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Whereas Electron Cyclotron (EC) radiation losses are weak in present-day magnetically
confined plasmas, these effects tend to become important for reactor-grade tokamaks in
steady-state operation. For a satisfactory modelling of EC wave losses then the non-local
properties of EC wave transport must be taken into account. Therefore the CYTRAN routine
was coupled with the ASTRA transport code. The modelling performed for ITER-like
parameters shows that EC wave emission is an important cooling mechanism for electrons in
the plasma core when the peak temperature exceeds about 30 keV.
Introduction
In order to operate a next-step tokamak and a tokamak reactor in steady-state, using noninductive current drive, and at high fusion gain Q (≳5), both good confinement properties (as
obtained in “advanced” confinement regimes with low or weakly negative magnetic shear in
the plasma interior) and high temperatures (typically above 30 keV) are required. In such
regimes, the relative importance of radiative transport effects, and in particular, of those due
to Electron Cyclotron (EC) waves, increases. Therefore, it is necessary for these regimes to
describe radiative transfer effects of EC waves in sufficient detail to quantify them
satisfactorily. This requires taking the essentially non-local character of EC wave transport,
due to wall reflection and re-absorption and not covered by global models as usually applied,
into account (cf. Ref. [1]).
In the present study, we concentrate on ITER-like steady-state operation conditions (see
Ref. [2,3]). Since it has been shown earlier [4,5] that the CYTRAN routine [6] provides a
reasonable approximation to more exact approaches to describing non-local effects, this
routine was coupled to the ASTRA transport code [7] for analysing the impact of EC wave
radiative transfer in the local power balance and on the plasma electron temperature profile.
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For the electron and ion thermal diffusivities, the phenomenological model of Ref. [8] was
used, which allows to reduce the thermal diffusivities to the neoclassical value of the ions in
the plasma core (where the magnetic shear is small or reversed) and at an H-mode edge.
Importance of EC radiation in an ITER-like steady-state scenario
We consider ITER-like parameters (R = 6.35 m, a = 1.85 m, Bt = 5.18 T, κ = 1.85 and 2.0,
δ = 0.4 in standard notation), an electron density profile ne = ne0(1 − ρ2)γn with
ne0 = 7×1019 m−3 and γn = 0.1, an alpha particle density consistent with an α-particle
confinement 5 times better than energy confinement (τ∗α/τE ≈ 5) and Zeff ≈ 2. The impurity
fractions are supposed to be constant for the two impurity species considered, Beryllium and
Argon, with fBe = 2% and fAr = 0.3%. The reference effective wall reflection coefficient is
taken to be Rw = 0.6, polarization scrambling is disregarded and a fixed external power of
Pext = 68 MW having a Gaussian radial distribution with a characteristic width σ = 1.2 m is,
respectively, fully coupled to the electrons (κ = 1.85) or transferred in the proportion 4:1 to
electrons and ions (κ = 2.0). The current density profile is taken to fit the current distribution
resulting from the current-drive calculations of Ref. [2], corresponding to a total current
Ip = 9 MA. The two slightly different elongations κ and external heating conditions (referred
to as cases I and II) allow to generate somewhat different plasma temperatures for otherwise
identical discharge parameters.
The global characteristics of the two cases are summarised in the following table:

Case

I

II

Te0 (keV)

45

35

<Te> (keV)

18

Ti0 (keV)

I

II

Zeff

2.2

2.2

15

fHe (%)

6.0

6.0

48

37

Pα (MW)

84

80

18

15

Pext (MW)

68

68

7.0

7.0

PEC (MW)

29

17

<ne> (1019 m-3) 6.3

6.3

PB (MW)

15

15

<Ti> (keV)
19

-3

ne0 (10 m )

Case

Wtot (MJ)

390 360 Pcon (MW)

108 116

τE (s)

3.6

6.2

3.1

Q

5.9
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Figure 1: Local power balance of the electrons: cases I (left) and II (right); ρ = r/a is the
normalized plasma radius and dP/dV refers to the respective power densities.

Figure 1 shows that effectively the net EC radiation losses may provide the most
important cooling mechanism for electrons in the plasma core, keeping Te0 < Ti0, if Te0 is
larger than 40 keV. However, the importance of EC wave cooling depends sensitively on the
level of Te0. Anyway, the net power loss due to EC waves dPEC/dV, in a wide parameter
range, is larger than the bremsstrahlung losses dPB/dV.
A study of the impact of the strength of wall reflection shows that for increasing Rw the
effect of increased self-absorption of EC waves (equivalent to reduced cooling of the core
electrons and a tendency towards enhanced heating where the electron temperature gradient is
strong) makes the core electron temperature increase. The effect is sizeable, however, only
for Rw ≳ 0.6.
CYTRAN versus Trubnikov approach
The results obtained using the CYTRAN routine were compared with those following
from locally applying Trubnikov’s global formula [9]. As to be expected, Trubnikov’s global
model underestimates the spatial structure of the net EC radiative power density, yielding too
low a power loss in the plasma core and overestimating it in the outer plasma, the deviation
being the stronger the larger is Rw. For the electron temperature profile the difference between
the two models is weaker because lower central cooling and higher power loss in the
intermediate (high-temperature-gradient) range do counteract each other. For Rw ≈ 0.8, this
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compensation is virtually complete, while for larger (smaller) Rw too high (low) a core
temperature results from the global model.
Conclusions and Discussion
In conclusion, for next-step and reactor-grade tokamaks in steady-state operation the net
EC wave emission tends to provide an effective (and at core temperatures above 40 keV the
most important) cooling mechanism for electrons in the plasma core. Describing the EC wave
power transfer with sufficient accuracy and, in particular, covering properly non-local effects
deriving from wall reflection and re-absorption is therefore essential in modelling the plasma
power balance. While the core electron temperature is quite sensitive to changes in electron
heating and/or cooling in the regime in question, the dependence on the wall reflection
coefficient is sizeable only for Rw ≳ 0.6.
On the other hand, for next-step devices operating at core temperatures in the range of 25
keV or less (ITER in the inductive regime, FIRE, IGNITOR), EC wave losses do not exceed
(or even are much smaller than) bremsstrahlung losses. In fact, as indicated by the quasidimensionless global scaling of the ratio of EC and bremsstrahlung losses,
 n 
PEC / PB ∼ 

 nGw 

−3/ 2

 Rq 
(aBt ) 

 a 

3/ 2

Te2 ,

with nGw the Greenwald density, high electron temperature is most effective in making EC
wave losses important, followed by the “size” (aBt) of the confinement device.
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