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Fast wave (FW) heating in the ion cyclotron range of frequency (ICRF) has been successfully

used to sustain and control the fusion plasma performance, and it will likely play an important

role in the ITER experiment. This paper examines the interaction of FW with both the minority

ion population and fast-ion / neutral beam populations by using the recent extension of TORIC

v.5 [1, 2, 3] (code’s version implemented in TRANSP [4]), which includes non thermal distribu-

tion functions for ion species. Similar progress has been done with different RF numerical tools

[[5], [6], [7], [8], [9], [10] and references within].

Minority heating regime

In figure 1 we show the contour plots of the fundamental absorption by minority hydrogen

(H) in an Alcator C-Mod plasma (Te,0 = 2.8 keV , ne,0 = 1.8×1014 m−3, TH,0 = 2.2 keV, and

H concentration = 4%) assuming a bi-Maxwellian distribution for H minority given by

fH(v‖,v⊥) = (2π)−3/2(vth,‖v
2
th,⊥)

−1 exp[−(v‖/vth,‖)
2− (v⊥/vth,⊥)

2] (1)

where vth,‖ =
√

2C‖T (ψ)/mH, vth,⊥ =
√

2C⊥T (ψ)/mH, with constants C‖ and C⊥. In partic-

ular, a parameter scan in C‖ and C⊥ has been performed with the aim of understanding the

impact of the non-Maxwellian effects on the wave electric field and absorbed power density of

the H minority. Figures 1(a-c) are obtained for C⊥ = 1 and C‖ = 0.5,1.0,5.0, respectively. From

these figures one can note that for small C‖ the absorption is localized to the resonant layer

while it is significantly broadened radially with increasing C‖ (note that Fig. 1(b) represents

the Maxwellian case). In addition, for C⊥ = 1 and C‖ = {0.5,1.0,3.0,5.0} the corresponding

total absorbed power by H minority is PH = {61.27%,70.50%,90.46%,94.18%}, namely, the

PH is increasing for large C‖. On the other hand, for C‖ = 1 and C⊥ = {0.5,1.0,3.0,5.0} the

corresponding total absorbed power by H minority differs by less than 2%. In conclusion, for

IC minority heating regime, the total absorbed power at the H fundamental is insensitive to

variations in the perpendicular temperature, but varies with changes in parallel temperature.
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Figure 1: Contour plots of fundamental absorption by minority hydrogen, represented by a bi-

Maxwellian distribution function (see Eq. 1) in an Alcator C-Mod plasma for C⊥ = 1.0 and different

C‖ values (shown in the plots). The white curve represents the last closed flux surface.

HHFW heating regime

In NSTX experiment a strong interaction have been observed between the FW and the beam

ions [11, 12] therefore it is important to include the effects of non-Maxwellian ions in the RF

simulations. A parameter scan in C‖ and C⊥ (similarly to the scan done in the ICRF regime) has

been performed for a NSTX plasma (Te,0 = 1.1 keV , ne,0 = 2.5×1013 m−3, nD−NBI,0 = 2×1012

m−3,) in the high harmonic fast wave heating (HHFW) regime assuming the beam ion species

represented by a bi-Maxwellian distribution function as shown in Eq. 1 (note that the beam

ion species is deuterium (D)). Unlike the results mentioned above for ICRH regime, we found

that the total absorbed power by the beam ions is independent from the variation of the par-

allel temperature. In fact, for C⊥ = 1.0 and C‖ = {0.5,1.0,3.0,5.0}, the corresponding to-

tal absorbed power by beam ion species (PD−NBI) is found to vary by less than 1%. How-

ever, the power density profile of the beam ions species tends to be localized to the reso-

nant layers for small C‖ (see Fig. 2(a)) and broadened for large C‖ (see Fig. 2(b) and (c)), as

found in ICRF regime. Significant variations of the total absorbed power by the beam ions oc-

curred instead varying the perpendicular temperature. More quantitatively, for C‖ = 1.0 and

C⊥ = {0.5,1.0,3.0,5.0}, we have PD−NBI = {70.06%,73.56%,62.84%,48.48%}. Note that

PD−NBI varies not-monotonically with the perpendicular temperature. These simulations indi-

cate that the total absorbed power by the beam ion is very sensitive to variations in the per-

pendicular temperature, which is an opposite behavior with respect to what we found in the

minority heating regime.
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Figure 2: Contour plots of the absorption by beam ions represented by a bi-Maxwellian distribution

function in a NSTX plasma for C⊥ = 1.0 and different C‖ values (shown in the plots). The white curve

represents the last closed flux surface.

Another functional form of the distribution function for the beam ion species implemented in

the recent generalization of TORIC v.5 is a slowing-down distribution

fD−NBI(v‖,v⊥) =


A
v3

c

1
1+(v/vc)3 for v < vm,

0 for v > vm

(2)

where vm ≡
√

2ED−NBI/mD is the maximum velocity corresponding to the injected energy

ED−NBI of the beam ions. Also, A = 3/[4π ln(1+δ−3)] with δ ≡ vc
vm

, and

v3
c = 3

√
π(me/mD)Zeffv3

th where Zeff ≡∑ions
Z2

i ni
ne

. Figure 3 shows the contour plots of the power

density of the beam ion species employing Eq. 2 for the NSTX plasma used above for differ-

ent injected beam ion energy (ED−NBI = 30,60,90, and 120 keV) and Zeff = 2. One can note

that increasing the injected beam ion energy the absorption profile tends to be broaden and

for ED−NBI = 30 keV is still possible to distinguish the resonant layers. In addition, increasing

ED−NBI the total absorbed power of the beam ions varies similarly to the perpendicular temper-

ature scan (i.e., the C⊥ scan) performed for the bi-Maxwellian case. In particular, for ED−NBI =

30,60,90, and 120 keV, the corresponding PD−NBI = {77.84%,75.85%,70.97%,64.71%}

showing a not-monotonic behavior as found in the C⊥ scan performed for the bi-Maxwellian

case. Finally, a comparison of the components of the wave electric field on the mid-plane for

beam ions represented by a slowing-down distribution (solid line - with ED−NBI = 90 keV) and

by an equivalent Maxwellian distribution function (dashed line) is shown in figure 4.
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Figure 3: Contour plots of the absorption by beam ions represented by a slowing down distribution

function (see Eq. 2) in a NSTX plasma for different NBI injected energy ED−NBI (shown in the plots). The

white curve represents the last closed flux surface.
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Figure 4: Real part of the (a) right-handed, (b) left-handed, and (c) parallel wave electric field on the

mid-plane as a function of the major radius (with respect to the magnetic axis) for beam ions repre-

sented by a slowing-down distribution function for ED−NBI = 90 KeV and Zeff = 2 (solid line) and by an

equivalent Maxwellian distribution function (dashed line).
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