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Abstract. As it was recognised that local electron cyclotBf) wave power losses can be a
competitive contribution to the 1D electron powalamnce for reactor-grade tokamak plasmas
in regimes as anticipated for steady-state operaticsystematic effort is ongoing to improve
the modelling capability for the radial profile &C wave emission. This effort aims at
generating a hierarchy of codes that cover thelocal behaviour of EC wave transport for
inhomogeneous plasmas and in the presence of tieflewalls with increasingly improved
accuracy and also provide sufficient computati@fatiency for being usable in 1D transport
studies. The recently developed code RAYTEC whigplieitly addresses the geometrical
effects present in toroidal plasmas with arbitrargss-section is described and used to
investigate the impact of elongation of the plastmass section and of toroidicity on the
angular dependence of the EC radiation field, enpifofile of the net EC wave power density
lost from the plasma and on the total EC power lfmssITER-like plasma conditions.
Furthermore, a comparison is made with the resdilmpler models in use to describe both
local and total EC power losses as well as wittsai#tained from analytical formulae that are
introduced on the basis of Trubnikov’s formula E&C power emission.

PACS numbers: 52.40.Db, 52.50.-b, 52.55.Dy

1. Introduction

Electron cyclotron (EC) wave emission has been shtmwbe a significant contribution to the
local electron power balance of high temperatursiofu magnetoplasmas with core electron
temperatures of about 35 keV or higher as antieghdor steady-state operation scenarios of ITER
and DEMO, see, e.g., Ref. [1]. The estimation &f lgvel of EC wave emission in system and 1D
transport studies is usually carried out by usipgraximate models based on expressions for the
global EC emission, see, e.g., Refs. [2,3] or rmgilike CYTRAN [4] and CYNEQ [5] which, to
some extent, incorporate wave transport effectsagsume isotropy of the radiation field.

In order to improve the modelling capability foretiprofile of the net EC wave power density
dP/dV locally emitted (or absorbed), as a first stegently the accuracy of the Trubnikov [6] and
Robinson [7] formulae for the wave absorption cioéghts was analyzed [8] and their practical
suitability for calculatinglP/dV was investigated [9], adopting the code EXACTEGchtis based on
an exact solution of wave transport for straiglysrin a cylindrical plasma with circular cross satt
and specular wall reflection [10]. As a result, Raon’s formula was found to provide, overall, both
good accuracy and numerical efficiency in modellg fusion plasmas.

As a second step, a wave transport model analgsisbeen made for a circularly cylindrical
fusion plasma [11] comparing CYTRAN and CYNEQ wilBXACTEC and former results from
SNECTR [12]. As expected, the assumption of theeaiatensity being isotropic made in the former
models tends to be a good one if wall reflectioatisng and diffuse. Hence, CYTRAN and CYNEQ
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are fast routines well-suited for transport simolat of fusion plasmas. On the other hand,
EXACTEC has confirmed earlier results from SNECTIR $pecular reflection and in situations in
which wall reflection has a diffusive component ahdnce, reduces the anisotropy of the radiation
field, provides a lower bound (not far from theuattvalues) to the net EC power density emitted
from the hot plasma core as well as to re-absarptidhe cool edge plasma.

As a third step, to cover the effects of a nontdac plasma cross-section and of toroidicity, a
new code, RAYTEC, tracing the change of the ragdlatintensity along rays, has been developed. The
motivation for this work was to provide an alteimatto SNECTR which is no longer in active use.
Presently, the code addresses specular reflecfigstraight) rays at an ideally toroidal wall which
allows tracing rays without having to rely on Moi@arlo methods (as does SNECTR). The code,
primarily intended to be applied to plasmas in tiatynamic equilibrium, can readily be extended to
include a fast electron population described by axwellian distribution. The efficiency of the
computations has been enhanced by adopting Robén$ormula for the calculation of the EC
absorption coefficient as well as by an appropriatelelling of the inner hot plasma for the lower
frequencies for which the plasma effectively belsaag a black body and which contributes little to
dP/dv.

In this paper, we describe the approach adopt&®IAMTEC (Sect.2) and report on first results
obtained with this code for reactor-grade plasnsec(.3). Part of the material has been presented to
the Workshop EC-15 as an invited paper [13]. Irtipaliar, here we (i) address the question to which
extent elongation of the plasma cross section anmoidicity affect the angular distribution of the
radiation field (Sect.3.1), (ii) determine, in S8, the radial profile of the net EC wave power
densitydP/dV that is emitted from the plasma for ITER-like presparameters and profiles, study the
impact of elongation and toroidicity a/dV and compare with profiles generated by the freduent
used simpler models faiP/dV, viz., CYTRAN [4] and EXACTEC [10], as well as \itan explicit
analytical formula fordP/dV in terms of local and global plasma parameters daseTrubnikov’'s
expression for the total EC power loss [2,6], neférto as LATF, which is described in detail in the
Appendix, and (iii) consider the total EC powerd@d its dependence on both the plasma geometry
and the shape of the plasma temperature as fopfwim this local analysis and also compare the
results with those obtained from the total powessléormulae given by Fidone et al [1afjd by
Albajar et al. [3] (Sect.3.3).

2. TheRAYTEC approach
For plasmas in thermodynamic equilibrium, the n€t\izave power per unit volume radiated at the
positionr is
dP(r % . .
d\(/ ). > [, dwfd*Qs a”(r,w,s)[lgb(r,w)—lg(r ,a),s)} (1)
o=X,0

min

with w the wave frequencyg = X,0 the extraordinary and ordinary polarizatimodes,d’Q; the
element of solid angle around the ray directi6h a is the absorption coefficient, and

2
15 (r w) E(NF) T (r)/87°c? the black-body intensity for the (local) electrmperatureT(r)

and a (local) ray refractive indeM/ . In Eq.(1), the specific radiation intenslfyis governed by the
(steady-state) radiative transfer equation (RT&g, €.9., [2,10], which in the context of geomelric
optics accounts for the non-local nature of th@atamh process that is due to both re-absorption of
radiation and reflection at the wall surrounding lasma. An analytical solution fttwas obtained
for a system having (circularly) cylindrical symmetind assuming that the reflection at the wall is
specular [10]. In toroidal geometry, the poloidainsnetry of the radiation intensity is lost becaofe

(h the inhomogeneity of the toroidal magnetic digllong the horizontal coordinate which enhances
emission and absorption at the high-field sidehef plasma, (ii) the impact on the ray path length,
which affects the effective optical thickness o€ thlasma, and (iii) the variation of the angle of
propagation relative to the magnetic axis alongrthepath. Elongation of the plasma cross-section
also modifies the ray path lengths and, hencegftieetive optical thickness of the plasma.
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For arbitrary geometry and plasma profile, inteigrabf the RTE from a point,, at the wall to
an arbitrary point within the plasma along a ray yields
I(s(r -
(N(Z )) Iref ( ( W,l))e T(S(r)’S(rwa)) +i (S(r)’s(rw,l)) (2)
r
where

i(s(r).5(rwa))= nsczf D jasT(s)a(s)e 0%, ©)

T is the optical distance along the ray path, and a coordinate along the ray trajectory (the
dependencies og, &, ands have been dropped for convenience). In Eql{2)yefers to the radiation
intensity after reflection. For specular wall retien, the incident and reflected intensities at th

point r,, are related by
Iref (S( )) RWI |nc( ( wl)) (4)

(disregarding polarization scrambling, for simghgi where R, is the (effective) wall reflection
coefficient O< R, <1). The two terms of the right-hand side of Eq.(@}ctibe the re-absorption and
the (effective) emission of radiation over the pagh between,, and the investigated position

By applying Egs.(2) and (4) in a recurrent way leswtwo consecutive reflection poimig and
rwik+1 ON the ray path, taken to be piecewise straigtit specular reflection at an ideally toroidal wall
as illustrated in Fig.1, in backward direction ome(mz 2) reflections, yields

o ()= R () e (ke 9

(5)

k2n1 j=1

with i(k,k+1) given by applying Eq.(3) to,x andr, 1. Note that the ray directiog is changed in
every reflection depending on the geometry of thst fwall (or, more generally, on the local
properties of the wall at the reflecting point).rFo sufficiently high numben of reflections, the

F YR (kk+1)exp[ S ,J+J>J+RNI(13

n-1
optical length of the ray becomes much larger thia, | T(k,k+l) > 1, and the specific intensity
k=1
does no longer depend on its initial value whicantttan be takeh:(n) = 0, for simplicity. The
number of reflections to be considered depends lom plasma dimension and parameters
(temperature, density and magnetic field), but atsp the wave frequency and ray direction.
Specifically in an optically thick situation, a sinaumber of reflections already provide a good

estimate of ().
2
\1

n
Figure 1. Schematic view of a zigzag ray in the equatqulahe of a plasma torus for specular wall
reflection.

The described method to calculate the specificnsitg for an arbitrary plasma and first-wall
geometry has been implemented in the RAYTEC codecdntrast to the approach followed in
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SNECTR [12] in which the net power density radiaitedalculated from the difference between the
radiation intensity emerging from and entering tlgio the surface of a given plasma region when
launching n random rays from the plasma wall toitimer plasma, in RAYTE@P/dV is evaluated at
every plasma positionusing the exact expression (1). For the applioati@ported here, a simplified
plasma structure has been adopted in which the etiaggurfaces are taken to be concentric ellipses.
The efficiency of the computation in the RAYTEC eothas been enhanced by adopting
Robinson’s formula for the calculation of the EGaiption coefficient [7,8,9] and by an appropriate
modelling in the inner hot plasma for the low frequies for which the plasma is a black body. In
fact, the computer time needed to calculate thalloet EC power loss in the low-frequency part of
the wave spectrum, contributing little t#°/dV, is significantly longer than for higher frequessi
This is due to the slow convergence of the intégmain Eq.(1) for low frequencies where emission
exceeds absorption only marginally and, in addjtitve spectrum has a line-like structure. For these
low frequencies, in RAYTEC the diffusion limit oadiative transfer, see, e.g., [10], is used forciwhi

one has
g

An

d2p N A S .
dvdw (r.)= (Nr) 87°c2 (a0 a"(s(r),a),é))'DDT(r)' ©)

This approximation is valid for the frequency range

hiin (8) = w= of, (8) (7)

where «f,, is the lower limit of thew-integration in Eq.(1) and«f;, is the upper bound of the
frequency range for which the plasma effectivelydiates as a black-body determined by

afp (8) = min{a.f(é) ag(é)} with, respectively,«f (8) and & (8) the upper limits of the frequency

ranges for which, at the positionthe optical distance from the wall is Iargé’,(w,é) >1, and that
for which the radiative mean free patho(Lis short compared to the scale-length of the tratpre

variation,| 1 — 1dr <1. Note that the frequency range (7) depends onrthées, the
‘a”(s(r),w,s) T ds
positionr (not explicitly indicated for convenience), and tag directiors. The frequenciesf (3)
and «f (5) limiting the validity of the diffusive approximatn, Eq.(6), from above, quantified,
1dT

T ds
(referred to asf) (é)‘o 3), are shown in Figs.2 for the positipre 0.05 in the plasma core as well as

respectively, by the definitions? (w,5) =3 (referred to asaf (é)L) and =0.307 (s,w9)

for p = 0.5 intermediate between core and edge on th@oard side, as a function of the anfle
between the ray direction and the magnetic fieldofath the extraordinaryo(= X) and the ordinary
(o0 = O) mode. It appears that in the core plasmartbst stringent condition for the application of the

diffusion approximation isr"(a),é) > 1. Towards the edge both conditions become morecege:

already forp = 0.5 the approximation only applies to the lowestmonic frequencies; adjacent to
and in the edge region itself the diffusion modeési not apply to any frequency. In the hot plasma

core where most of the radiation is emitted, tylpiedues of the frequency Iimidug,(s) for the high-

temperature ITER case with an advan@egrofile, as analysed in the following section, 8rg-4.5
times the EC frequencyy for the extraordinary modeo= X) and (2-3) for the ordinary mode
(o= 0); it is seen from the left part of Fig.3a wiaéhe frequency spectrum of the specific intenSity

is shown that in these frequency rangesltipeactically coincide with the local black-body insity.
From the right part of Fig.3a where the frequenepahdence of the net EC radiative power density
d’P/dVdw at p = 0.05 is plotted, it is transparent that the dontion from the frequency range (7),
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that is ofy) (8) < 2.5, and afy, (8) < 4.2, to d°P/dvdwthere is, in fact, negligibly small. This latter

conclusion equally applies to the cooler plasmahtrm outside (see Figs.3b f@r=0.5 on the
outboard side). Figs.3b also show that for raypagating towards the low-field side, that is from
hotter to cooler regions, the specific intensftys larger than the local black-body intensity fbet
lower frequencies where the plasma as a whole tenls effectively optically thick. Hence for such
conditions power reabsorption prevails, implyingi@akened overall power emission at these lower
frequencies. This tendency gradually strengtherth wicreasingp so that, adjacent to the edge,
absorption of the EC wave power can become the raomhiprocess yielding a reversal of the profile
of 2tgpe net EC power densitiP/dV as observed earILer [1,10,12].

0 10 20 30 40 5 60 70 8 90 0 10 20 30 40 50 60 70 80 90
angle 0 (deg) angle 6 (deg)
Figure 2. Typical limiting frequenciesuf (5) and «f () for rays in the equatorial plane pointing
towards the low-field side as a function of the larflybetween the ray direction and the magnetic
field (ITER-like plasma parameters, the referentzsma geometry and the advandegrofile (see
Sect.3)) in the plasma corg £ 0.05), left plot, and gt = 0.5 on the outboard side, right plot.

The low-frequency waves travelling in a toroidaagha towards the high-field side are cut in
RAYTEC when approaching the cut-off frequency. Thisatment has been shown to be robust
compared to other approximations. The contributibthese waves tdP/dV is likewise negligible.

The RAYTEC code has been validated against botheaet code EXACTEC in the limit of
circularly cylindrical plasmas and a preliminarysien of the code (“proto-RAYTEC”), written for
cyl1i2drical geometry and elliptical cross sectipmdyé:ing identical results.
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Figure 3a. Frequency spectrum of the specific intensityleft plot) for rays in the equatorial plane
propagating towards the high-field side at varianglesd (6 = 30°, 50°, 70° and 90°) relative to the
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magnetic field, and of the net EC radiative powengity d2P/dVda)/a)C (right plot) in the plasma
core p =r/a=0.05): X-mode (solid curves), O-mode (dashedesi; in the left plot the black-body
intensity is also shown (dot-dashed curve); ITEBR-lplasma parameters, the reference plasma
geometry, the advancddprofile (see Sect.3) and a wall reflectivRy = 0.8 are taken.
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Figure 3b. Same as Fig.3a, but fpr= 0.5 on the outboard side; the left and the neidubt refer,
respectively, to rays propagating to the low-fiafdl high-field side.

3. RAYTEC studies

RAYTEC has been used to investigate the impachefpglasma geometry (vertical elongation and
toroidicity) on the EC radiation that is emittedrr a reactor-grade plasma. Specific issues addtesse
are to which extent geometry effects by themselyemre able to reduce the anisotropy of the emhitte
radiation, (ii) affect the profile of the net emsitk EC wave power densitP/dV, and (iii) influence

the total EC powePg: lost from the plasma. In the context of the inigegtons on the latter two
questions, also the appropriateness of simpler mpde&., CYTRAN [4], EXACTEC [10] and a
slightly modified Trubnikov formula [2,6] applieddally (to be referred to as LATF; see Appendix
for details), was tested; as for the total EC poRgr also the formula given by Albajar et al [8jd
that proposed by Fidone et al [1Mére considered.

For these studies, ITER-like parameters have beéeptad. In the reference case, the plasma
geometry was given by a plasma minor radigs= 2m, a major radiuB.¢ = 6.2m, that is an aspect
ratio At = R/a = 3.1, and a vertical elongatien; =b,«/a ¢ = 1.7. The toroidal magnetic field on
the magnetic axis was taken to be B = 5.3T. Fopkaity, the magnetic surfaces, characterized by
the normalized radial coordinafe=r/a, were assumed to be concentric ellipses and thadab
magnetic field was disregarded. The profiles of ¢hextron densityn and temperatur@ have been

taken in the form n(p):n(o)(l—pz)y”with a peak densityn(0) = 1.1x16° m™ and y,= 0.1,
corresponding  to a  volume  average density of  aboul0®m=,  and
T(,o):(T(O)—T(l))(l—,oﬁf)yr +T(). Two temperature profiles with a peak and an edge

temperaturd(0) = 45 keV and’(1) = 0.01 keV, respectively, and a volume avettageperature of 18
keV were considered: a profile flat in the corespta with a steep gradient aroupd 0.6 which
simulates steady-state operation conditiogs=(8.0, B+ =5.4; in the following referred to as
‘advanced’ profile) and, for comparison, a ‘parablike’ one (characterized by = 1.5, B+ = 2.0).
Note that increasing the edge temperafi(de to the keV range has little influence on theutts (see
Ref. [11]). For the wall reflection coefficient ntysthe modestly high (though representative, see
Ref. [1]) valueR, = 0.8 was taken, but cases without wall reflec{ig=0) were also considered.

Changes in the plasma geometry as a function afgelionk and aspect ratié®. were done
keeping the plasma cross section

2 _ 2
TKa" = TK et Syef (82)
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or, equivalently, the plasma volumeé divided by R, constant. This ensures that effects due to a
changing plasma volume in the net wave power dedfitdV and in the total EC power emitted per
toroidal lengthPc/R are avoided. As a consequence, the major r&ihess to be scaled like

R= Aa= Al Kot | K (8b)

whenk or A is varied.

3.1. Angular dependence of EC radiation within the plasma

Recently, it has been shown that for specular wedlection in circularly cylindrical geometry the
anisotropy of the EC radiation field is consideeabdr all wall reflection coefficients of practical
significance [11] (see also Figs.3, left and midpllets). Therefore it is of interest to investigate
which extent plasma elongation and toroidicity, ethboth break the symmetry in the poloidal angle
¢, by itself cause an isotropisation of the radiatio

Using RAYTEC, for the ITER-like plasma with an adead profile as defined above and a wall
reflection coefficientR, = 0.8, the angular dependence of the EC radidi@d was investigated at
the magnetic axisp(= 0) and aip = 0.5 on the outboard side, for elongations inrdmegek = 1 to
2.05, the reference value of the aspect raétip= 3.1 as well as a large aspect ra#o=(1000)
corresponding effectively to the cylindrical caaed two relevant frequenciea/¢x = 5 and 10). As
the plasma emissivity is dependent on the afdbetween the ray direction and the magnetic field,
particular attention was given to tlfedependence of the specific intenslfy Both rays in the
equatorial plane and ones forming an angle of 43 that plane were considered. In addition, the
dependence df on the poloidal angle at fixe@lwas looked at.

Overall, the conclusion is that elongation and iioity by themselves do not lead to a sizeable
isotropisation of the radiation intensity. For thassignificant diffusive component in the reflectiat
the wall is necessary. For specular wall reflectioa effects of elongation generally are found éo b
weak: there is a slight tendency for the specifitensity to decrease with increasing elongation,
corresponding to a decrease of the effective dpindekness of the system when the horizontal minor
radiusa decreases according to the scaling of Eq.(8a)idlimity, due to the variation of the angle
between the ray direction and the magnetic fietthds to mitigate thé®-dependence of’, in
particular for smalB (if 1”7is close to the black-body value for m@stl’ is even raised strongly to
approach that value), but introduces abrupt chaofEswith 6 when the path length towards the last
wall reflection point (and possibly previous ondgcontinuously changes and the optical distance to
that reflection point is not large compared to dorf Figs.3, the considerable anisotropyloin the
core plasma for propagation in the equatorial ptamerds the high-field side is transparent. Furthe
typical examples are shown in Figs.4a and 4b whdcifically refer to rays in the equatorial plane
propagating towards the low-field side. From Figatee also can notice again that in the cooler
outside plasma (see the cgse 0.5 outboard) the specific intensity of the edidin does exceed the
local black-body value for frequencies for whicle flasma as a whole is effectively optically thick
while this is not the case for higher frequenciee(Fig.4b). The general tendency’ab increase in
toroidal geometry with respect to the cylindricalep observed in the plasma core for propagation
towards the low-field side, has to do with the imtogeneity of the magnetic field which enhances
emission along the ray path. Moreover, one seds filméher outboard, toroidicity via a reduction of
the effective optical thickness by the inhomogagneftthe magnetic field, can lead to a decreadé of
compared to cylindrical geometry, this inverse effbeing particularly strong for small anglés
Finally, the appearance of abrupt changeE ek caused by path lengths changes between refiecti
points in toroidal geometry wheffl,, is smaller than 1, is evidenced.
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Figure 4a. Specific intensityl” normalized to the black-body valug,, for the X- and O-mode,
w/w, =5 and rays in the equatorial plane propagatimgatds the low-field side, for radial positions
p = 0 (left plot) andb = 0.5 on the outboard side (right plot), as a fiomcof the anglé® between the
ray direction and the magnetic field; ITER-like gareters, the advanced plasma profile, elongations
betweerk = 1 and 2.05 (the sequence indicated in the piittfor the O-mode applies to all cases),
the reference aspect ratlgs = 3.1 (solid curves) as well as the cylindricaiti (A = 1000; dashed

curves), and a reflection coefficieR), = 0.8 are considered.
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3.2. Radial profile of net EC power emission

The radial profiles of the net EC power dengd/dV emitted, see Eq.(1), as obtained from the
RAYTEC code are shown in Fig.5 for the referencengetry, the ‘advanced’-profile, and positions
at different poloidal angleg on the magnetic surface defined by the radialtipmsp. The angle is
counted counterclockwise from the horizontal peigttowards the low-field side. As expected, at a
givenp, in the inner plasmdP/dV increases fronp = 0 to¢ =11, that is towards higher fields the EC
emission is enhanced, the enhancement being maxiowimtermediate plasma radi).3< p< 0.4:
dP/dV for ¢ =Tt here is about twice the one for=0. From Fig.5 it is also seen that the profile
reversal occurring in the edge plasma due to tbaraalation of radiation caused by wall reflection,
is significantly enhanced on the high-field sidbeTdegree of increase dP/dV with poloidal angle

is slightly reduced around the vertical directigrns 172, due to an increase of the effective plasma
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dimension connected with elongation. Fig.5 showat the dP/dV profile averaged over poloidal
angles, closely follows the one fdr=172, the extrema of the former being somewhat more
pronounced. Similar results have been obtainedtfuer plasma parameters and temperature profiles.
Note that there is a sizeable contribution of then@le to the EC radiation radiation field and to
dP{)dS\g (see Figs.3 and 4).

0.30
P p=0.35
0.25+ 7 0.25+ b
averaged
0.204 __ over @ 1 0.20 7
—_ - —~ p= 0
M'\E 0.15 16 0.15
; N ; . — B
3 3
5 0.10+ ] 50-10* ]
o o
© ©
0.05 1 0.05- i
0.00 0.00
p=0.7
-0.05 ; ; ; ; ; ; : | ; -0.05 ‘ ‘ ‘
0.0 0.2 0.4 0.6 0.8 1.0 0 /4 /2 3n/4 T
Normalized radius p Poloidal angle ¢

Figure 5. Left plot: radial profile of the net EC wave pawaensitydP/dV from RAYTEC for the
reference toroidal geometrAf; = 3.1,K.; = 1.7),R, = 0.8, and the advanced T profile, for various
poloidal angleg, as well as the poloidal averagedsf/dV (dashed curve); right plot: the dependence
of dP/dV on the poloidal angle for three radial positicinsthe plasma corep(= 0), at an intermediate
radius p = 0.35), and in the range of profile revergat(0.7).

In the following, only the poloidally average/dV profiles which are the ones of relevance for
1D transport studies, will be further discussedsF6(a) and 6(b) illustrate the results o= 3.1
and different values of elongatior £ 1, 1.35, 2.05 as well as,= 1.7) for the advanced and the
parabola-like temperature profiles. In Figs. 6utessfrom proto-RAYTEC, the preliminary version of
the code written for cylindrical geometry and dilipl plasma cross-section, are also shown. For the
limiting case of circular cross-sectior £ 1) the exact result as obtained from EXACTEGIso
plotted, showing a perfect agreement with the comfRAYTEC.
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Figure 6. Net EC wave power densigP/dV from RAYTEC for At = 3.1, reflection coefficient
Ry =0.8, and *“advanced” (left plot (a)) and parablite (right plot (b)) temperature profiles, for
various values of plasma elongation; for comparigbe results for cylindrical geometry obtained
using proto-RAYTEC (dashed), are also shown.

From Figs.6 it is seen that in the core plagsiRalV increases with elongation by about 25%
when going from the circular plasma to the highgngated case = 2.05. In the cooler outer layers
elongation tends to enhance the profile reversdlis Ttrend is mainly due to a growing
homogeneisation of the specific intensity for iragieg elongation of the plasma cross-section:
whereas for a circular plasma, the EC wave powetteaiby the hot inner plasma, upon reflection, is
strongly concentrated onto the hot core and rerblesothere, this symmetry effect weakens for
increasing elongation and a larger part of theeotéld wave power is absorbed in the intermediade an
edge plasma. It is the assumption of specularatédie in RAYTEC that makes this effect particularly
strong and also implies that RAYTEC generally ysela lower bound fodP/dV with respect to
realistic cases where wall reflection has a diffasmponent (that also leads to a homogeneisation of
the radiation); in fact, the assumption of specuddlection maximizes the effective optical thickse
of the plasma for given geometry and plasma parsi¢ll]. This tendency, and hence the increase
of dP/dV with Kk, gradually reduces also for decreasing speculdlr re@iection. However, a slight
increase ofdP/dV related to the decrease of the effective optibatkhess of the plasma with
increasing elongation (see also Sect.3.1) is ptéseal cases.

A similar effect is observed when going from a wglical plasma to toroidal geometry. As seen
in Fig.6, whereas the values dP/dV at the plasma centre are almost unchanged, toityidand in
particular the inhomogeneity of the magnetic fieddhanceslP/dV for intermediate radii as expected
from the results of Sect.3.1.

The detailed dependence d?/dV on aspect ratié\ for a central @ = 0.05) and an intermediate
(p = 0.4) plasma position is shown in Fig.7 for th T-profiles and two plasma elongatiomss 1
andk.s= 1.7. From this figure it is seen thatdi/dV increases with the elongation for a given value
of A, as already observed in Figs.6, and (ii) theittaoeffects, mainly the correction to the ray path
length, effectively decrease the optical distanicthe inner plasma from the edge with decreaging
so thatdP/dV slightly increases. The inhomogeneity of the tdabimagnetic field enhances the
geometrical effect for intermediatp £ 0.4) plasma radii, increasirdi?/dV, while it tends to reduce
dP/dV for plasma positions close to the magnetic axis ©ua slightly higher overall re-absorption.
As a general result, the variation of the net E@avaower loss with aspect ratio is small (less than
15% when comparing the results for large aspeid, ria¢. the cylindrical limit, with those for o).
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Figure 7. Net EC wave power densigP/dV versus aspect ratid at p = 0.05 andp = 0.40, from
RAYTEC for advanced (left plot) and parabola-likglt plot) temperature profiles: circular plasma
cross-sectionk(= 1) and reference elongatien:= 1.7; the wall reflection coefficient iR, = 0.8.
The asymptotic values reached in the cylindricaltlare indicated by dashed lines.

In Figs.8a and 8b, a direct comparison of the tguiafiles ofdP/dV as obtained using RAYTEC
with those calculated with CYTRAN, EXACTEC and tlogally applied Trubnikov formula (LATF)
as given in the Appendix, is presented for theresfee aspect ratif.s = 3.1 and for a comparatively
large value A = 4.5, of the aspect ratio, both associated withreference elongatiafes = 1.7 and
with a circular cross sectiol € 1); results for both the advanced and the paadil® temperature
profile with a wall reflection coefficienR, = 0.8 are shown. From these one can infer thatyably
the simpler models produce quite good approximattordP/dV for toroidal geometries of practical
interest. In the hot plasma core, with respect ®®YREC, the analytical LATF (i) tends to
underestimatedP/dV for the parabola-type-profile, this effect becoming somewhat larger for
increasing elongation of the cross-section andelaggpect ratio, (ii) for the advanc&eprofile, on
the other hand, approximates quite closely theesahfdP/dV for a circular cross-section while for
elongated cross-sections and in particular fordagthe results are again somewhat smaller than
those of RAYTEC. Of course, the LATF profiles ateadughout monotonic and LATF does not
describe the power absorption present at the gdgeerally, in the outer part of the plasma LATF
yields the largest values falP/dvV. EXACTEC, in all cases deviating from circularlyliodrical
geometry, yields an underestimatedbi/dV in the plasma core which is the larger the strorige
deviation is (see also Figs.6), due to the fact ithaverestimates the overall optical thicknessheaf
system (as EXACTEC does also with respect to madtielsrely on isotropisation of the radiation and
hence rather are appropriate in the presencetobiagsdiffuse component in wall reflection (cf. [1;1
for the reference case this underestimate, compgarBAYTEC, approaches 20%. On the other hand,
CYTRAN, assuming the radiation field to be isotmpin fact, generally yields higher values of
dP/dV than RAYTEC, in the core plasma by typically 20%gdagenerates a somewhat too peaked
power density profile.
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Figure 8a. Comparison of CYTRAN, EXACTEC and LATF resulty fdP/dV with those obtained
from RAYTEC for ITER-like parameters and the refere aspect ratioA.=3.1: advanced
temperature profile (solid curves) and parabola-ti&kmperature profile (dashed curves); the left plo
shows the results for the reference plasma elomyddi; = 1.7 while the right plot refers to a circular
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Figure 8b. Same as figure 8a, but for a large aspect rato 4.5)

3.3. Total EC power losses

IntegratingdP/dV as calculated employing RAYTEC over the plasma m&uone readily obtains the
total EC power los$ec from the plasma which can also be used to bendhsiempler models, in
particular in view of the dependenceRa: /R on plasma aspect ratio and elongation. In theiéiig,
we compare the RAYTEC results willzc as resulting upon numerical volume integratiordefdv

calculated with CYTRAN [4], EXACTEC [10] and LATFsée Appendix) as well as with the results
obtained from the global expression given by Albajaal [3]and that suggested by Fidone et al [14]
specifically for generalized parabola-like profiladopting magnetic surfaces with elliptical cross
sections and a model Shafranov shift; in additPy,as given by the analytical expression (A.4) of
the Appendix, obtained by an approximate integratibthe LATF formula fodP/dV, is considered.
The results are summarized in Figs.9a and 9b wdtichv, respectively, the dependencdaiR
on aspect ratio for both the advanced and the padifie profile and two values of the elongation
(circular cross sectiorg = 1, andk.=1,7), and that on elongation for the referenspeat ratio
At = 3.1. As compared to the RAYTEC valuesPgg /R which represent a lower bound to situations
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in which wall reflection is (partially) diffusivethe deviations of the results generated by therothe
models do not exceed about 25%. Also most of tmarpaeter dependences are qualitatively similar.
There are, however, striking differences betweesdmodels:

i) From Figs.9, it is transparent that the volumegnaéed analytical LATF yields quite accurate
results for the total EC power loss with a tendetacipe on the high side for sma] that is
strong toroidicity, then exceeding, for the parablike profile, even slightly the values given
by CYTRAN (which relying on isotropisation of thadiation is expected to yield rather an
upper bound foPgc). Furthermore, LATF generates a slightly steeparelase oPgc/R with
increasingA than most other models. While the values generaedhe LATF based
analytical expression (A.4), foke = 3.1, are generally just by about 2% higher ttwose
obtained by numerical integration, this deviatinareases somewhat with aspect ratio.

i) CYTRAN results depend only very weakly on aspetibrand moderately on elongation, the
trend being right. One can conjecture that for $mahnd/or largek it does actually not
provide an absolute upper bound Rat.

iiiy The EXACTEC model which is exact for circularly imdrical geometry and specular wall
reflection and does not include any geometry depeoel, generally yields the lowest values
of Pec and can be taken as providing an absolute lowendbdor Pec. Since the reduction of
the effective optical thickness of the plasma fwréasing toroidicity and elongation is not
covered by EXACTEC, it increasingly underestimakgs in this case. For the reference
geometry this underestimate may amount to about 20%

iv) The global formula due to Albajar et al, as a gahemdency, produces somewhat low results
for Pgc, in particular for the advanced profile in theiagglrical limit where the value given is
even lower than the one produced by EXACTEC. Tharpater dependence on aspect ratio
and elongation show the right trend.

v) The results from the formula suggested by Fidonaleapplicable only to the case of the
parabola-like plasma profile, show a considerabiyrger dependence on aspect ratio than all
other models, and for the dependence on elongatidacrease dPgc with increasing is
found which is inconsistent with the actual impaicelongation.

vi) For RAYTEC results one observes the strongest asar®fP:c on elongation, especially for
values ofk just above 1, which again can be traced back eofdlt that for specular wall
reflection there is a sizeable homogeneisationhef radiation when circular symmetry is
disturbed.
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Figure 9a. Comparison of the total EC wave power emittedtpesidal lengthPec/R versus aspect

ratio A as obtained by integratingP/dV calculated using CYTRAN, EXACTEC and LATF

numerically over the plasma volume, as well as thetived from the global formulae given by

Albajar et al and by Fidone et al and from the agpnate analytical expression (A.4) based on
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LATF, with the volume-integrated RAYTEC results foFER-like parameters and circular cross

section (solid curves) as well as the referencenpdaelongatio,.; = 1.7 (dashed curves); left plot:
advanced profile, right plot: parabola-like profithe reflection coefficient iR, = 0.8.
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Figure9b. Same as figure 9a, but for the dependence ogaliomk at fixedArs = 3.1

4. Conclusions

Electron cyclotron (EC) wave losses have been m&zed to be important in the local electron power
balance of reactor-grade tokamak plasmas with mamperatures of 35 keV or higher as anticipated
for steady-state operation in ITER and DEMO andréfore, can influence the temperature profile of
these plasmas. This has motivated an effort toargthe modelling capability of the radial profile
of EC power losses. As part of this effort, recgrtie code RAYTEC has been set up for general
toroidal geometry assuming wall reflection to beapgar. Systematic studies of the impact of plasma
geometry on the angular dependence of the EC radifield, on the profile of the net EC wave
power density lost from the plasma and on the t&@l power loss were performed for toroidal
plasmas in ITER-like steady-state operation coondi It was found that toroidicity and plasma
elongation by themselves do not lead to an apdskciaotropisation of the radiation field. In theth
core, they enhance the net losses due to EC wgpasalty by 25% with respect to the equivalent
circularly cylindrical plasma. This is not far frowhat is found to occur just through isotropisatadn
the wave field, e.g., by a diffuse component inlwailection [11]. It is concluded that RAYTEC can
be used with good accuracy (certainly consideralelyer than 25% locally) in 1D plasma transport
calculations for ITER and DEMO. A comparison withetmore simplified models underlying the
computationally faster codes CYTRAN and EXACTEGnea| as with an analytic formula (“LATF”)
constructed on the basis of Trubnikov's express$mnthe global EC power emission [6] has been
made and has shown that the latter models do midteeby more than about 20% and, hence, are still
quite adequate for this aim although they do nstdbe geometry and profile effects as accurately.
The analysis of the total EC power loss obtaineddlyme integration of the net local losses shows
similar enhancements with increasing toroidicityd gslasma elongation for RAYTEC,; the results
found using CYTRAN, EXACTEC and LATF as well agpégit expressions due to Albajar et al [3]
and Fidone et al [14], and one proposed on thesldgihe LATF approach (which separates profile
effects from those of geometry and the global plg@arameters) are within 25% of the RAYTEC
values, but again do reflect the actual impactemfrgetry only in part.

Appendix: The Locally Applied Trubnikov Formula (LATF)

For a simplified evaluation of the total EC radiatioss from fusion plasmas, global models pertinen
to homogeneous slabs and/or cylinders and possitdpunting for corrections to also cover wall
reflection, a finite aspect ratio and elongationttod plasma cross section can be used in an ad hoc
way. Tentatively, even profile effects of the rdiia loss can be addressed by locally applying a
global model, that is, by calculating the radiatloss per unit volume as following from the global
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model pointwise in the plasma using the local vala€both density and temperature [14,15]. The
advantage of this obviously heuristic approacth& bne obtains an explicit analytical formula for
the net EC wave power densitl/dV in terms of local and global plasma parameters.

Here we consider specifically Trubnikov’'s well-knewglobal formula for the EC radiation loss
from a homogeneous plasma in circularly cylindrigabmetry, adjusted to include an estimate of
toroidal effects, [2,6],

M(T)G(AT) (A.la)

where

c(™D =8 2x 10°( - R, )"/ (A.1b)

with again R, (<1) the wall reflection coefficient and=R/a the plasma aspect ratio; furthermore,
the multiplicator

2
M (T)= Ko(p) _1+193030k iy MC® (A.1c)
Ky(4) 1-0.58167 T

(K, (¢) denoting the Macdonald functiom the electron mass ardhe velocity of light accounts for
relativistic effects, and the heuristic correctfantor

1/2
18 j (A.1d)

AT

approximately quantifies the enhancement of théatad EC power due to the reduction of the
effective size of the plasma caused by the topolgdroperties of and the inhomogeneity of the
magnetic field in toroidal geometry. The units fre tdimensional formula (A.1a) are MW, m,?10
m~, keV, and Tesla.

On dividing Pec™ by the plasma volum¥ = 277Ra* and taking both density and temperature as
functions of the radial coordinate one can transform Eq.(A.1) into an explicit exgsien for the
locally radiated EC power per unit volurmaR/dV, for a toroidal plasma with circular cross section
viz.,

G(A,T):[1+

Trub
9P O a2 (nfe)2( (1) B) M (T)(AT) Wi (A.22)
To construct a model that covers approximately élsotically) elongated cross sections, one
can use the fact that for a plasma slab, formul2gAis likewise valid ifa is replaced by the
thickness of the slab [2,6]. Since for large eldiggak twice the minor plasma radiwstends to
correspond to the thickness of a slab, a somewbhétay but reasonable way to achieve this is to
make in Eq.(A.2a) the replacement

a - akt’® (A.2b)
In fact, the substitution (A.2b) implies thais replaced by &for k = 8. With the scaling of Eq.(8a),
one then hasiP/dV ~ k"2 As far as the dependence on the aspect ratie concerned, it is
reasonable to identif in Eq.(A.1d) with the aspect ratio of the hot cpfasma from which most of
the radiation is emitted, that is to make the reghaent

A 2A (A.2c)

to maintain the meaning &f as the aspecttio of the plasma as a whole. This effectivelplies to
replace in Eq.(A.1d) the factor 18 byRormula (A.2a) modified according to the relatigAs2b)
and (A.2.c) is referred to as the locally appliedibnikov formula (LATF). It provides an explicit
expression fodP/dV and is in accordance with the fact that the rapliafile of the EC wave power
density radiated is most strongly affected by theial profile of the electron temperature, the effe
of the density profile being comparatively weak.

However, the LATF approach, for monotonic plasnefifgs, necessarily generates a monotonic
profile also fordP/dV; this is actually not always appropriate as exdipgl by the advanced plasma
profile considered in Sect.3. Since the prodd¢T)G(A,T) in Eqg.(A.2a) describing relativistic and
aspect ratio effects is only weakly dependent omptrature and, hence, the temperature profile, the
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profile of dP/dV is close to invariant with respect to changeshefdlobal temperature and density at
fixed profile parameters. Note furthermore thaR/dvV when taken according to EQs.(A.2) is

unconditionally positive and consequently the EGrev@ower absorption occurring at the plasma
edge for sufficiently high wall reflectivity (seeg., [12]) is not accounted for.

Integrating Eq.(A.2) over the plasma volume aga@idg an evaluation of the total EC radiated
power with the profile effects of both density aethperature accounted for according to the LATF
approximation. If one approximates the cross saatiothe magnetic surfaces by concentric ellipses
(as also done in the RAYTEC applications preseiridtiis paper) and disregards the comparatively
weak spatial dependence of the product of theividtit multiplicator M and the toroidal correction
factor G, this integration can also be carried out anadtiycfor a quite general class of radial plasma
profiles (although more limited than that origiyationsidered in Sect.3), that is for

n(,o):n(O)(l—,o'B)yn and T(p)=T( ()( 1_,0,,3)% (A.3a)

wheren(0) andT(0) are the peak density and temperature, resgdgtiandp, y, andyr are positive
indices that allow to cover a wide range of proBleapes. For the volume averages of the profiles
n(p) andT(p) one readily obtains

()= r(1+2/8)1 (1+y,) n(0) and (T)= r(1+2/8)r (1+ yT)T( 9 (A3b)
r(1+2/B+y,) r(1+2i8+ )
where I'(x) is the I'-function. If the volume integration of Eq.(A.2& performed disregarding the
spatial dependence of the prodM{T) G(A,T) , one obtains for the total EC radiated power
FA+2/8)T(1+ 94 12+, 12 (1w

Pec (Bupnr) =120 (r(1+ 2/),6'£ By T i /n3 Z)Péc /(nT-n(0)T(0) (A%
upon taking account of the replacement (A.2b). Uike of T = T(0) in M(T) andG(A,T), in Eq.(A.4),
is an approximation convenient in this context.é\ibtat the additional factarappearing in Eq.(A.4)
is exact for the geometry of the magnetic surfageder consideration sinoceherejust enters as a
constant scaling factor in the vertical direction.

As an alternative to Eq.(A.4), using Eqs.(A3b), @mam also expresB:c in terms of v> and
<T>, if one rather useg = <T> in M(T) andG(A,T). In this form profile effects are quantifiablean
way that is separated from variations of the ovgralsma density and temperature as well as from
those of aspect ratih and elongatior, that is, of the plasma geometry.

ChoosingB = 2, Eq.(A.4) yield$:c for generalized parabola-like profiles,

K>’ (Trub)

o e 50 ,T - n(0),T(0
Pec (Vo) = 1+(ya+51) /2 £C (n n(0).T( )) (A.5a)

A.5b
K5’6f(yn,yT)Pég”b)(n,T ~ <n>'<_|_>) ( )

with
(14 ) (145"
1+(yn +5yT)/2

where, to obtain Eq.(A.5¢), Egs.(A.3b) have alserbesed.
For flat density profilesy, = 0), Eq.(A.4) reduces to

5/6 T (1+2/8)T (1+ 54 12 _(mrun)
“ F(1+2/8+54 12 Fec™ (nT ~ n(0).7(0)) (A.6a)

f(Voobr)= (A.5¢)

Pec (Voo 11 ) =
(A.6b)
k1% (B,y )PE™) (nT ~ (n) (T))
with
_ F(1+5) /2 {F(1+ 2/,8+VT)T/2. (A.6¢)
a(B.yr) [F(1+2/,8)]3/2r(1+ 21+ 5 19 M(1+4)
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Let us, for example, compare the total EC wave pdass Pec as resulting for the parabola-like
profile considered in Sect.3 (i.63,= 2; .= 0.1 andyt = 1.5) with the value obtained for the case of
homogeneous electron temperatung,= 0: Eq.(A.5c) readily yields for this case a ieof
enhancement factor of the power 105$(y,=0.1; =15 /f(y,= 0.4 = P|= 2.1. This value is,

respectively, 11% and 17% lower than the actuabheobments as resulting from [10], Tables 1 and
2, for <T>=9 keV and ¥> =18 keV, obtained for circularly cylindrical geetry applying the
EXACTEC code, showing a reasonable accuracy of approach for this case. Starting from
Eq.(A.6c) one can evaluate approximate profile anbment factors both for the parabola-like and
the advanced profile (characterised By 5.4 and )+ = 8) of Sect.3. For the enhancements factors
with respect to a homogeneous plasma one has, cteghe g(f=2 )=15)=2.08 and
0(8=5.4,4 = 8) = 2.86. Neglecting the weak density inhomaimn hence, lowers the enhancement
factor for the parabola-like profile just by 4%.eélanhancement &fzc for the advanced profile is by
a factor 1.38 larger than that for the parabole-ldne (which is close to the value apparent from
Figs.9 of Sect.3.c). The enhancement factor obdaimethe advanced profile is, respectively, by 18%
and 25% lower than the actual values reported@f [Lables 1 and 2, fork = 9 keV and ¥> =18
keV; the relative enhancement with respect to tlpola-like profile results to be, respectively, b
4% and 6% too low.

References

[1] Albajar Fet al 2005 Importance of Electron Energy Transport iBRINucl. Fusion 45 642

[2] Bornatici M, Cano R, De Barbieri O and Engelmann9B3LElectron Cyclotron Emission and
Absorption in Fusion Plasma&icl. Fusion 23 1153

[3] Albajar F, Johner J and Granata G 2001 Improvedulation of Synchrotron Radiation Losses
in Realistic Tokamak Plasméaicl. Fusion 41 665

[4] Tamor S 1981 A Simple Fast Routine for ComputatbrEnergy Transport by Synchrotron
Radiation in Tokamaks and Similar Geometieport SAI-023-81-189-LJ/LAPS-72 (La Jolla,
CA: Science Applications) pp 1-26

[5] Kukushkin A B 1992 Heat Transport by Cyclotron Wawe Plasmas with Strong Magnetic
Field and Highly Reflecting Walls in Plasma Physind &ontrolled Nuclear Fusion Research
1992 Proc. 14th Int. Conf. Wuerzburg, 1992), Vol 2, p. 35, IAEA, Vienna (1993)

[6] Trubnikov B A 1979 Universal Coefficients for Synotron Emission from Plasma
ConfigurationsRev. Plasma Phys. vol 7 ed M A Leontovich (New York: Consultants Bau)
pp 345

[7] Robinson P A 1985 Synchrotron Emission and Absorplly Relativistic Loss Cone and Anti-
Loss Cone DistributionBlasma Phys. Control. Fusion 27 1037

[8] Albajar F, Bertelli N, Bornatici M and Engelmann2B07 Electron Cyclotron Absorption in
High-Temperature Plasmas: Quasi-Exact Analyticahliation and Comparative Numerical
AnalysisPlasma Phys. Control. Fusion 49 15.

[9] Albajar F, Bornatici M and Engelmann F 2007 Electé&ytlotron Wave Power Loss in Fusion
Plasmas: a Model Comparisblocl. Fusion 47 1101

[10] Albajar F, Bornatici M and Engelmann F 2002 Elect@yclotron Radiative Transfer in Fusion
PlasmadNucl. Fusion 42 670

[11] Albajar F, Bornatici M, Engelmann F and KukushkinBA2009 Benchmarking of Codes for
Calculating Local Net EC Power Losses in Fusion Plastusion Science and Techn. 55 76

[12] Tamor S 1983 Calculation of Energy Transport bylGyon Radiation in Fusion Plasmbiscl.
Technol. Fusion 3 293

[13] Albajar F, Bornatici M and Engelmann F 2008 ReceongRass in Electron Cyclotron Radiative
Transport Modelling of Fusion Plasmas in View of REnd DEMO Application®roc. 15"
Joint Workshop on ECE and ECRH (Yosemite National Park, CA) World Scientific
Publishing, Singapore (2009)

[14] Fidone |, Meyer R L, Giruzzi F and Granata G 19@Piperature Dependence of Synchrotron
Radiation Loss in Inhomogeneous Tokamak Pladthgs Fluids B 4 4051



RAYTEC: a new code for EC radiative transport mougbf fusion plasmas

[15] Tamor S 1988 Synchrotron Radiation Loss from HosikNucl. Instr. Methods Phys. Res.
A271 37

18



