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Abstract. Potential importance of electron cyclotron (EC) wave emission in the local electron power balance in
the steady-state regimes of ITER operation with high temperatures and DEMO reactor suggested accurate
calculations of the local net radiated power density, Pgc(p). When central temperature increases to ~30 keV the
local EC power loss becomes a substantial part of heating from fusion alphas and is close to the total auxiliary
heating, Pgc(0) = 0.3-P,(0) = P,,,(0). Here with the help of the modified code CYNEQ we analyze the influence
of the inhomogeneity of the magnetic field, B(p,0) on the profile Pgc(p), intensity of the outgoing radiation and
total power losses. It is demonstrated that for reactor scale parameters B, T, and wall reflection coefficient R,
expected in ITER and DEMO, accurate simulation of non-local transport of EC-waves requires self-consistent
1.5D simulation (1D plasma transport with 2D equilibrium). It is shown that the EC transport with good
accuracy is described by the 1D approximation of the total magnetic field, averaged over the magnetic surface
B(p) = <B(R,Z) >, derived from the self-consistent 1.5D simulation.

1. Introduction

Electron cyclotron radiation (ECR), Pgc can significantly contribute to the local electron
power balance in central part of plasma for high temperatures, T, expected in DEMO and
steady-state regimes of ITER operation (see, e.g., [1]). Therefore, the magnetic surface
averaged power density, Pgc(p) should be determined with a sufficient accuracy self-
consistently with 1.5D time dependent transport simulations. Comparison of accuracy of the
ECR predictions by codes CYTRAN [2], CYNEQ [3] and EXACTEC [4] was carried out for
homogeneous magnetic field in a wide range of temperature and density profiles, Te(p), ne(p),
expected in reactor-grade tokamaks [5]. The results were benchmarked versus predictions of
the most comprehensive, but the slowest code SNECTR [6], based on Monte Carlo simulation
of the ECR emission and absorption processes in axisymmetric toroidal plasmas with mirror
or diffuse reflection of waves from the vacuum vessel. Good agreement between CYNEQ and
SNECTR predictions was demonstrated [5].

The inhomogeneity of magnetic field affects the spatial distribution of the radiation. In section
2 of this paper we consider the new version of the CYNEQ code, extended to full account of
the inhomogeneity of the magnetic field, B in axisymmetric approximation. We analyze the
influence of this inhomogeneity on the profile Pgc(p), spectral intensity of outgoing radiation,
J(®), and total volume-integrated power losses, P. .

However, the detailed multi-dimensional calculations become time consuming. Meanwhile
for self-consistent time dependent transport simulations fast algorithms are preferable. In
section 3 we compare the accuracy of ECR predictions by CYNEQ for the cases of the
homogeneous (0D), 1D and 2D magnetic field approximations and choose approximation
appropriate for the self-consistent time dependent analyses. The results of application of
CYNEQ for self-consistent 1.5D transport simulations in the framework of ASTRA [7] are
discussed.
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2. CYNEQ code modification

The code CYNEQ [3] (Electron CYclotron radiation transport in Non-EQuilibrium hot

plasmas), developed for calculation of EC radiation transport in plasma with arbitrary non-

equilibrium electron distribution function and high enough reflection of EC waves from the

walls , is based on the approach [8], which allowed to semi-analytically solve the transport

problem for the case of large coefficient of EC waves reflection from wall ((1-Rw)< 1), via

extending the escape probability methods developed in the theory of nonlocal transport of

radiation in atomic spectral lines. Method [8] modifies and improves semi-analytic approach

of the code CYTRAN [2], developed for the typical conditions of tokamak-reactor:

e hot maxwellian plasma with the volume-averaged temperature of electrons
<T&v 2> 10keV,

e toroidal plasma with noncircular cross-section and moderate aspect ratio, A~3,

e multiple reflection of radiation from the walls.

The assumption of the angle-isotropy of radiation intensity, suggested from the results of

SNECTR calculations, allows to simplify the problem of ECR transport by making EC power

loss profile one-dimensional, dependent only on the magnetic surfaces in toroidal plasma.

The total magnetic field in the plasma column, derived from plasma equilibrium as a sum of
toroidal magnetic field By, and poloidal field, B, may be considered in the following three
representations:

B(2D) — two-dimensional profile of magnetic field B(p,0), as a function of normalized
toroidal flux through the magnetic surface, p, and poloidal angle, 9,

B(1D) — one-dimensional profile B(p), derived through averaging the field B(p,0) over
magnetic surface,

B(0D) — homogeneous profile, B(p)=const=B,(R¢)=By , where By — vacuum toroidal
magnetic field on the toroidal axis of vacuum vessel.

In the modified code CYNEQ, plasma equilibrium geometry is described in 3-moment approximation
(see FIG. 1):

{R(p, 0) =R, +A(p) +2,,,(p)(cosO—&(p)sin’0), O

Z(p,0) = 2, (P) M(p)sin(B).

where Ry — major radius of torus, amen(p) — transverse radius of magnetic surface in the torus
equatorial plane (conventional minor radius of torus, a=ane(1)), A(p) is Shafranov shift, A(p)
and O(p) are vertical elongation and triangularity of magnetic surface (see FIG. 1). These
momenta and two-dimensional magnetic field are taken from plasma equilibrium calculated
self-consistently in 1.5D transport simulations (FIGS. 2, 3).

In the formalism of EC radiation transport [2-3, 8], we use the following averaging over
magnetic surface:

F(p) =< F(p.0) >ms=[ [ Fp.0)2(p. e)de} - { [EC e)de} , @)

where g(p,0) is plasma volume within the surfaces {p + p +dp , 0 + 6 +d0}, so that the total

plasma volume and the volume-averaging are as follows:
12=n

V. =] [ 2(p,6)dpde, 3)
00
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FIG. 1. Geometrical parameters, magnetic surfaces structure and total magnetic field profile. Ry, a —
major and minor radii of the plasma column, ke.,q — elongation, 0, ¢ — poloidal and azimuthal angles,
A(0) — the shift of magnetic axis with respect to vessel's toroidal axis. Magnetic surfaces are
calculated with Eq. (1) for given moments: magnetic surface radius, ame.(p), Shafranov shift, A(p),
triangularity, o(p), and vertical elongation, A(p), taken from the ASTRA code calculations of ITER
steady-state operation [9].

In the models [2] and [8], the ECR transport depends only on the angle-averaged coefficients
of absorption, k(7,®), and emission, q(f D):

(T, ), q.(t

q(F,®), ©)

- .k . =
where @ =(o, 1, &), ® 1 = frequency and direction of wave, k— wave vector, § labels

the ordinary or extraordinary EC wave mode. In the tokamak reactor geometry (FIG. 1)
absorption and emission coefficients are the following functions of normalized radius p, wave
mode &, dimensionless frequency ®=w/®, (o — local fundamental EC frequency,

dependent on the local magnetic field B(p,0), T — characteristic optical thickness):

o, oB, T 0B,
K. (p, 0, ®) = Xg[B( 0)’ e(p)j—a [B( 6)’ e(p)J (6)
@ oy T(p)

(7)

In the framework [8] for ECR transport in toroidal plasmas the formalism used in code
CYNEQ [3] to describe spectral intensity of the outgoing radiation J(®) and profile Pgc(p) for
B(0D) magnetic field is extended here to the case of B(p,0) magnetic field. The phase space
I'={f,0, &}, with coordinate T and wave (®,&) parts, is still divided into two parts by the

q,(p, 6, ®) =x.(p, 6, ®)
C
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type of ECR transport: (i) optically thin outer plasma layer (where the transport is nonlocal),
which, for a wide range of frequency, may cover the entire plasma column:

1
T = {(p,e,w,a): [[dpax (00T, zl} ®)
P

(i1) residual part of phase space, which is an optically thick inner part of plasma (here the
diffusion transport dominates). Formula (8) defines the border between these parts — the
function p_,(®,6,8) , dependent, unlike [3], from poloidal angle (cf. [10]). Note that the
function o_,(p,0,&) , also defined by Eq. (8), is a two-valued function, that should be taken
into account when integrating by frequency. Intensity of the outgoing EC radiation is
determined by the nonlocal part of the phase space:

<q§ (p.0, (D)>vm

@8 =053
J‘ 4;]‘({1, v w J (I-R, )+ <1<a (p,6, 03)>V

esc

; )

where V. is a projection of phase space of Eq. (8) to its coordinate part, < >y.s 1S an
averaging over volume V. with the formula (4), Sy, is an internal surface of vacuum vessel,
Ry is a coefficient of wave reflection from the vacuum vessel wall, which generally is a
function of frequency ® and wave direction . Profile Pgc(p) is calculated by the ordinary
balance of ECR absorption and emission, averaged over magnetic surface:

Py (p) = <Z [ do[a.(p,6,0)—x,(p,0,0) J(,E,p, e>]> . (10)
g

ms

In the region defined by Eq. (8), intensity is described by Eq. (9), while in the optically thick
region one can neglect the diffusion transport and for the case of maxwellian electron
distribution function take the spectral intensity equal to the local Planckian (black body)
value, Jgg.. Thus, in Eq. (10) the net form of the intensity is as follows:

J(@,5,p,0) =T (@,9M(P ~ Py (@,0,8)) + T (0, T(PIN(P (@, 0,8) —p), (1)

where 1 — Heaviside function. This gives in the optically thick region the equality Prc(p) = 0.
Note that intensity (11) differs from that in CYTRAN because of neglect of the energy
exchange between optically thick internal and optically thin outer regions. This approach
gives an alternative to CYTRAN formalism in the optically thick region, eliminating thus the
shortcomings of CYTRAN (namely, formal divergence in the center, Pgc (0) — oo, and
overestimation of Pgc(p) in the central plasma). Formulas (9)-(10) work good for CYTRAN’s
value of tqi=1.5 and retain CYTRAN’s accuracy of approximating the results of the Monte
Carlo code SNECTR. The accuracy may be improved by a simple interpolation of the
intensity between the above-mentioned expressions in the optically thin and optically thick
regions, within a layer of the unit optical thickness.

CYNEQ calculates the angle-averaged absorption coefficients by the direct numerical
integration of the well-known expressions in the vacuum limit (for arbitrary distribution in
electron energy and isotropic one in pitch angles). The use of absorption coefficients without
refraction and slowing down of the waves is justified [11] because for tokamak-reactor
conditions high harmonics of the fundamental EC frequency, ®p, dominate in the EC
transport.
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3. ECR modeling in self-consistent 1.5D time dependent transport simulations

CYNEQ module was implemented in the 1.5D transport code in the frame of ASTRA and
applied for calculations of ITER steady-state scenario outlined in [9] (see FIGS. 2, 3). The
influence of magnetic field approximation on the profile Pgc(p), intensity, J(w), and total
power losses is illustrated with FIGS. 4, 5. Also, we compare the ECR profiles predicted by
codes CYNEQ-B(2D), CYNEQ-B(1D), CYNEQ-B(0D) and simulator [12], which is a simple
semi-analytical approximation of CYNEQ-B(0D).
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FIG. 2. Electron temperature and density profiles for the steady-state regime of ITER operation [9],
used for comparison of EC power loss profile predictions (see FIG. 4).

6.5
8 2
————— 6 ”’
°r 6 ; e 15
—— N P
—q C
”,
p 33 4 ’f' .ﬁ, m 1
rl
f’, ----- ametr’m
°F 2 10.5
45 1 1 1 1 0 --————i——-r————','----"--I 0
"0 02 04 06 0.8 1 0 02 04 06 038 1
P p
@) (b)

FIG. 3. (a) Comparison of radial distribution of total magnetic fields used in different approximations:
dashed line - 0D (homogeneous) case, solid line — surface averaged 2D field used in 1D
approximation. (b) Profiles of safety factor, q(p), and magnetic flux surface moments: triangularity,

o(p), elongation, A(p), Shafranov shift, A(p), and magnetic surface minor radius, ame,(p). In both
figures, parameters are taken from 1.5D self-consistent calculations for steady-state ITER
operation [9]. Radial variable pis a square root of the normalized toroidal magnetic flux.
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FIG. 4. Profiles of EC power density losses, Pec(p), predicted by CYNEQ, for three different cases of
magnetic field approximation for self-consistent 1.5D transport simulations [9] for temperature and
density profiles displayed in FIG. 2. Volume-integrated total outgoing ECR losses are shown in the
legend. Inset: respective intensities of outgoing radiation as a function of frequency normalized to
fundamental gyrofrequency for vacuum toroidal field on the vessel's axis.

The difference between ECR predictions by CYNEQ-B(1D) and CYNEQ-B(2D) appeared to
be about 5% in the hot central plasma meanwhile 2D calculations are 25 times slower than
1D. Therefore, the 1D approximation of magnetic field looks sufficient and more appropriate
for time dependent analyses giving noticeable advantage in the speed of computations.

The relative role of the ECR in power balance for this scenario is visible from FIG. 5. For the
analyzed case the central value of ECR losses is about 30% of heating from fusion alphas and
almost equal to the central heating from on-axis NBI. Fast increase of the ECR in the center
with temperature has a positive impact on stabilization of fusion burning in the case of non-
stiff transport coefficients near the plasma center. E.g., for T=T.=T the central heating starts
to decrease with increasing central temperature, d(Py-P;oq)/dT < 0, at T(0) ~ 35 keV. Thus, EC
power can slow down the temperature runaway near the center.
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FIG. 5. Comparison of components of the local energy balance for scenario [9] with T, and n, profiles
from FIG. 2. Inset: comparison of total power losses.

4. Conclusions

The numerical code CYNEQ was modified to take into account the inhomogeneity of the
magnetic field in 1D and 2D approximations of magnetic field spatial profile for calculation
of the electron cyclotron radiation transport. The dominant effect appeared to be caused by the
reduction of the local magnetic field in the hot core due to Shafranov shift. Thus, for reactor
scale parameters, accurate simulations of nonlocal heat transport by EC waves requires self-
consistent 1.5D calculations of plasma parameters with 2D equilibrium. For parameters
expected in ITER steady state scenario the difference between ECR predictions in 1D and 2D
approximations of magnetic field appeared to be small. Meanwhile 2D calculations are 25
times slower than 1D. Therefore, the 1D approximation of magnetic field spatial profile looks
sufficient and more appropriate for time dependent analyses giving noticeable advantage in
the speed of computations.

When central temperature increases to T.(0) ~30 keV the local EC power loss becomes a
substantial part of heating from fusion alphas and is close to the total auxiliary heating. For
Ti=T, the fast increase of Pgc(0) with temperature has a positive impact on stabilization of
fusion burning provided the transport coefficients are not stiff in the central region.
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