
discharge 87331 up to 2.5 MW of ICRH power was used at 32.4 MHz. In all discharges the

OnOn phasing of the ICRF antennas was used (i.e. k; =9 m™" at the peak of the ICRF power

spectrum). The o = oy = 2mcp resonance was located at Res—Ro of 2.5 ¢cm, -33 cm and 9 cm
at the peak performance for discharges 86614, 87331 and 86871, respectively. Here, Ry and
Ry are the major radii of the resonance and magnetic axis, respectively. The best performing
discharge 86614 reached a normalized beta By of 2.1 and a confinement factor H98 of 1.1.
The duration of the high-power phase was limited by impurity accumulation.
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Figure 1 NBI and ICRH power, line-integrated electron density, neutron yield, plasma
diamagnetic energy and hydrogen concentration for JET hybrid discharge 86614 (red), 87331
(blue) and 86871 (magenta).
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For the ® = ocq = 2wcp Scenario, the ICRF power partitioning between the resonant hydrogen
minority and deuterium ions depends on the hydrogen concentration ny/(ny+np) and the
deuterium energy density [6]. The hydrogen concentration, deduced from the ratio of the D,
and H,, light collected along lines of sight through the plasma, was 2-3% in discharges 86614
and 86871 and below 0.5% in discharge 87331. Penning gauge spectroscopy in the divertor
gave somewhat higher ny/(ng+np) values of 2-4%, 3-5% and 1-2% for discharges 86614,
86871 and 87331, respectively.



In discharges 86614 and 86871, up to ~20%, 70-75% and 5-10% of the ICRF power is
absorbed, respectively, by D ions at ® = 2m.p, hydrogen minority ions at ® = ¢y and by
direct electron damping by electron Landau damping and transit time magnetic pumping. In
discharge 87331 damping by hydrogen minority ions is reduced due to a lower ny/(ng+np).
The best agreement with the measured data is obtained assuming a very low ny/(ng+np) of <
0.1%. As result, the H damping is negligible, while direct electron damping and D damping
take 45% and 55% of the ICRF power, respectively. The ICRF power transferred collisionally
from the fast ions to the bulk ions is about 2, 2.5 and 1 MW for discharges 86614, 86871 and
87331, respectively, the rest being transferred to the plasma electrons. The ICRF power is
deposited centrally inside r/a < 0.5, where r/a is the normalised plasma minor radius.

The comparisons of the simulated and measured plasma diamagnetic energy content Wp,a and
total neutron rate Ryt are shown in Fig. 2 for discharge 86871. The agreement between
modelling and experimental results is remarkably good. Similar agreement is found for
discharges 86614 and 87331. The thermal contribution to Wp)a is about 75% while the non-
thermal component is about 25%.
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Figure 2 (a) Measured (green) and simulated (solid black) total plasma diamagnetic energy
content together with the measured thermal (dotted blue) and simulated nonthermal (black
dashed) contributions for discharge 86871. (b) Measured (green) and simulated (black) total
neutron rate for discharge 86871.

According to PION, up to 5-20% of Ryt is due to the second-harmonic D acceleration. The
predicted ICRF enhancement of Ryt has been compared [9] with the results of the time-of-
flight neutron spectrometer TOFOR [5] and good agreement has been found. Figure 3 shows
the comparison for discharge 87731. In spite of having the lowest coupled ICRF power, this
discharge shows the largest ICRF enhancement of Ryt due to the lowest ny/(ny+np) which is
favourable for deuterium damping.

4. Third harmonic heating of deuterium beam ions for fusion product studies

We have modelled ICRF heating and ICRF-accelerated fast deuterium tails in recent JET
experiments aimed at studying fusion products [3]. These experiments used a combination of
deuterium NBI and ICRF heating tuned to the central w~3wcp resonance to drive fast
deuteron NBI ions to high energies. Here, we concentrate our analysis on discharges where no
*He was introduced in the plasma. Discharges with *He have been modelled using the
SELFO-light code and are reported elsewhere [10].



In our earlier work [11], the ® = 3w,p scheme without deuterium NBI on JET was modelled
with the PION code. To obtain a consistent picture with the experimental data, fast ion orbit
losses and parasitic damping at the plasma edge needed to be accounted for. Furthermore,
sawtooth redistribution of fast ions was found to be important at higher sawtooth frequencies.
In the analysis of the recent experiments, we use the same physics model apart from sawtooth
redistribution which we have not considered so far. As in [11], parasitic damping is
introduced by adding a fictitious species with a cyclotron resonance at the plasma edge. In the
simulations presented here, single pass damping of 30% is used for the fictitious species.
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Figure 3 Enhancement of the neutron rate due to second harmonic D damping according to
PION (blue) and TOFOR (points with error bars, integrated over 0.5 s) for discharge 87731.
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We consider first discharges 86464 and 86459 which were prepared in a different way to vary
the ICRF-driven fast deuteron tail at By of 2.25 T and I, of 2.15 MA. In discharge 86459 up to
4.5 MW of D NBI was applied with injection energies in the range of 80-120 keV, while in
discharge 86464 up to 2.6 MW of D NBI was used with injection energies of 80-100 keV. In
addition, up to 2.9 MW and 4.0 MW of ICRF power was applied in discharges 86459 and
86464, respectively, with an ICRF frequency of 51.5 MHz using the OnOn phasing of the
ICRF antennas. The o = 3m¢p resonance was located at Res—Ro =~ 10-15 cm while the central
electron density was increased from 4.2x10'° m™ in discharge 86459 to 5x10™ m™ in
discharge 86464 to change the wave characteristics.

As a result of the above differences, the plasma performance is significantly different in the
two discharges. In particular, in discharge 86459 Ry of 6x10% s and Wpa of 2.5 MJ are
obtained which are a factor of 2.3 and 1.4 higher, respectively, than those obtained in
discharge 86464. Significant differences are also observed in the measured deuterium
distribution functions as deduced from TOFOR [5] measurements along a vertical line of
sight through the plasma center (Fig. 4). These differences are consistent with an expected
difference in the location of the local minimum of Dge due to finite Larmor radius effects as
the wave characteristics are modified by the change in the plasma density. This is confirmed
by the deuterium distributions functions as simulated by PION for the two discharges and also
shown in Fig. 4. Good overall agreement is obtained for both discharges in discharge 86459
apart from the low energy range below 0.4 MeV, the reasons of which are being investigated.
According to PION, the deuterium damping is about 60-65% and the parasitic edge damping
20-30% and direct electron damping 10-15% of the total power. Comparisons with other fast
ion measurements and ICRF modelling codes are given in Ref. [12,13].

One of our next aims is to compare the time behaviour of the measured and simulated
distribution functions in discharge 86768 in order to study the dynamics of the ICRF-driven



fast ion tail. This discharge is well suited for the purpose because it had a notch in the NBI
power from 3 MW to 1.4 MW fromt=11stot =12 s and a fast ICRF power switch-off at 13
s towards the end of the discharge. Up to 4 MW of ICRF power was applied at a frequency of
51.4 MHz using the OnOn phasing at Bt of 2.2T and I, of 1.95 MA. The ® = 3w¢p resonance
was located at Ryes—Ro of 7-10 cm. According to PION, stepping down the NBI power
decreases deuterium single pass damping from about 80% to about 40%, which gives rise to a
concomitant increase in the fraction of ICRF power damped parasitically at the plasma edge
(c.f. Fig. 5) and a significant decrease in the ICRF-drivan fast deuteron tail (c.f Fig. 6). In
terms of the global parameters Ryt and Wpia and their time evolution, PION is in good
agreement with the measured data as shown in Fig. 7.

(@) (b)

L0 S S LB B 107

107" ¢ 107 ¢

D distribution function (a.u.)
D distribution function (a.u.)

WO’mf — 1046,
107" ‘ ‘ ‘ ‘ 107"
0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.5 1.0 1.5 2.0 2.5

E (MeV) E (MeV)
Figure 4 Deuterium distribution function f(v, u= 0) as given by PION at t = 12.5 s and the
deuterium distribution function as deduced from the TOFOR [5] measurements (diamonds;
integrated in time from t = 11.5 to 12.5 s) for (a) discharge 86459 and (b) discharge 86464
with third harmonic heating of deuterium beam ions on JET.

5. Second harmonic heating of hydrogen in hydrogen plasmas

In recent experiments on JET good ICRF heating efficiency and transition into H-mode
confinement have been demonstrated with ICRF heating alone using w~2wcy in hydrogen
plasmas with ny/(ny+np) of 99% [4]. These experiments were carried out at By of 1.8 T and I,
of 1.45-1.65 MA. Up to 6.2 MW of ICRH power was applied at a frequency of 51.4 MHz
using the OO phasing. The » = 2m¢H resonance was located off-axis at Ryes—Ro of 25-35 cm.
Here, we will concentrate our analysis on discharges 87869-87877 with central electron
densities above 2.5x10"/m* and central electron temperatures in the range of 0.9-2.1 keV

In these experimental conditions, according to PION, hydrogen absorbs about 95% of the
total ICRF power, and the rest goes to direct electron damping. As a result, a fast ion tail
forms in the distribution function of the hydrogen ions. However, given the low average
power per particle for the off-axis resonance together with the efficient slowing down of fast
ions at the relatively low plasma temperatures, the calculated fast ion tails are rather modest.
As shown in Fig. 8a, the simulated fast ion energy content increases in these conditions more

rapidly than the scaling Wi, = PicreTsp /2 < Piere To 2 /0, , Where tgy is the fast ion
slowing down time on electrons. This is because this scaling is strictly valid in the high
energy limit with mainly collisional electron heating. However, in the present experimental

conditions, according PION, the fast ions are not so energetic and consequently heat
predominantly bulk ions in collisions as shown in Fig. 8b. In fact, only in discharges 87869



and 87876 with highest fast ion energy contents of about 150 kJ does the collisional electron
heating reach about 40% of the total ICRF power.

Experimental information on the fast proton populations in these discharges is provided by a
high-energy neutral particle analyser (NPA) which views that plasma vertically along a line of
sight close to the plasma center. As shown in Fig. 9 the measured NPA fluxes increase with
Wi,st @s expected.
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Figure 5 Total ICRF power (black), D
damping (red), parasitic edge damping
(green) and direct electron damping (dashed
black curve) as given by PION for discharge

Figure 6 Deuterium distribution function f(v,
u= 0) as given by PION for discharge 86768
with 4 MW of ICRF power tuned to o = 3w¢p
att=11.00s,11.25sand 11.50 s.
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Figure 7 (a) Measured (green) and simulated (solid black) Wp,a together with the measured
thermal (dotted) and simulated nonthermal (dashed) contributions and (b) measured (green)
and simulated (black) Ryt for discharge 86768.

6. Conclusions

A number of recent experiments carried out on the JET tokamak using different second and
higher harmonic ICRF heating schemes have been successfully simulated with the ICRF code
PION. Good agreement between measured and calculated ICRF-related quantities has been
obtained including the plasma energy content, fusion yield and the ICRF-driven fast-ion
distribution functions.
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Figure 9 Measured neutral particle hydrogen fluxes at E = 287 keV, 455 keV, 679 keV and
952 keV as a function of simulated fast ion energy content Ws,; for discharges in Fig. 8.

Among the three ICRF schemes we have studied, third harmonic heating of deuterium has the
weakest single pass damping in the absence of an ICRF-driven fast ion tail. For this scenario
our results suggest that parasitic edge damping plays an important role, in line with our earlier
findings [11]. Furthermore, an improved model for the pitch-angle-averaged ICRF diffusion
coefficient has been developed and implemented in the PION code to account for the fall-off
of the fast ion population at the location of suppressed wave particle interaction due to finite
Larmor radius effects. Overall, our results show that the theoretical picture of high-harmonic
heating on which PION is based, is generally correct. This gives confidence in simulations of
other experiments in JET and in modelling ICRF heating schemes for ITER and future reactor
plasmas.
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Appendix
We introduce a simple model for the pitch-angle-dependent ICRF driven distribution function
o (&m)

VT AP(Y) erf( L ) '

Ap(v)

f(v, ) = F(v)

where F(v) is the pitch-angle-averaged distribution function and the pitch-angle-dependence
of the distribution is characterized by an exponential with a width Au(v). We calculate the
width Au(v) from the effective pitch-angle

2
WF s & @)

A
W2 (v) = [, W60y, wyd/ 7, ECv, pydp = 245 )
Ap(v)
using the approximation [14]
v 2
2 1 1+(v_*)
Regr(V) = s — =7
) P13 +()

where v, = 0.5v, and v, is the characteristic velocity associated with pitch angle scattering
[15]. Finally, we use this distribution to calculate the pitch-angle-average of Drg(v, 1) as
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