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Abstract/Overview

GENRAY (A.P.Smirnov and R.W.Harvey, 1995) [1] is a general ray tracing code for
the calculation of electromagnetic wave propagation and absorption in the geometrical
optics approximation.

Physical model:

1) A solution of the ray tracing equations (I.B.Bernstein and L.Friedland, 1983) [2]
in general non-axisymmetric geometry is obtained for an arbitrary form of the mag-
netic surfaces in toroidal geometry. The magnetic field is input with a numerical eqdsk
file giving the axisymmetric flux surfaces. Additional perturbations of the toroidal and
poloidal magnetic field may be specified in order to study the influence of the magnetic
ripple.

2) The code provides several alternative dispersion functions D: (1) cold plasma
dispersion with different numbers of species, (2) full (T.H.Stix, 1992)[3] hot non-
relativistic plasma dispersion with shifted two-temperature (T, T,) Maxwellian dis-
tributions and multiple plasma species coded by Forest, and (3) the relativistic electron
plasma using the (E.Mazzucato et al., 1987) [5] or I.P.Shkarofsky dispersion functions.
Using these dispersion functions, ray tracing is performed for several types of radio
waves: ECR, LH, FW, EBW, IBW....

3) The radial profiles of density, temperature and effective charge Ze¢¢ can be input
in pseudo-parabolic form or in tables for spline fits. In order to interface flexibly with
related codes, a choice of variables for the minor radius is provided: the square root of
toroidal volume, toroidal or poloidal flux, and poloidal cross-sectional area.

4) The code can recalculate the plasma density or Zes¢ using the given temperature
and plasma pressure specified in the eqdsk file. Plasma density perturbations in the
form of the toroidal and poloidal harmonics may be specified.

5) A model is provided for angular scattering of the perpendicular refractive index
N | of the rays. This enables, for example, study of the effects of wave scattering by
drift waves at the reflection point near the plasma boundary.

6) The calculation of absorption of wave power along the wave trajectory is de-
termined by the imaginary part of the perpendicular refractive index ImN using : (1)
the anti-hermitian part of the dielectric tensor for hot non-relativistic plasma; (2) the
relativistic electron plasma Mazzucato approximation for the fully relativistic electron
plasma; or (3) the asymptotic formula for ImN for LH and FW.
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7) The code has two models for wave launch: (1) a cone of rays launched from an
arbitrary point outside the plasma (for EC waves); and (2) grill launch of a specified
n-power spectrum P(n; ) of waves from points inside the plasma (for LH, FW, BW).
The code then calculates the set of trajectories for these types of wave launch.

8) Along the trajectory the code calculates the current drive efficiency using: (1)
the asymptotic formula for FW and LH waves; (2) the CURBA code (R.H.Cohen) that
takes into consideration relativistic resonance conditions and the influence of trapped
electrons.

9) Along the trajectory, the code calculates the wave electric field polarization (for
coupling to the CQL3D Fokker-Planck code) using several approximations for the di-
electric tensor.

10) Based on linear damping of the wave energy, the code calculates radial profiles
of absorbed power and current drive.

Numerical method

1) For the numerical solution of the ray-tracing equations the code can use: a 4th
order Runge-Kutta method with constant and variable time step, or a 5th order Runge-
Kutta method with variable time step.

2) The ray-tracing equations have the form of Hamiltonian equations. The dis-
persion function plays the role of a Hamiltonian in these equations. For Hamiltonian
conservation the code can use different forms of corrections along the trajectory.

3) The code has the capability to form the numerical derivatives required for dif-
ferencing of the ray equation, given only an expression for the local wave dispersion
relation. This enables ready use of given dispersion relation solvers for ray tracing.
The cold plasma and Stix dispersion relation in the code also have explicit calculation
of derivatives from analytic expressions.

The code has a modular structure that permits adding new forms of magnetic fields,
dispersion functions, absorption formula, and numerical methods.
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Ray tracing equations

1.1 Coordinate system

We use the cylindrical space coordinates R= (r,¢,2); r is the major radius, ¢ is the
toroidal angle, and z is along the vertical axis. The conjugate coordinates for the re-

iy
fractive index N = % are N = (Nr, M =rNy, N;). Here K is wave vector; c is speed
of light; w=2mf; f is wave frequency. We will use t for time.

1.2 Geometric optics equations

If the wave length is smaller than the local space scale and the wave frequency is bigger
than the inverse time of the change of the plasma parameters, then we can use the geo-
metric optics equations for the wave description (B.1.Bernstein and L.Friedland,1983)
[2]. In the geometric optic approximation the wave electric field is composed of the
slowly varying amplitude E (R, t) and the fast variation exp(iy(R, t)). The function
W determines the wave vector _k>(_R>, t) and the wave frequency w= (R, t); K =0y,
w= —0y/at. The quantities K and ware the slowly varying functions. The wave elec-
tric field is determined by the dielectric tensor €(cw, ?), written for the uniform plasma
with local parameters along the ray.

LetN) = (N - B)/B be the longitudinal component of the refractive index along the
magnetic field B;N, = (W — WH) is the perpendicular component of the refractive
index. The local orthogonal coordinate system (€, €y, €,)[3] for the wave electric
field polarization E can be introduced by the following formula:

B N
?Z:E7?X:N—la@y:[?z><?x]' (1.1)
il

In this system of coordinates, the wave electric field and the refractive index have the
form:

? - Exﬁx + Ey@y + Ezﬁz7 (1.2)

6
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N = NL_QX+N“_€Z. (1.3)

The amplitude of the wave electric field E is the solution of the linear system:

DE=0, (1.4)
D = Dyp = &op + NaNg — N?3,p. (1.5)
€+ NN, €z €z —N? E;

The condition for the existence of the non-trivial solution of the system (1.6) gives the

dispersion relation:
D(R, Nj, N, w) = detDgg = 0. (1.7)

This dispersion function, calculated for the Hermitian part of the dielectric tensor € ,
determines the ray trajectory from the following system of the ODE:

dr _  cdD/oN dN, _ ¢ dDjor
d = woJD/ow’ dt = woD/dw
d = woD/dw’ dt T wdD/dw )
dz__ _cOD/ON, dN; _ ¢ dD/oz
dd — woiD/dw’> dt T woD/dw

1.3 Normalized variables and geometrical optics equa-
tions

In the code we use normalized variables. We will introduce the following characteristic
parameters:

ro, to =ro/c, wp = 21tfp. (1.9

The normalized variables take the form:

t=t/to, (1.10)
R=(Z=2z/ro,F=r1/r0,), (1.11)
N = (Nz,Ne,M = M/rg =FNy), (1.12)
W= w/wyp. (1.13)

We use the following equations, taking the lengthrg =1 m:
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dftg __ cdD/oN,  d\, _ ¢ dD/dFrg
@My ~ @oD/ow’ iy ® 0D/0®
&, — ® aDjod °  d, — 9dD/de :
dzg ¢ 0D/ON; dN; ¢ 0D/07rg
dit, ~ @ dD/d’ dity  ® 0D/od

Thus, we have this system of he ray-tracing equations in normalized variables:

10D/oN;  dN,

df _ 1 0D/oNr dN, _ 1 0D/or
df T T ®dD/ow’ dt  ®D/on
dp _ 19D/oM dv _ 1 0D/d¢ (1.15)
dt — ®aD/ow’ df = ®aoD/ow’ )
dz
t

T®/ew’ o  ®oD/in

1
In these variables, the group velocity Vgr = (d—[, rde d—tz) is normalized by the speed
of light:

== df _d¢ dz
In the normalized form the right-hand side of the ray-tracing equations and the values

of the variables may calculated with values near the unity. This may useful as a means
to reduce numerical error due to finite computer word length.
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Magnetic field

2.1 Axisymmetric magnetic field

An axisymmetric magnetic field is specified using data in the input file equilib.dat.
This file has an eqdsk file format {Lang Lao]. The specified magnetic field is of the
form:

B =By + Bp. (2.1)
The toroidal magnetic field is given in equilib.dat through the function f,
By =+ 10, @2)
and the poloidal magnetic field the a tabulation of the the poloidal flux function g,
ﬁpzég—i’—?%—‘f. (2.3)

(&', 78y, €2) are unit vectors of the configuration space cylindrical coordinate sys-
tem.

2.2 Variables in the equilib.dat file

The equilib.dat file contains the array peqd(i, j) = Wj; for the poloidal flux function
given at the points on an equi-spaced rectangular meshr =x, z=y,

(Xi,yj), i=1,..nxeqd, j = 1,...nyeqd. (2.4)

It also contains the array f; = f(;) given at equi-spaced points of the poloidal flux
mesh j, j = 1,nxeqd, values varying form the magnetic axis to the limiting flux sur-
face. The variables in the equilib.dat file are given in the following units: lengths
(z,r) are in (m); toroidal magnetic field By is in (T); poloidal magnetic flux function
W is in (Wb = T »m?) weber; toroidal function f = rBy is in (T m); pressure p in

9
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Pa. The code reads the arrays peqd(i, j) = j; and f; = f(;) and calculates spline
approximations for the poloidal function W(z r) and the toroidal function f = f(W).

2.3 Ripple magnetic field

We take into account the influence of ripple magnetic field 3B = (0By, 6By, dB;) only
on the value of the total magnetic field @tota] = B + 8B we use the approximation
that the flux surfaces remain axisymmetric, for purposes of specifying plasma den-
sity, Zetf, and temperature, and the flux surfaces are calculated using axisymmetric
data from equilib.dat file. The stationary vacuum ripple magnetic field must have the
potential F, 3B =OF. The ripple field potential can be found in the form:

F = &rippleSin(Nioop)a(r, 2). (2.5)

This potential gives the toroidal and poloidal ripple fields:

oF 10F oF
T e 2 20
We use this model form for the toroidal ripple field:
. boRo r N
F = dripplesin(N o (g—)"P. 2.7
ripple ( Ioop¢) Nloop(Rmax) ( )

This formula is suitable for approximation of the ripple field in DIII-D. The corre-
sponding function g(r,z) has the form:

9(r) = (boRo/Nioop) (T /Rerax)MecP. (2.8)

Here, Nigop is the number of toroidal field coils; by is the value of the toroidal magnetic
field at the magnetic axis; Ry is the magnetic axis major radius; Ryax is the parameter
which is taken equal to the major radius at the outer plasma edge; &ripple gives the
relative amplitude of the ripple field.

Alternatively, the code uses another form of the ripple potential:

9(r,2) = (boRo/Nicop)lo(NicopP(r; 2) /10(Nicop)- (2.9)

Here, lg is the modified Bessel function; p(z,r) is the small radius; &ipple is the ampli-
tude of the ripple field at the last flux surface at small radius p = 1.

The input data nloop=Nig0p and deltripl=drippie and the switch i_ripple are set in
the genray.dat file.

The given switch chooses the model for the ripple field:

if i_ripple=1 code uses the formula 2.8

if i_ripple=2 code uses the formula 2.9
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2.4 General radial coordinates

Any positive monotonic function on the poloidal flux can be used as a radial coordinate.
The switch indexrho in the genray.dat file identifies the choice of four normalized ra-
dial coordinates implemented in the code:

indexrho=1
Ps(W) = v/S(U)/SWiim)- (2.10)

indexrho=2
= v/ ®tor (W) / Pror (Wiim)- (211)

indexrho=3
= VMor (W) Mor (Wiim)- (2.12)

indexrho=4
pya/2(W) = /| (4~ W)/ (Wi — g (2.13)

indexrho=5
Py(W) = (U — Wmag) / (Wiim — Wmag) (2.14)

Here, S(U) is the area of the poloidal cross-section; Vior (P) is torus volume within
the poloidal cross-section Y = const; ®ior (W) is the toroidal flux inside the surface
U = const; Ymag is the poloidal flux at the magnetic axis and Wjim is the poloidal flux
at the plasma edge. To find S(W), Vior (W), and Py (W), the code uses poloidal and
toroidal fields calculated using W(r,z) and f ().
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Plasma components

3.1 Plasma species

The plasma consists of the number nbulk plasma species. The st plasma species (s= 1
for electrons, s= 2,3, .., nbulk for ion species) has density ns, charge Zs > 0, and mass
ms. We use the following notation:

xs_%, Yo— ‘*’—(;S 3.1

Here,

00;233 = 4m;§ez is the plasma frequency ;

wes = &2 is the gyro-frequency ;
e> 0 is the electron charge;

Zett = 520K Z2n; /e is the effective charge.

3.2 Density, temperature and Zgs¢ profiles

3.2.1 Axisymmetric radial profiles
In the axisymmetric case, there are two ways to input density, temperature and Zeg¢
profiles as a function of the small radius.
Quasi-parabolic profiles
Ns(p) = (Mo, — Ny (1 — P4s) /% -, 3.2)
Ts(P) = (To = o) (1 — p41e)*%1e - Ty, (3.3)

12
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Zet(P) = (Zetty — Zett,) (1 — P¥2) % + Zes,. (3.4)

Profile arrays

One dimensional arrays for the density ns(px), temperature Ts(px) and Zes t (pk) profiles
are specified on a radial mesh pk. k=1,...ndens. A spline approximation of this data is
used to create the radial profiles as a function of the radius.

3.2.2 Non axisymmetric density variations

To add plasma density on fluctuations we use the following form for the full plasma
density:

N(zr,¢) =n(p)(1+3noB(p,6,9)). (3.5)
The function B is assumed to be of the form:

B(P,6,0) = Bo(P)Be(6) cos(lp9), (3.6)
Be(B) = 0.5(1+cos(lgd)), (3.7)
Bo(p) _0.5*(1+%arctan(m;7%po)))a:—z). (3.8

Here

dng is the the relative amplitude of the density fluctuations,

Bo(p) sets the radial form of the fluctuation, For the small values of oy, it is the
smooth differentiable approximation of the following function G(p, po).

N _ 0,0<p<po

Po(P) ~ Glp.po) = { (P—pPo)/(1—po),po<p<1

The function Bg(0) gives the poloidal form of the density fluctuations. The input
data for the density fluctuations are given in genray.dat file: var0=0ng, sigman=agp,
an=po, denm=lg, denn=ly

3.2.3 Plasma neutrality and plasma charge Zess.

The ion charges Zs and densities ns(p) should satisfy the plasma neutrality and generate
the given plasma charge Zet ¢ (p). Thus these input data are dependent upon one other.

There are several possibilities in GENRAY for the generation of electron and ion
density radial profiles and plasma plasma charge. The variable izeff in the GEN-
RAY.dat file specifies these possibilities:

1) izeff=0

Input data from genray.dat file:
nbulk is the number of plasma species;
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charge(s) = Zs > 0, s=2,...,,nbulk are the ion charges;
ns(p), s=2,...,,nbulk are the ion density radial profiles;
Ts(p), s=1,...,,nbulk are the electron and ion temperature radial profiles.
GENRAY calculates electron density profile ne(px) and effective charge profile
Zett = Zet 1 (Pk) at the points of the radial mesh py = (k—1)/(ndens—1),k=1,...,ndens.
The parameter ndens(given in param.i file) is the number of points of the radial p mesh.
Using the given ion charges Zs and the ion density profiles ns(p) (analytic or tabular),
we have:

s=nbulk
Ne(Pk) = Ns—1(Pk) = 22 Zsns(px) (3.9)
s=nbulk
Zet (Px) = ; Z2ns(pi) /N1 (px)- (3.10)

Then, for general radius p GENRAY calculates the functions ne_ni(p) and Zes¢ (p) as
spline approximations of the data on the given radial mesh py. k=1,...ndens.

2) izeff=1
Input data from genray.dat file:

nbulk is the number of the plasma species, nbulk> 3;

charge(s) = Zs > 0, s=2,...,,nbulk are the ion charges;

ns(p), s=1,...,,nbulk — 2 are the electron and ion density radial profiles;
Zet£(p) is the plasma effective charge;

Ts(p), s=1,...,,nbulk are the electron and ion temperature radial profiles.

In this case GENRAY calculates the ion density profiles Nppyk_1 and Nppuik USing
given Ze £ (p) , ion charges Zs and given electron ny (p) and ion ng(p), s=2, ..., (nbulk—
2) density profiles from the following system:

i=nbulk—2
Zet1(P) = Z ZE0i(P) + Zhpuikc—1Pnbuik-1(P) + ZZuridnbuik(P), (3.11)
i=
i—nbulk—2
1= ; Zini(p) + Znbuik—10nbuik—1(P) + ZnbulkPnbuik(P)- (3.12)
i=

Here, fii(p) = ni(p)/ne(p) is the ratio of ion density (i = 2, ..., nbul k) to electron density.
We see (from3.11, 3.12) that this case (izeff=1) does not make sense if nbulk < 2. The
nbulk= 3 case is a standard one in which only the electron density and effective charge
profiles ns(p), Zet £ (p) and 2 ionic charges, Zs, s= 2,3, need be given.

For nbulk > 3, then consider the system of equations (3.11) and (3.12).
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a) If Znpuik # Znbulk—1 » then from equations (3.11) and (3.12) we have:

Zett — Znuk-1+ 3= 2 ZiRi (Znouk-1— Z)

Arbulk = , 3.13
o Znbuik(Znouik — Znbulk—1) (3.13)
and i—nbulk—2
Zebutk — Zeff — 3 =PI 2 75 (Zopui — Zi
Arpie_g — 20K Zett— 3> iNi (Zobuik — Zi) _ (3.14)
Znbuik—1(Znbuik — Znbulk—1)
If nbulk = 3, then the summations y!=3°'k~2 in 3.21 and 3.22are equal to zero.

If the equations 3.21, 3.22 give negative values Nnpuik OF Mnpuik—1, GENRAY generates
a warning and stops.

b) Znpuik = Znbuik—1, then equations (3.11) and (3.12) could not determine Ay k OF
Anpulk—1, and code will give the warning and stop.

3) izeff=2
Input data from the genray.dat file is the following:

nbulk is the number of plasma species;

charge(s) = Zs > 0, s=2,...,,nbulk are the ion charges;

ns(p), s=1,...,,nbulk are the electron and ion density radial profiles;
Zet£(p) is the plasma charge.

In this case the input Zet £ (p) does not coincide with the effective plasma charge cal-
culated by formula (3.10). This case can be useful when we use the electron Mazzucato
dispersion but Zes ¢ will be necessary for the calculations of current drive efficiency.

4) izeff=3
The input data from genray.dat file is the following:

nbulk is the number of plasma species;
charge(s) = Zs > 0 s=2,...,nbulk are the ion charges;
ns(p), s= 2, ...,,nbulk are the ion density radial profiles.

In this case we will use the eqdsk pressure p(p).

It is assumed that the ion temperatures are equal to the electron temperature Te(p) =
Ti(p). In this case GENRAY calculates the electron density ni(p) from the charge
neutrality condition (3.9) , the plasma charge Zet ¢ (p) from (3.10), and Te(p) = Ti(p)
from (3.17). The plasma pressure is determined by the formula:

nbulk
p=mTi+ » nTi. (3.15)

Here, Ty is electron temperature , T; (i = 2,nbulk) is ion temperature. Let all ion
temperature be equal to electron temperature:
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Ti=Te, i = 2,nbulk. (3.16)
From (3.16) we have:
nbulk
Ti=p/(m+ % n). (3.17)
i=

We use the ion density radial profiles from input equilib.dat file nj(p), i = 2, ..., nbulk.
ni(p) and Zets(p) are calculated as stated above. The code calculates density n in
10%m3, pressure p in Pa and temperature T in KeV. To get the temperature in KeV,
we change Eq. 3.17 to the following form:

_ P
 1.6-103(ng + yMkpy)|

For this case the limit of the number of the plasma species is nbulk > 2.

T (3.18)

5) izeff=4
The input data from genray.dat file is the following:

nbulk is the number of plasma species; cases for nbulk> 1 are enabled,;
charge(s) = Zs > 0, s= 2,...,,nbulk are the ion charges;

ns(p), s=2,...,,nbulk — 2 are the ion density radial profiles;

Zes1(p) is the plasma charge;

Ts(p), s=1,...,,nbulk are the electron and ion temperature radial profiles.

In this case we will use the eqdsk pressure p(p).

In that case GENRAY calculates the electron ni(p) and two ion density radial pro-
files Nppuk—1(P) and nppuik(P) using the given Zett (), ion charges Zs , pressure p(p)
and the given ion ng(p), s=2,..., (nbulk — 2) density profiles and temperature profiles
Ts(p), s=1,...,nbulk. We introduce the normalized ion temperatures T = Ti/T1. Eq.
(3.23) gives:

i=nbulk
p/Ti=m+ % niT. (3.19)
=

For T in Kev, pin Paand nin 10°m~3, the formula (3.19) has the form:

i=nbulk
i

p/T1=1.6-103(n; + 22 niT). (3.20)

If nbulk = 1:
In this case GENRAY sets Zeff(p) = 1 and ny(p) = p(p)/T(p)/(1.6-103).

If nbulk = 2:
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In this case GENRAY sets Zgt1 (p) = Z2, n2(p) = n1(p)/Zz, using the plasma neu-

trality, and gives ni(p) = p(p)/T(p)/(1.6-103)/(1+ To/Z>), using3.20.

If nbulk >3

a) If Znouik # Znbuik—1
From equations (3.21), (3.22) and (3.23) we have:

Zett — Znbuik—1+ 313" 2 Zii (Znpuk-1— Z)

Anpulk =
Znbuk(Znbuk — Znbulk—1)
i—nbulk—2 - ~
N Znbuk — Zeft — Yi—o " * Zit% (Znbuik — Zi)
Nnbulk—1 =

Zabulk—1(Znbuik — Znbulk—1)

nbulk
p=nT1+ Z niTi
i=

i=nbulk—2 . =
bulk—2 . Znbuik—Zef 1 =325 Zif (Znbuik—Zi)

=mTi+n5) fi Ty + Thoulk—1N =2
P=nli+ni3is iTi 4 Tnbulk—1M1 Znbulk—1(Znbulk—Znbulk—1)

Zett —Zobuk-1 13 25 2 Zi i (Zouik—1-Z1)
Znpulk(Znbulk—Znbulk—1)

+

TrbuikNy

Znbulk—Zef f
N1(T2 + Triou k=1 Zoouk—1(Znbitk— Znbuik—1)
suml

—Sum3 + Trpulk-17—

Zoi t —Znbulk—1
T
+ Tnulkz 2 k(Znbu k*an%—l)

)=p-

. su
k—1(Znbulk—Znbulk—1) noulK Z, ik Zobulk— Znbulk1)

We use the following definitions:
i=nbulk—2
suml = Z Zini(Znpuik — Zi),
i=

i=nbulk—2
sum2 = Zz Zini(Znouk—1 — Zi),
i£

i=nbulk—2
sum3 = ; niTi.
i=

If nbulk = 3 these sums are equal to zero.
Eq. (3.25) gives the electron density:

_ suml _
P — Sum3 + Troui k=1 Zrout k1 Zrbuk— Znbulk—1) Tobu K Zopuik(

Znbulk—Zef f
—1(Znbulk—Znoulk)

N =
i 4T Zoit —Znbulk—1
MUK Z ik Znbuik—Znbulk—1)

T4 Trbulk-17—

sum2
Znbuk—Znbulk—1)

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)

(3.26)

(3.27)

(3.28)

(3.29)

With density in 101°m3, pressure in Pa, and temperature in KeV, then the formula

(3.29) has the following form:
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103) _ suml - sum2
n = p/(1.6-10° Surns+Tnbmkilznbulkfl(znbulk*anqu—l) Tnbu'anbqu(anqu*anqu—l)
1 Znbulk—Zef f

Zoif —Znpulk—1 ’
T1+ Tnbulk—1 Zoo 1 Zebak—Zooa) Trbuik Zobulk(Znoulk—Znbulk—1)
(3.30)
GENRAY calculates electron density n1(p) using (3.30) and ion densities npyk(p),
Npuk—1(pP) using (3.21), (3.22).

b) If Znpuik = Znbuik-1
In this case the plasma charge cannot be arbitrary. It must be equal to the value de-

termined by equation 3.10. GENRAY will stop the calculation and will give a warning
in this case.




Chapter 4

Dispersion relations

GENRAY uses several different dispersion function models:

1) Magnetized cold plasma with electrons and an arbitrary number of ions.

2) Magnetized hot non-relativistic plasma with electrons and an arbitrary number
of ions. The distribution of each species is a shifted, two-temperature Maxwellian.

3)The Mazzucato relativistic approximation of the dielectric tensor for magnetized
relativistic electron plasma.

4) The Shkarofsky relativistic approximation of the dielectric tensor for magnetized
relativistic electron plasma.

5) The dispersion relations for non-Hermitian dielectric tensors proposed in [2].
This form of the dispersion function is realized for Mazzucato electron relativistic ten-
sor and for hot non-relativistic plasma

The switch id specifies which dispersion relation model is to be used. (Ref.4)

4.1 Magnetized cold plasma

For magnetized cold plasma, we use the following form of the dielectric tensor g4
(Ref.3) (N.A.Krall and A.W.Trivelpiece, 1973) [4]:

€ g
Ecoldgg = —ig & ) (4.1)
il
Exx = Ey = €1, &y =101, &x = —i0L, Ez = §|.
s=nbulk (2
g, =1— = 4.2
- — (k)%e(ﬂce +i:nbulk (k)%i(ﬂci | 43)
WW—wh) 5 w(0?—wh)
s=nbulk (,2
g =1- = (4.4)
H ; o

19



CHAPTER 4. DISPERSION RELATIONS 20

Here, electron wee and ion gyro-frequencies we have the same sign. We can rewrite
the tensor components using (3.1):

s=nbulk Xs

€, =1- —_—, (4.5)

2 1%

XeYe i=nbulk XIYI
=— 4.6
g 1_Ye2+ 2 T\ (4.6)
s=nbulk
g =1-— Xs. 4.7
H S;

Here electron Y and ion gyro-frequencies Y; have the same sign. We will use 0 to be the

angle between the magnetic field Band the refractive index N, cos® = (B - N')/BN.

For the given tensor, the dispersion relation (1.5) can be written in the following form:
id=1

Deold = AN*+BN?4+-C=0. (4.8)
Here,
A=g15in°0+£3c05°8, (4.9)
B = —g1e3(1+cos?0) — (€2 — £3)sin?8, (4.10)
C = e3(ef — £3), (4.12)

E1=¢€,82=0 8 =¢

The given tensor has singularity at the points of Y2 = 1. To avoid these singularities,
we multiply all tensor elements by A = (1 —Yg). We can choose plasma designator 3
to avoid singularity along the trajectory. For example, if the ray can reach the electron-
resonance point along the trajectory, we choose B = 1 to avoid singularity at this point.

For some cases, it is convenient to rewrite the dispersion function so that it describes
only one given wave mode:

id=2

—B+ioxmyvB?2 — 4AC

J— 2_ f—
Deoid = N oA 0. (4.12)

Here, ioxm = +1 determines the type of wave mode to be used.

4.2 Magnetized hot non-relativistic plasma (id=6)

421 General formula

For non-relativistic hot plasma, GENRAY contains hot dielectric tensor in the form
(T.H.Stix, 1992) [3]:
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shotu[i ((.0 k ) GB + ZXSGB (.0 k ) (4.13)

Here, the summation is the plasma species and susceptibilities s, Xsup (o, ?) For a
shifted Maxwellian distribution with different temperatures Ts‘ parallel and Ts, perpendicular
to magnetic field and the drifting velocity Vs(parallel to the magnetic field ), the sus-
ceptibilities have the form:

o 20 g M -
Xs— eHeH Wwévs—’— Eniimexp(—)\s)Yn()\5)7 (414)
%An 2 —in(In—I;)Anl 5 g_t%n
YD) = | in(n=1)Ar (Fln+2Mn—2MDA Koo —1)By | (4.15)
kJ_ nll"l Bn IkJ_ (ln I);—an 2(w—nQs) |an

Here,
Vs =< V|| >s s the drift velocity ;

2Ts, . . .
Ws, =1/ % is the a perpendicular thermal velocity;

|

2T,
Ws, = \/ % is the parallel thermal velocity;
Ts= (TSH + 2T, )/3 is the average thermal velocity;

tpops = TH is the ratio of perpendicular and parallel temperatures;

2 2
Ae — kEwg, — NP we, _ NZB&tpops .
s wgs Y2c2 2

Bs= % is the normalized longitudinal thermal velocity;

Qs is the algebraic gyro-frequency; it has different signs for electrons Qe = — e
and for ions Q; = wyj .

In(\) is the modified Bessel function with argument A and I, = dln()) /dA.

The coefficients A and B have the form;

_lTL_TH 1 ((D kHV—nQ)TL—l-nQTH

o Tk T, (4.16)
N= k_lH(man)TL;_l(_‘l‘(HanQ) |
1 w-nQ (@K V—NQ)T, +nQT, Zo. (4.17)
Ky kw Wl
Zg = Z({p) is the plasma dispersion function:
Zo(Zn) = iv/Tsgn(ky) exp(—Z3) — 28(Zn), (4.18)

C
SQ) = exp(~2?) [ exp(2)z (4.19)
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(JL) kHV nQ 4.20
kw 20
We transform the formula (4.14) for the susceptibilities to the following:

B X Vs o = S

Xsup = 6OIZESBZW < + Xsn:ZweXp(—)\S)YnO\S)a (4.21)
BoAn ] —in(ln—In)An oL ”'an
Vo= V) = | iNUn—=1)An (5ln+2An—2)I,)A, "”NL (In—1 1)Bn
LI A TS

(4.22)

~ 1 V Q Q
An = WA; = (tpop-1) + NHB (L—=Ny— c w)tpop‘F na)ZO(Zn)a (4.23)

B = @Bn/0= (1= )tpop — (N — 1)+
L (1-n2) : (4.24)
+NH N ((1—Ny2)tpop+n2)Z0(Cn)
foe LNE—G (4.25)
TONB '

It is essential to note that GENRAY uses a positive sign for electron and for ion charges
Zs > 0. The relation Ys (3.1)of gyro-frequencies westo wave frequency w has the same
sign for electrons and for ions. We have chosen this form for the cold plasma dispersion
relation (4.3). For the hot plasma of electrons, we use:

Qe _ Wee . .
but for the ions, we use:
QW v i nbuk (4.27)
w w

The dispersion relation for hot non-relativistic plasma has the form:
id=6
D = Dot (N|,N., X, Y, T ,fpop) = 0. (4.28)

Here, Y - Xs, 7) :Ys, ? - Ts, W) - tpops, S= 17,nbu| k

4.2.2 Computation

Calculation of the dispersion function (4.28) must estimate the number of gyro-harmonics
used. We can estimate the number of harmonics using features of the plasma functions
Z(Cpn) and the product of the modified Bessel functions I,(A) multiplied by exp(—A).

For a large value of the argument |x| > 1, the asymptotic part of plasma dispersion
function S(x) = Re(Zp(x)) (1.5) has the form:

SH) = o (4.29)
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The number of necessary gyro-harmonics can be evaluated from the following condi-
tion:

1S(Cn)| = ﬁ > &n. (4.30)

Here , €, is accuracy. The condition (4.30) gives |(n| < z—én:

vV Qo INIB

—Nj—+n=| < . .
|l NH c +nw| = 2, (4 31)
Here we introduce,
. vV INIB.,Q v INIB.,Q
fnin = Min((~1 4Ny = 2)/ ), ((1E N+ 5 5)/0)). (432)
vV OINIBQ vV INIBQ
e = Max(—14 Ny = 50/ 0), (FLEN g+ o)/ 5)) (439)

The interval of the numbers n of the gyro-harmonics (determined from the plasma
dispersion function Zy({) ) has the form:

Npin <N < Nmax- (4.34)

In particular, the number of cyclotron resonance harmonic nc can be obtained from
condition Zy({n,) = 0. This gives {n, = 0 and

Ne = (—1+NH%)/% (4.35)

We can see that nc = 0.5(Nmin + Nmax). The production exp(—A)In(A) decreases sharply
as gyro-harmonics number n increases. This results in the additional condition for the
numbers n:

exp(—A)In(A) > &n. (4.36)

The code has parameter nmax (inside subroutine harmon_z)that determines the maxi-
mum number of modified Bessel functions calculated. Now this parameter is equal to
nmax = 3000. If |ngin| < nmax and |nmax| < Nmax, the code calculates only Nyax =
max(|Nmin|, |Nmax|) Modified Bessel functions. In some cases boundaries Npin OF Nax
can be larger than the parameter nmax. In such situations, the code changes npn or
Nmax t0 the given parameter nmax. In this case, however, condition (4.34) will not be
satisfied.

After determination of the interval for gyro-harmonics (Nmin, Nmax), the code cal-
culates the productions exp(—A)In(A) from number n = 0 until n = min(Npax, N). At
each n, the code checks the condition (4.36). If for some number n, this production is
smaller then the given accuracy exp(—A)In, (A) < €, the code takes this number as the
maximum number of harmonics to be used.
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4.3 Magnetized electron relativistic plasma in Mazzu-
cato approximation

For relativistic electron plasma, GENRAY uses the approximation of the relativistic
dielectric tensor and the dispersion relation proposed and realized as the routines by
Mazzucato (E.Mazzucato et al., 1987) [5]. This tensor contains Hermitian and anti-
Hermitian parts. It can be used for calculation of propagation and absorption of waves
in the electron cyclotron region. The dispersion function for the Hermitian dielectric
tensor has the form:
id=4
Dmaz(N ), N1, Xe, Ye, Te). (4.37)

4.4 Magnetized electron relativistic plasma in Shkarof-
sky approximation

For the relativistic electron plasma, GENRAY has the opportunity to use approximation
of the relativistic dielectric tensor and the dispersion relation proposed and realized as
the routines by Shkarofsky. This tensor contains Hermitian and anti-Hermitian parts.
It can be used for calculation of propagation and absorption of waves in the electron
cyclotron region. The dispersion function for the Hermitian dielectric tensor has the
form:
id=7
Daw(N |, N1, Xe, Ye, Te). (4.38)

4.5 Ono dispersion function for fast waves.

For fast waves the code can use the dispersion function in the M.Ono (1995) [17]approximation
for the wave frequencies w in the interval Q; < w < wyH. To use the Ono dispersion,
choose the option id=8. This dispersion relation works for the analytical and numerical
derivatives.

The high harmonics fast wave (HHFW) dispersion relation was obtained from a
nontrivial solution of the determinant of the wave equation tensor for Maxwellian plas-
mas [3]

det iKye  Ky—nf—n? iKyz =0 (4.39)
Ke+n.ny —iKy, Kz —n?

It assumes that the wave frequency is high compared to the ion cyclotron frequency,
but well bellow the electron cyclotron frequency. Finite Larmor radius (FLR) effects
on electrons Ae ~ (mg/my)A; < are neglected. The terms that contribute to the electron
damping are the n=0 terms in the Kyy, Ky, Ko and Kz elements of the dielectric tensor.
For the present case, it is sufficient to keep the lowest order terms in Ae. If we neglect
the ion FLR terms the dielectric tensor are simplified to



CHAPTER 4. DISPERSION RELATIONS 25

Xe X@Yi
Kaye = — 4.41
XyC Ye + IZ 1 _Yiz ( )
V-
Kyye = Kyxe + ni% ML (Yo) = Kyxe + niém (4.42)
e an
Vq, = /2Tg/Mg,0 =&,
~ XeVre
m = Y_e2 HH (Yo)
1 c
Yo= nH Vre
Kyxze = =N n Z 1 Y2)2 > nlnué (4.43)
XVZ
5= _ % VT
21
Kyz = _anTenH K —n; &K (4.44)
yz 262, zze = zze .
" 1oy X - 28 ) X dZolvo) _ (4.45)
= 1— — = — = Rzze .
“ T nﬁV—?e dyo nﬁV—?e dyo
& — V&N
2¢2Y,

Here Ye and Y; have the same sign.
The dispersion relation can be rewritten in the following simple form

Kxxc—nﬁ —inyC nlnH(l—l-ES)
n.n(1+79) in| &xKz Kz —n?

The above determinant is convenient for solving for n, for given n and , since all
K'sand &sare independent of n . It has a form

D=an? +bn? +c=0 (4.47)
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where

a= [(nf — Kye) = Nf(L+8)% (L 8m)

+26xn\| (1 + 6)Kzzeryc + ( T Kxxc) -
P81+ 8)2(7P — Koac)

¢ = [K§e — (N — Kyxe) JKze

The subscripts “c” and “e” denote cold ions and kinetic electrons.

Thermal velocity Vo = /2T /e, Mo \Z/LT;’
The simplified dielectric tensor has the Form

€11 = K €12 = —inyc g13=n.nd
g1 = iKye €2 =Ko+ 0m €= —in 8Ky (4.48)
€ =n.N0 €3=1In 0Kz €33 =Kz

To calculate the right hand side in the ray-tracing equations we need the derivatives
from the dispersion function D.
The derivatives of the dispersion function with respect to space coordinates

0D _ . 0D (O&jdn, | 080N | o (00X , 08ijdY | O%j0To
v = Xij e, lan, ar Ton ar T 20(ax o Tavear Tty ar T
oD on, oD 9|
Fon, or ton o
(4.49)

D _ oD r9&ijon, |, 0sij O 0gij OXg | 0%ij aYy | Oij 3T,
Z _zl as.,[am 0z +6nH 0z +ZG( 0Xg 0z +6 0z +6T0 0z )H_

40D an, ap 9N
on, 0z on, 0z

—

(4.50)

D _ aD 0&ij an, | O&ij o 0gij OXg | O%ij aYy | O%ij 3T,
= Yij o, lon; o9 + an, 99 +36(a5t 30 T ave 99 T oms 3o )T

aD an, | D 9|
+6nL 09 + 6nH 0Q
(4.51)
The derivatives of the dispersion function with respect to refractive index coordi-
nates are
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z 0D [aslj on; aslj anl\]
i] Ogjj Lon, ony an ony
j ” 452
on ( - )

on, one 6nH onr

an,

an, | Ogij ony
5 =i g 3 D G G + o, ang T

4,
4+ 90 oD on; 6_D_H ( 53)
anL 6nz anH 6nz
Oe;j 9N
an, o, T ony aml T

49D on_ , oD oy (4.54)
on, om 6nH om

The derivatives of the dispersion function with respect to frequency are

oD _ aD r0¢&ij on;.
m = 2] 65.1[

b _ oD r9&ij on, | Ogij Oy 08ij 0Xg | 0Eij OYo
m_zllas,,[am aw—i—anu am+20( 0Xg 0w +6Y0 am)] A55
on on (4.55)
4+ 9D ob on; i ob °nj
6nj_ 600 anH 600

The dielectric tensor elements are functions of the five parameters €; j = € (7, 7, T n;,n)
The derivatives of the dielectric tensor elements with respect to Xe;, Yei, Tei and the
refractive index components N, N have the following form

oty 1 Odeyy _ 1
Xe — Y20 0X 1-Y?
0gyy _2Xe 0gn 22X
A S =
Ognn Ot _
=051 =0 (4.56)
0gy; _
on
6ef1
6n” -
Oy _ 1 Oep _ Y
0Xe Ye? 0X%; 1 Yi2
%1 _ X O _ _jx. 1+y?
e ~ Y2 OY (17\42)2
@ —0 %2 _ 4.57
e ;o, 72 =0 (4.57)
Og12 _
anJ_ _ 0
dg1p _

6nH
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2

os os Vf
a)%eg - 07 a)%ig nJ_nH_(l Yz)zcz
G393 _ _py py V2
% = 0% L= Y2)3c2
de13 _ (g Otz _ _ XVF, 458
e = 0 g =~ (1-Y2)2c7T, (458)
0g13 __
o =mso
0813 _
anH - n 6
dsp _ 6811 2 1 Ve _ 3811 n2 Om O _ %
0Xe + nJ_ Y2 CnH ZO( n|VT - J_ Xe 0Xi ~ 0%

0t _ 0811 n2 2Xe VTeZO(
aYe aYe J_ Y3 CnH nHVTe

A L Ye > 0Y, — 9Y,
Ogpp _ 3811 2% (VTe Zo(Yo

) 6822 n2 20m O£ __ Oenn
) 1dZp 1 ) 0gxn _ 0gqq

0Te Lyz\en 2Te Fﬁd_WTn »OT T dT
0gn __ m Xe Vre _ Ogy
on, 6ru o, Lv2 anZO(n”vTe) Toong +2n,.0m
g __ 0gnn VT _Vi% c _ 083 2 (0m A_ZO
on; — ong + J_YZ[ Cn‘;l’Zo cnﬁ dyo nﬁVTe] T oon nJ-(nH Ty Yzn? dyo )
(4.59)
Ot _ 1 2 dZg _ —Kg Oeg _ 0
0Xe nﬁ V22, dyo Xe 2 0%
033 Ots3 _
2 Ye _O’ GI.Z _20
Otz _ _ Xe(_ dZo(YO)__d_ZO# Otss _
e — nﬁ< VZT. dvo  VZ dy} AviezTs): ot = O (4.60)
033 __
anL O
P — 2% & 420 | X&) B o
an iV dyo T nfVE, dyg nfVre
0g oK : Kz 0¢g
i LUK '”Le}xnﬁv2 ao = IO 3 =0
as ol
 SeinbKa R -0
3 3 3
T8 = —in (&t Kzz+6x 32,58 =0 (4.61)
0g 0g
sz = —|(6XK22+ nJ_éx 33)
0gx3

- 4
o~ (”n ZZ+6X5857|3)
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01 _ _ Ot
Xs 0%
Ot _ _ Otpp
s 0V
Ot _ _ 0t1p
0T =~ 0dTg
Ot _ _ OEpp
6nj_ - anL
0t _ _ Oty
anH - 6nH
6831 %
0Xs ~ 0Xs
Ot __ Otx3
aYg aYg
Otg1 _ Ot3
0T ~ 0T
Ogz1 _ Otz
on; on;
dgg1 __ 0tz
anH anH
93 023
X 0Xs
6832 _ M
aYo' - aYg
Otz _ _ Otz
0o 0Ty
6832 _M
on;, on;
0€3p 0€x3
anH - 6nH
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(4.62)

(4.63)

(4.64)

The derivatives of the refractive index with respect to the space coordinates are

where,

m

o _
o

Ne=m/r

m
=g+ ¢+ ()?

n,=,/n?-nt
b= /b2+bZ+b]

1. ob ob,  db



CHAPTER 4. DISPERSION RELATIONS

b 1 _oab , db, by
9z B(b'a bza b"’az)
db 1 b db, , dby
) 5”3 bzacp b“’acp>
n__Lm
or n r3
an
0z
an
0]

a boor ° arr o r oarr2 Dpor

_—E(a_bzn_f_a_brn_i_ab(pm)_m@
9z b az °' oz z r b dz

%—}(a_bzn a_brn ab@m)_ma_b
00 b'dp - 99 ' dpr’ bag
on _ br
onr b
on _ b
on, b
ony _ by
om rb
on 1 0n an 1 rr12 6n
or n, o lor nl or
on; . 1 on anH 1 OnH
7 e ) = A (g
on 1 on on 1 on
_L:_(n__ n H) _ ( | H)
dp n. 09 0] 0]
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on, 1 on
a0 i)
on; - 1 anH
an; ~ g ("2~ Mign,)
anli 1 m anH
am 2 Mam)

The dielectric tensor element Kedepends on the derivative of the plasma dispersion
function dZo(yo)/dyo.The real part of Zg function has the maximal and the minimal
values at yp equal to the critical value yg = yoor = +0.924 . The right hand side of the
ray-tracing equations contains the first and the second derivatives from Zy(yo). These
derivatives change the signs near yoer. This creates problems when the ray trajectory
goes through the points with yg close to yocr. To avoid this problem the code can change
the type of the dispersion relation from the Ono dispersion, id=8, to the cold plasma
dispersion relation, id=2, in the vicinity of yocr. For the option iswitch=1 the code will
use cold plasma dispersion for | yo — 0.95 % sign(yo) |< 0.03.

4.6 The dispersion relation for non-Hermitian dielec-
tric tensors.

We used the dispersion relation for non-Hermitian dielectric plasma proposed in [2].

This form of the dispersion function is realized for the Mazzucato electron relativistic

tensor id=5 and for the hot non-relativistic plasma id=9.
For the plasma with non-Hermitian dielectric tensors € # €™the dispersion relation is

0=D(K,w,T,t)=detg(K,w 7,t) =P(K,0,7,t)+iQ(K,w T,t) (4.65)

Here the function D has non-zero imaginary part. The equation 4.65 gives a couple of
the equations for the real functions

P(K,w,7,t)=0,Q(K,0,T,t)=0 (4.66)

In this case we have two equations for one function w = w(?, T’,t) so this system has
not the solution. In [2] it was proposed to introduce the complex frequency Q = w+iv
with small imaginary part v < w. In this case the condition, that the determinant of the
wave amplitude system should be equal zero, gives the equation

D(K,w+iv, T,t) = dete(K,w+iv, 7’,t) = 0 (4.67)
For small v this equation can be approximately written as
K

D(K,0, 7,t) +iDe(K,w, 7,t) ~ 0 (4.68)
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Using the real and imaginary parts of D 4.65 in 4.68 we get

V=P/Qu=—Q/Py (4.69)
d(K,wP,t) =P (Kk,wP,1)+Q*(K,w T,t) (4.70)
From 4.69

Equation 4.71 is the dispersion relation that determines w = w(?}, T',t). This disper-
sion function 4.71 is used in the ray tracing equations.

4.7 Change in the dispersion function along the ray.

In some conditions the ray trajectory reaches a point where the dispersion function does
not permit the trajectory to go through this point. For example, this can occur for hot
plasma when the trajectory goes through the gyro-resonance area, where the dispersion
relation has points of bifurcation or conversion from X to EBW mode. In this case the
code can change the form of dispersion function used. The code changes:

a) the dispersion function used in ray-tracing equations ;

b) the formula for absorption calculations.
Away from the resonance point, the dispersion relation and absorption are specified by
parameters id and iabsorp given in the input genray.dat file. If iswitch=1, the code
changes these parameters to idswitch and iabswitch in the vicinity of the cyclotron-
resonance points |1 —nYj| < dely,n=0,£1,+2.... The type of plasma species j is
determined by parameter j =jy_d. Parameters iswitch, jy d, del_y, idswitch and
iabswitch are given in genray.dat file. Parameter iy_d can be equal =1 for electrons
or jy_d=2.,...nbulk for ions.
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Wave power absorption

Wave power P along the ray trajectory can be found in the following formula:
I _—
P(l) = P(0) exp(—2/ Im(K)dT)

0

Here | is the vector directed parallel the trajectory, | is the distance along the
ray, P(0) is the wave power at launch point. The integral is calculated along the ray
trajectory.

(5.1)

ImK)- Vg

m(R)aT ¢ 7o QI Vo 7 @Iy,

di ———— g, (52
Vgr c Vg c Vg, © 5:2)

Vgr is wave group velocity, Vg, is the poloidal component of the group velocity, Vg | is
group velocity perpendicular to the magnetic field.

To calculate wave absorption we need to know the imaginary part of perpendicular
refractive index ImN;. GENRAY has several possibilities for calculation of ImN, .
For calculation ImN |, the code uses the anti-Hermitian parts of different forms of the
dielectric tensor. The switch iabsorp allows various choices.

5.1 Mazzucato approximation of the relativistic dielec-
tric tensor for electron plasma
(iabsorp=1)

In this case the code uses the Mazzucato solver[5] for determination ReN L +ilmN
as a root of dispersion relation Duaz(N, ReN L +ilmN Xe, Ye, Te) = 0.

5.2 Anti-Hermitian relativistic dielectric tensor for elec-
tron plasma

(iabsorp=6)

33
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5.2.1 The tensor formula.

In this case we use the numerical calculations of anti-Hermitian dielectric tensor €, for
electron plasma with relativistic Maxwellian electrons (R.W.Harvey et al., 1993)[6],
using formulas given in (M.Bornatici et al., 1985) [?],

N W2 n=e kv, n
Eraaiids = —TF_D n:Zw/d3pU ) (£)8M5(y— % _ %), (5.3)
where,

1 [noge Of p, of
u(f)== [——+N = 5.4
() VI w dp. “mcapH (54)

2

pi(%)f ik pn
SV = |pJ_an ©p(d n) 'pHJnJ : (5.5)

. / P
D g, o

Here, e is rest mass electron cyclotron frequency, mis electron rest mass, p is mo-
mentum, u = p/m is momentum per unit mass, y = /1 -+ (p/mc)2 is the relativistic
factor, v= p/ymis velocity, symbols || and _L refer to direction with respect to ambient
magnetic field, and f(p_, pj) is the relativistic electron distribution function normal-
ized to fd3pf = 1. Bessel function J,(b) and its derivatives J, = dJ,/db at argument

= e kb, | measure the ratio of the electron Larmor radius and the perpendicular wave
Iength Tensor S™ is represented in a Carte5|an coordinate system with the z-axis
along magnetic field B and y -axis in the K x B -direction. Here n is the number of
the gyro-harmonic.

It is convenient to introduce normalized momentum p= p/mc, functions U ( (PL,P)) =

=(n) )
maU ) (£ (.. py)) and & (9., p)) = ZoPLP)  For variable y = /T TR, b=
N.P/|Y]| (??sign of Y),

e [ oafaf
TV (D, )) = = ["Y—— NP, —| | 5.6
(f(PL, 7)) yl ap. HpLapH (5.6)

> ndhdh R

| PR SRR PR
S = Ipi”J"J bi(‘];)z i_p\mr]n\]/ : (5.7)

PyP.LT T _i_p\\pj_‘]n‘]rq pZJZ

R n=co . =(n)
Eraavis, = —TX(e) 5 [ap0 (1(pL.p)S (PL.PAY— NPy ~1Y)/p..
n=—oo

(5.8)
The relativistic cyclotron resonance condition is:
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We calculate the anti-Hermitian part of the relativistic dielectric tensor for the normal-
ized relativistic electron distribution function f , [d3pf = 1. The dielectric tensor 5.3
for the normalized distribution function is

n=oo
Eraativig, — —TX S 10, (5.10)
relativig, n:Zoc
_ =(n)
1 = (me)3 fopU'™ (1)S " 3(y—Nypy —nY) /P, =

=(n

L

— 2n(me)® [ dp, dp U™ ()5 &(y— Nyp, —nvY) = (5.11)
_ =(n

=

Here delta function 8(g(") in 5.11 has the argument:
9" (p..P)) =y—Nyp; —nv. (5.12)

The derivative from the g™ by py is:

ag” PNy
= . 5.13
o, v (5.13)
Here we introduce the tensor:
~ —(n) —~ =(n)
F(p..p) =20 (F(p..B))S (PP (5.14)

The expression 5.11 can be rewritten using 5.12, 5.13 and 5.14:

) — fﬁ(()n) (P, P)dp, dpd(g™ (.. p)) =

FO(p,p)" (1) (5.15)

Pl

Here, P, (P ) are the roots of resonance condition 5.9. For different cyclotron reso-
nance conditions, the sum over index k has one or two terms, and the upper integral

() ) NP2l ) .
limit p,  can be finite p, | = ———— orinfinite p; = co number. We introduce the
i
tensor: | -
. F"(p..p), (P)
G (PL) = — (_L e (_l ) (5.16)
|5 9(PL P}, (PL))
The final formula for €; is:
N=oo0
£=—TiX 1, (5.17)
2.
P ~
= [T, 5 &), (5.18)
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210" (F(p..py) g0
|5:9(PL. Py} (PL))]

-~

Glin) (P)=

W) = |1+ (B2 + (B 02 5.20)

We calculate anti-Hermitian relativistic tensor €q¢arivis, Numerically on the p, mesh.

For iabsorp=6, GENRAY calculates the imaginary part ImN using the Hermitian
part of dielectric tensor 4.13 for the hot non-relativistic plasma and the anti-Hermitian
dielectric tensor 5.3

~ ImD(Nj,ReN| Enoy, + iEraativista)

ImN
a ~
Re(N) D(NH , ReNJ_’shgtH )

(5.21)

Here, €naty, = 0.5(Ehet +€Egt) is the Hermitian part of the hot non-relativistic dielectric
tensor.

5.2.2 Cyclotron resonance curves

The cyclotron resonance condition 5.9 gives resonance curves at (ﬁL,_pH) plate. The
resonance curve can be an ellipse, parabola or hyperbola . The resonance curve is the
solution of the equation:

Y= NHbH +nY. (5.22)

This equation gives the following conditions:
NH'DH +nY >1>0, (5.23)
P2 (L—NP)—2N;pynY +p7 =n*¥*—1. (5.24)

For NH2 # 1, the resonance curve 5.24 can be rewritten in the following form:

NinY n2Y24+N2 -1
AZsign(1 — N2) (P — ——)2 + % = Resign(————— 5.25
gn(1—Np)(p 1_NH2) +PL an( N ) (5.25)
where oz 2
nY<+N®—1
R =z (5.26)
l
A?=[1—N?|. (5.27)
If NH2 < 1, the resonance curve 5.25 is an ellipse:
If n?Y2 + NH2 —1> 0, equation 5.25 has no solution.
If n2Y2 + NH2 —1>0, the ellipse resonance curve is:
NynY
(P — 1‘1NH2)2 ™
— e+ = =1 (5.28)

R
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The two roots of equation 5.28 are:

NyY < /NE+n2¥2 - 14 (N2~ 1)p?

P (P = — (5.29)
[
These two roots exist for the following P, values:
- 2Y2 _|_ N2 _ 1
- m n paralld
0<p, < = ) 5.30
<P <P, J TN (5.30)
If NH2 > 1, the resonance curve 5.25 is a hyperbola:
NynY
(P~ o)’
R
(§)2 2 1. (5.31)
This equation has only one root which obeys condition 5.23.
If Ny > 1, the root of equation 5.31 is:
2v2 2_1\p
) NyY — /NP +n2v2 14 (N? — 1)p? 532)
ll2 \FL 1— NHZ ’ :
0 < pJ_ < ®, (533)
) o NH ny — H + n2yz —1
_sz (_pJ_) > _p\lz (_pJ_ = 0) = 1— NHZ (5.34)
If Ny < —1, the root of equation 5.31 is:
2 n2y2 _
0 )_NnY+\/N|+nY ~1+(N2-1)P2 535
fla \FL 1— Nf ’ '
0<P, <o, (5.36)
) o NHnY +4/ NH + n2yz—1
_le (_pJ_) < _le (_pJ_ = 0) = 1— NHZ . (5.37)
For Nf =1, the resonance curve 5.24 is transformed to a parabola:
2NjpjnY =i —n?Y2+ 1. (5.38)
If nY <0, equation 5.40 with condition 5.23 has no solution. .
If nY > 0, equation 5.40 with condition 5.23 has one root.
(n) 1 22
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0<P, <oo. (5.40)
For NH =1,

= B P 22
P, (PL) =P, (PL.=0)= 2nYNH( nY*+1). (5.41)

For NH =-1,

Piy (P) <P (PL = 0) = gz (Y241, (5:42)

5.2.3 The distribution functions.

GENRAY has the several possibilities to choose the form of the relativistic electron
distribution function. The option i_diskf (set in genray.dat file) determines the form of
the used distribution.

Analytical relativistic Maxwellian distribution (i_diskf=0). In this case the code
uses the analytical relativistic Maxwellian distribution with the radial electron temper-
ature profile.

exp(—) = 75 (0.1, (543)

1
Im = et K2(0)

fm(8,y) = Wi(e) exp(—0y) = W?exp(ﬁ) exp(6(1—y)) (5.44)

This function T, is normalized [ dpf,, = 1. Here, T(p) is the electron temperature,

0= ”‘CTZ Ko is the Macdonald function. For the Maxwellian distribution 5.44, function
5.6 has the form:

U(n)

(fm(PL,PY) = —myezf’“(nw NiB))- (5.45)

Relativistic distribution specified on a mesh, from diskf file written by CQL3D
(i_diskf=1).  In this case GENRAY reads the mesh 3D distribution from the ASCII
file diskf and creates the function that approximates this mesh distribution.

Relativistic distribution specified on a mesh, from netcdfnm.nc file written by
CQL3D (i_diskf=2).  In this case GENRAY reads the mesh 3D distribution from
netcdf file netcdfnm.nc and creates the function that approximates this mesh distribu-
tion.
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Model analytic relativistic non-Maxwellian distribution (i_diskf=3). In this case
GENRAY creates the model distribution, using the input variables from namelist /read_diskf/
in genray.dat file.

f(v,X,p) =n(p)(L—rtail —rhot —rbeam) f(T (p)) + rtail = figj + rhot = fror + rbeams fpeam
(5.46)

Where n(p) is the electron density radial profile, fm, is the normalized Maxwellian

relativistic electron distribution with the electron temperature radial profile, | fmd®v =

1, fiaj is the tail distribution, fpeam is the distribution created by beam, fyq is the tail

distribution , rtail, rhot and rbeam are the ratios of the tail, hot and beam densities to

the total plasma density.

The tail distribution

frail = Crait H (P, rt1,rt2) « fiy(ttail) (5.47)
Where H(x,x1,x2) is the box function

1,xC (x1,x2)

0,x¢ (x1,x2) (5:48)

H(x,x1,x2) = {
rtl and rt2 are the normalized small radii for tail localization, f(ttail) is the relativis-
tic Maxwellian distribution, ttail is the tail temperature.

The beam distribution

mz (pH - pbeamH)z + (pl - pbeamL)z

fooam = CheaH (P, 101, 102) »exp( 50 o )
(5.49)
Prean = my / 22 (5.50)
Poeam; = PbeamCOS Bbeam, Pbeam; = Pbeam SiN Opeam (5.51)

Where rbl and rb2 are the small radii for beam localization, tbeam is the beam com-
ponent temperature,Bpeam=thbeam (degree) is the beam pitch angle.
The hot function approximates the distribution created by the quasi-linear RF heating

fhot = ChotH (P, rh1, rh2)H (epar, hotmnpar, hotmxnpar )H (epar, hotmnper, hotmxnpar )

m2 (P2, me 2
(B exp(— (0 (B) + s (%))

(5.52)
Where rhl and rh2 are the small radii for the hot component localization, thotpar
and thotper are the parallel and perpendicular temperatures of the hot component,

epar = ({/1+ g_ﬁ —1)mc?, eper = (1/1+ %25 — 1)mc? are the parallel and perpendicu-
lar energies, (hotmnpar,hotmxnpar) and (hotmnper,hotmxnper) are the boundaries
of the parallel and perpendicular energy boxes hotmnpar< epar <hotmxnpar, hotm-
nper< eper <hotmxnper.

The tail, beam and hot distributions are normalized to unity [ g d3v=1, [ foeamd®v=
1, f fhotd3V: 1.
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5.3 Anti-Hermitian dielectric tensor for hot non-relativistic
electron-ion plasma
(iabsorp=4)

For iabsorp=4 , GENRAY calculates the imaginary part ImN, using the dielectric
tensor 4.13 for hot non-relativistic plasma.

| mD(NH s ReNJ_’/E\hQ[)
F) — .
WD(NH 5 ReNJ_’shgtH )

ImN, = (5.53)

Here €ngt,, = 0.5(Ehot +€Egt) is the Hermitian part of the hot non-relativistic dielectric
tensor.

5.4 Fast wave absorption

iabsorp=3

For fast waves, the code can calculate the imaginary part on the perpendicular com-
ponent of the refractive index ImN  using results from (S. C. Chiu et al., 1989)[8]. The
code calculates electron and ion absorption separately ImN; = ImN,  +1mN,,.

5.5 Lower hybrid wave absorption

iabsorp=2

For lower hybrid waves, the code can calculate the imaginary part of the perpendic-
ular component of the refractive index ImN, using the results from (P. Bonoli, 1984)
[9]. The code calculates the electron ImN_ , ion ImN ;, and collisional ImN . , absorp-
tion separately giving total absorption ImN; = ImN +1ImNy, +1mN, .
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Stochastic wave scattering

The code has the capability of switching on the stochastic scattering of perpendicular
refractive index N, . For example, this can be used for modeling the scattering of
low hybrid waves by drift-wave density fluctuations (P.L. Anderson and F.W.Perkins,
1983) [10]. We use angle scattering of refractive vector N |in the plate perpendicular
to the magnetic field B in small radius points pg; along the ray trajectories. If the ray
trajectory passes this radius or the ray is reflected from the plasma boundary, then polar
angle & will be scattered with the deviation /20 (ps)

A9 = /20, (6.1)

Where :
9 is a polar angle in the plate perpendicular to the magnetic field ;
€(0,1) is the random number with normal distribution M(Z) = 0, M(2?) = 1;
0«(p) is the given angle dispersion.
The input parameters for Wlangle scattering are:
iscat is the switch of the scattering:
iscat=1 to switch on the scattering, =0 to switch out;
nscat_n is the number of the small radius points at which the code will scatter N
this parameter is given in param.i file;
scatd(0) is the mean square scattering angle (radian?) for the reflection near
the plasma boundary;
rhoscat(1:nscat_n) are the small radii for the scattering location;

scatd(i)=0:(rhoscat (i)), i=1,...,nscat_n are the mean square scattering angles (radian?)

at the small radii.
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Wave launch and reflection

The code has several possibilities for ray launch. It can launch a ray from a vacuum
point outside the plasma or from an interior point inside the plasma. The switch istart
chooses the launch method.

7.1 Ray cone

istart=1

The cone pencil of rays launched in the vacuum outside the plasma is a model of
the ECR launch. In this case the rays are launched on a set of circular cones with the
same cone vertex. All cone axes coincide with one central ray.

The input parameters for the cone are in genray.dat file:

1) (rst,phist,zst) are coordinates (r,$, z) of the cone vertex. Here, lengths rst, phist
are in (m), the toroidal angle phist is in degrees.

2) The direction of the central ray, going from the cone vertex, is given by two
angles (in degrees):

alfast is toroidal angle a of the central ray , measured counter clockwise around z
axis;

betast is poloidal angle 3 of the central ray, 3 is the angle between the central ray
and the plate z= const.

The refractive unit index N of the central ray has the coordinates :

N = sin(1/2 — B) cosa, Ny = sin(1t/2 — B) sina, N, = cos(11/2 — B)

3)The specifications of the cones are:

alphal is angle width of the power distribution (the maximum cone angle) mea-
sured from the central ray;

nal is number of cones (if nal=0, the wave cone consists from the central ray
only);

na2 is humber of rays per cone;

alpha2 is cone angle;

total number of rays irays=nal*na2+1.

4) Power distribution among rays:
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The total power from antenna is powtot (MWt). The power distribution over cone
angle a has the following form:

a
P(a) = Poexp(—Z(a)z). (7.1)
Distribution 7.1 is normalized on the total antenna power:
a=al phal
/ P(a)sinada = powtot. (7.2)
a

=0

For the cone pencil, the code calculates the coordinates of the intersection of each
ray cone i = 1,..,irays With the plasma boundary (Roi.$oi,Zi). At the points of inter-
section (Ro.$0,20), the code calculates the toroidal Ny and poloidal Ng components of
the refractive vector.

Ny = —Nxsindo + Ny cosdo, (7.3)
Np = (—%—qZJ(NxCOSd)oJr NySin¢o)+(Z—l:JSin¢o)/||:|lIJ|. (7.4)

Here , the derivatives from the poloidal flux s are taken at the point of intersection
(R0¢0720)

7.2 Approximation of grill antenna launch.

istart=2

The rays are launched from points interior to the plasma, since the wave mode may
be evanescent in the immediate vicinity of the low density plasma edge. The spectral
distribution of the rays is specified parametrically. The parameters of the grill are given
in genray.dat file.

7.2.1 Location on the grill.

Location on the grill is determined by the following parameters:

ngrilla (in param.i file) is the maximal total number of N spectra used for setting
of the arrays,

ngrill (<ngrilla, given in genray.dat file) is the total number of N spectra to be
used; i =1,...,ngrill are the given N spectra. The different spectra can have the same
or different poloidal locations.

rhopsiO(ngrill) is the initial small radius p; for the front wave of each grill spec-
trum;

thgrill(ngrill) is poloidal angle 6; (degrees) of each grill measured counter clock-
wise from the horizontal through the magnetic axis;

phigrill(ngrill) is toroidal angle ¢; (degrees) of each grill;

height(ngrill) is poloidal length h; (m) of each grill (giving the poloidal power
distribution of each grill);

nthin(ngrill) is the number of rays simulating a grill.
The space power distribution is determined by the following variables
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powers(ngrill) is power in one grill (MWatts). The total power is powetot:zi"gli” powers(i).

The form of the grill spectrum is determined by the following parameters:
The code has the several types of the refractive index setting. The variablei_n_poloidal
chooses the type (see latter).
Fori_n_poloidal=1,2,3 cases:

anmin(ngrill) is position of left bound Ny, of the power spectrum P(N;); it can
be negative;

anmax(ngrill) is position of right bound N, of the power spectrum P(N); it can
be negative;

nnkpar(ngrill) is number of points of power spectrum P(N; );
For i_n_poloidal=4 case:

antormin(ngrill) is position of left bound Ng,,0f the power spectrum P(Ng, Ng);
it can be negative;

antormax(ngrill) is position of right bound Ng,, 0f the power spectrum P(Nq, Ng);
it can be negative;

nnktor(ngrill) is number of points of power spectrum P(Ng, Ng) in Ny direction;

anpolmin(ngrill) is position of left bound Ng,,, of the power spectrum P(Ng, Np) it
can be negative;

anpolmax(ngrill) is position of right bound Ng,,, of the power spectrum P(Ng, Ng)
it can be negative;

nnkpol(ngrill) is number of points of power spectrum P(Ng, Ng) in Ng direction;

7.2.2 Power distribution along one grill.

Poloidal angle 6 along a grill with the number i is in interval (8,,8i). Where
Birin = 6i +0.5A8), 8,1, = 6 —0.5A8; and

A\B; = 2arctan(0.5h; /pi) ~ hi/pi. (7.5)
We use the following power Py (8) distribution along one i grill

Poi (8) = pei COs2(TH(O — ;) /A\6;). (7.6)
This distribution Pg;(8) is normalized on powers(i)

1

Bimax
A_e./ Psi (8)d8 = powers(i). (7.7)

eimin
For each i grill we introduce poloidal mesh
Bij =6; —0.5A6i+ (j —1)AB;/(nthin(i) — 1)), j = 1,...,nthin(i). (7.8)

The codes has several possibilities to set the initial refractive index. The indexi_n_poloidal=1,2,3,4
(see latter) chooses the type of the refractive index setting.



CHAPTER 7. WAVE LAUNCH AND REFLECTION 45

7.2.3 Power spectrum.

Power spectrum over parallel refractive index.

For the cases i_n_poloidal=1,2,3 one of the input variables is the parallel refractive
index N. Hear we describe the used forms of the power spectrum over the parallel
refractive index Py (N ). For one i grill, the parallel component of refractive vector N
is in the interval (N, . Njji)» Where Ny, . =anmin(i), N, = anmax(i). We use
two different forms of power spectrum:

if igrillpw=1
Pii (N)) = pni. (7.9)

if igrillpw=2

sin(x)

2
) x= 2 (N = Ny ). (7.10)

Phi (N) = pni ( “ 2N,

Here, ANy, =N, — N Njo = 0.5(N, . + NHimin) is the center value of N|. The
power spectrum 7.9 and 7.10 are normalized at unit

1 NN
- Pui (N ANy = 1. (7.11)
ANy, /N—Nimm o

For each i grill we introduce uniform N mesh:
N, = anmin(i) + nhNui’ n=1,...,nnkpar (i) (7.12)

Where hy, = (anmax(i) —anmin(i))/(nnkpar (i) + 1) is the step of this mesh.
if igrillpw=3
N; —anmin(i)

pr—) )2). (7.13)

Phi (N)) = priexp((

This power spectrum is normalized by unit using eq.7.11.

Power spectrum over toroidal and poloidal refractive indexes.

For the cases i_n_poloidal=4 the refractive index N is set by its toroidal and poloidal
components Ny, Ng. Hear we describe the used forms of the power spectrum over
the toroidal and poloidal refractive index components Py (Ng, Ng). For one i grill, the
toroidal and poloidal refractive vector componentsare in the intervals No C (Ng ., Ng, )
No C (Ng; . Neg ), where N = antormin(i), Ny, = antormax(i) and Ng, .~ =
anpolmin(i), Ng, = anpolmax(i). We use two different forms of power spectrum:

if igrillpw=1
Phi (N, No) = pni. (7.14)

if igrillpw=2
Pui (Ng,Ng) = pni fp (Ng) fo (Nog) (7.15)

. 2
fol(Ng) — (smx(x)) X = Az—lil;(N(p_N%i) (7.16)




CHAPTER 7. WAVE LAUNCH AND REFLECTION 46

. 2
fohe) = (52 ) Ly = 2 (Mo~ Moy (747)

Here ANg =Ng . —Ng . and ANg; =Ng,  —Ng, ,Ng, =0.5(Ng_ +Ng _ )and
Neo =0. 5(Nelmax + Ne. ) are the center values of N(p and Ng . The power spectrum
7. 14 7.15,7.16and 7. 17"are normalized at unit

N(ﬂn-ax Neimax
m / /Ne, | Phi (Ng, No)dNgdNg = 1. (718)

For each i grill we introduce uniform (Ng, Ng) mesh:
Ng o = a@ntormin(i) + ntor = hy,, , ntor = 1,..., nnktor (i) (7.19)

No, o = anpolmin(i) + npol = hNe‘ ,npol =1,...,nnkpol (i) (7.20)

Where hy,, = (antormax(i) —antormin(i)) /(nnktor (i) +1) and hy, = (anpol max(i) —
anpol m|n( ))/(nnkpol (i) + 1) are the steps of this mesh.

if igrillpw=3
Ny — antormin(i)
antormax(i)

Np — anpolmin(i)
anpol max(i)

Pi (Ng, Ng) = pniexp(—( 2—( ) (7.21)

This power spectrum is normalized by unit using eq. 7.18.

7.2.4 Approximation of one i grill

Eachi grill is divided into nthin(i) cells with poloidal length equal to 8l;; = p; A8; / (nthin(i) —
1)). The centers of | cells are at points with coordinates (pi, 6;j,$i) where 6;; is given
by 7.8. The local power in j cell is:

Poij = Pei COS*(TU(Bij — )/ A\8)). (7.22)

Amplitude pgj is calculated from normalization condition 7.7. For nthin(i)=1 , we use
6i1 =6; , P1 = powers(i) .

For i_n_poloidal=1,2,3 cases. = From all cell centers, we launch nnkpar(i) rays .
The ray with number n = 1,...,nnkpar (i) has parallel refractive index N, 7.12 and
spectrum power Pni(Ny, ,) from 7.9 or 7.10. For nnkpar(i)=1, we use Nj,, = NHOi =
0.5(anmax(i) +anmin(i)) and Pyi(Nj;,, ) = powers(i). The partial power in the ray with
indexes (i, j,n) is Pjn = PGI(GI])PNI(NHm)-

The number of rays per i grill is equal to nthin(i)*nnkpar(i) . The total number of
rays is iray = ZI "0 nthin(i)nnkpar (7).

So, in each space (i,]) point, the code calculates coordinates (Ro.¢o,2) of the
initial ray location. At this point for each (i, j,n) ray, the code determines parallel to
magnetic field component of the refractive index Ny,
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For i_n_poloidal=4 case. ~ From all cell centers, we launch nnktor(i)*nnkpol(i)
rays . The ray with numbers ntor = 1,....nnktor (i) and npol = 1,...,nnkpol (i) has
the toroidal and poloidal refractive index components (Ng o, Ne; .. ) 7-19, 7.20 and
spectrum power Pni(Ng o N, ,n ) from 7.14 or 7.15. For nnktor(i)=1, we use Ng , =
Ng,, = 0.5(antor max((i )+antormin(i)), for nnkpol(i)=1, we use Ng, 1=Ng, =0. 5(anpol max(i) +
anpol min(i)). If the spectrum consists from one point nnktor(i)=1 and nnkpol(l) 1
then Pni (Ng ,, Ng; ;) = powers(i). The partial power in the ray with indexes (i, j, ntor,npol )
is P|,j,ntor,npol = Pei(eij)PNi(N(ﬂ,ntor ) Nel,npol)

The number of rays per i grill is equal to nthin(i)*nnktor(i) *nnkpol(i). The total
number of rays is iray = z' "ol ptini)nnktor (i)nnr pol (i).

So, in each space (i, J) pomt the code calculates coordinates (Ro.$o,20) of the
initial ray location. At this point for each (i, j, ntor,npol) ray, the code determines the
toroidal and poloidal refractive index components Ng ., and Ng,

There are the several possibilities to set the direction of the perpendicular refractive
index component in the code.

7.2.5 The given N_parallel determines N_toroidal and N_poloidal.

i_n_poloidal=1.

Using the given value of N, | the code calculates the toroidal Ny, and poloidal N;g com-
ponents of the refractive vector. Then it solves the dispersion relation N; =N, (N ||) or
N = N(N ||). After that the code directs the perpendicular component of the refractive
index along the perpendicular to the magnetic surface along +C0y.

Np = \/N —N? \/N (7.23)

Here 0 = +1. Here 0 = £1. The variable o=i_ vgr_ini is set in genray.dat file in
namelist /wave/. To choose the different p055|b|I|t|es of the grill type wave launch the
code has the switch i_n_poloidal that is determined in genray.dat file in grill namelist.
For the given case i_n_poloidal=1. By defaulti_n_poloidal=1.

7.2.6 The given N_parallel and N_poloidal.

i_n_poloidal=2.
The other possibility of the direction of the perpendicular refractive index is to set
parallel N, and poloidal Ng refractive indexes i_n_poloidal=2 In the given case the
grill namelist has the input variable Ng=n_poloidal. By default n_poloidal=0.

The initial refractive vector can be written as

=

B
Nin=Nj, 5 +N.&1 (7.24)

Here € is a unit vector that determines the direction of the perpendicular refractive
index
?L = aicp?(p‘F GLQ?G + aLp?w (725)
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The coordinates of & | vector can be determined from the following equations

af,+aigt+ai,=1 (7.26)
From 7.26, 7.27
2 2 2 » B?
®
The eq.7.29 have sense at
B
o) < = (7.30)

B
Using 7.28, 7.29 we can rewrite 7.25

B2
_éj_:_BpaJ_G/B(p_é(p+aJ_6_€9+01 ;1—(}(16?‘6@ (731)
)

Here 0 = 4+1. From 7.24 and 7.31

B B
Wi,n = NHi,n(@(PFqJ —I—@egp) + NJ_(—BpGle/B(p@(p—i— Gl9?9+0‘ /1 —Gieg—%@w) =

= ?(P(N\\i,n% — NJ_BpaJ_e/B(p) + ?Q(NHW% +Nyag)+ @wc 1-— Gieg—%
(7.32)
Eq.7.32 gives the poloidal component of the initial refractive index Ng = NH% +
N,a g . Here the poloidal refractive index Ng is the part of the projection of the
refractive index on the. So
_No NyBp

Using the condition 7.30 we can get the condition for Ng

NBp N,B NBp N,B
1Pp _ NiBe IPp | By
5 5= <No<—g=+—F— (7.34)

7.2.7 Thegiven N_parallel and the angle between N_perpendicular

and .

The other possibility of the direction of the perpendicular refractive index is to set
the parallel refractive index N, . and the angle x between the perpendicular refractive

index N | and the gradient from the poloidal flux X = WL[IQJ , 0 < x < For the
given case i_n_poloidal=3. In this given case the grill namelist has the input parameter
ksi_nperp. By default ksi_nperp=0.
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The initial refractive vector is determined be the equations 7.24, 7.25, 7.26 and
7.28. Where

ap = COSX (7.35)
Using 7.35in 7.26,7.28 we will get
B
O,g= sin)(g(p (7.36)
. B
Olg= —smep (7.37)

Using 7.36, 7.37 we can rewrite 7.25
Bp - B(p -
€, = —Esmx@(ﬁgsmx?wrcosx?w (7.38)

It gives

Nin= N\\i,n(?;(pB—g" +ie%) + Nl(—% sian?q,Jr %"sinx?eJrcosx?w) =
= €Ny, & —NLgsinX) +€o(N,, 5 +NLg sinX) + €yN, cosX
(7.39)
7.2.8 The given toroidal and poloidal refractive index components.

i_n_poloidal=4. The other possibility to set the refractive index is to give its toroidal
and poloidal components Ny and Ny. In this case the refractive index is

N =Ng€o+NeTo+NyEy (7.40)

We will find the parallel refractive index for the given case. The vector of the parallel
refractive index component is

B B
WH = N“(@(p—(p-i-@e—e) (7.41)
B B
The vector of the perpendicular refractive index is
N, = Ny sinX(Eesing+ Epcos&) + N, COSXEy (7.42)

Here X is the angle between the perpendicular refractive index N | and the poloidal

flux gradient ¥ = WLDQJ , 0 <x < & is the angle between the projection of the
perpendicular refractive index on the plane perpendicular the O and the poloidal unit

vector €g. Using the condition 0 = WL 'WH = sinEB—B‘P +COSE% we havetané = —E—Z,

sosing = i% and cos& = :F%. The equation 7.42 will give

B
Wl=iNLsinx(?(p%—?eE(p)Jercosx?w (7.43)
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Using 7.40, 7.41 and 7.43 we will have

Np = N, cos)X (7.44)
Ny = =N — + Ny —= 7.45
o sinx 5 +Nj5 (7.45)
. B Bg

Np = TN =N = 7.46
b= FN_sinx5 +Nj3 (7.46)

Equations 7.45 and 7.46 determine the parallel refractive index
N = Ng— + Ng— 7.47
| =Nz +Neg (7.47)

and NgBg — NgB

iny — 4_2°8 — 0P 7.48
sinx BN (7.48)

From the condition |sin)| < 1 equation 7.48 gives the condition for Ny and Np. Equa-
tions 7.44, 7.48 determine the small radial refractive index component

Np = 0y/1—sin? (7.49)

Here o = +1. The variable o=i_ vgr_ini is set in genray.dat file in namelist /wave/.

7.2.9 The determination of cutoff LH and FW point near the plasma
edge.

In some cases it is necessary to launch LH or FW in the cutoff point most close to the
plasma edge. GENRAY has the possibility to shift the given launch point to the cutoff
point near the plasma edge. If the variable i_rho_cutoff=1 (in GENRAY.dat file) then
the the code will find the cutoff point. By default i_rho_cutoff=0.

From the input grill data the code determines the launch point (Ry.$0, Zp).The code can
shift this point to the cutoff point near the plasma edge along the straight line. This line
is directed from the magnetic axis to the given point (Ro.$0, 2).

7.3 EC wave launch for O-X-B mode conversion sce-
narios

istart=3

For dense plasma with Xe(p = 0) > 1 3.1, the electron cyclotron O (ordinary) mode,
is launched from the periphery where Xe(p) < 1, reflects at the points where Xe = 1. In
this case O mode cannot reach the center of the plasma. A way to overcome the density
limit in O-X-EBW mode conversion processes was proposed by (J. Preinhaelter and
V.Kopecky, 1973) [11]. X and EBW are the extraordinary and the electron Bernstein
modes. These scientists proposed the scenario that O mode be transformed to X mode
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at the point where X = 1. The O-X mode conversion requires the launch of O mode
with optimal parallel refractive index:

Njog = v/ Ye(Poor) /Ye(Poor) + 1. (7.50)

Here,
Peorv = (Pconvs Bconv) IS O-X mode conversion point, where

Xe(Peonv; Oconv) = 1; (7.52)

(Pconv, Bconv) are the small radius and the poloidal angle of O-X mode conversion point
Poonv-

O-mode is transformed to X mode near O-X conversion point Pgpy. X mode enters
the plasma with greater density Xe > 1. Then X mode is reflected and goes to the
plasma periphery. If the upper hybrid resonance (UHR) layer (where Xe+ Y2 = 1)
is inside the plasma , X mode is transformed into the electrostatic electron Bernstein
mode. This EBW mode is reflected near the UHR layer and can propagate into the
plasma core. Near the electron cyclotron resonance (ECR) point, EBW mode can be
absorbed by the plasma. This scenario permits us to use the O mode for heating the
central part of the dense plasma.

The special O-mode launch is realized for studying O_X_ EBW mode conversion
scenarios (C.B. Forest et al., 2000) [12]. The O mode is launched from a space point
inside the plasma. To specify the location of this point we use input data from the grill
parameterization B¢on=thgrill(1).

First of all we calculate the small radius peony 0f O-X conversion point Popy for the
given poloidal angle B¢y Using equation 7.51. In the point found, the O mode wave
is launched in the direction of denser plasma with the optimal value of the parallel
refractive index Nj = N, 7.50. To launch this wave, we determine the perpendicular
component of refractive vector N, o for O mode from the solution of the dispersion
relation:

Dot (X (Peorv): Y (Peon) T (Peonv) NjgeNLO) = 0. (7.52)

For these conditions, N o should be close to zero.

The code calculates the input grill parameters rhopsio(1)=pconv anmin(1)=N;,, —
0.01 and anmax(1)= Ny, +0.01. For this case.\, the code uses one ray launch.
So we see in genray.dat file: ngrill=1, nthin(1)=1, nnkpar(1)=1. The parameters
rhopsiO(1), height(1) anmin(1), anmin(1) in genray.dat file can be arbitrary; they
will not be used.

7.4 Initial refractive vector

The refractive vector N g at the initial space point Py consists of the vector parallel to
the flux surface Wouw ( WOHUJLU -0y = 0) and the vector perpendicular to flux surface

Woup .
Wo = WOHUJ + WOMJ' (7.53)
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At the plasma vacuum boundary I , the parallel refractive index Wow should be the
same for both the vacuum and plasma sides. We determine the parallel refractive index
at the vacuum side of boundary :I"

WOHUJr = NO¢ ?q; + Noe?e. (7.54)

Here, No, is the toroidal component of the refractive index at the initial point; No,
is the poloidal component of the refractive index at the initial point; &g is the unit
vector in the toroidal direction; €¢ = Oy x € /|| is the unit vector in the poloidal
direction. The perpendicular to the magnetic surface refractive index vector directed
into the plasma is equal to:

No,, = —No,, 0w/ |Oy]. (7.55)

Here, NoLLIJ is the small radial component of the refractive index that can be calculated
from the dispersion relation for given NoH and No,, Nog-

The different models of the wave launch described in the previous sections 7.1, 7.2,
7.3 create the initial toroidal No, and poloidal No, components of the refractive index.
Using these components the code calculates the parallel to the magnetic field refractive
index 7.54.

Then the code solves the dispersion relation to find the perpendicular to the mag-
netic field refractive index No, . The dispersion relation D(Nj,N.) = 0 has a set of
roots N, . Each root corresponds to a specified wave mode. Genray.dat file input has
two switches for root choice.

ioxm=+1 determines the sign before the root in the cold plasma dispersion relation
4.12, and O-mode (ioxm=+1) or X-mode (ioxm=-1) for the solution of the Mazzucato
dispersion relation 4.37.

ibw specifies the launch of EBW. If ibw=1, the code launches a Bernstein wave
using the hot plasma dispersion relation and grill conditions istart=2. If ibw=0, the
code launches O or X modes.

Using the found root Ng, the code calculates the module of the small radial compo-
nent of the refractive vector directed perpendicular to the magnetic surface

|WOLQJ| = \/NgJ_ +N3H - Ngq, - Nge

The code has the possibility to launch the wave towards the interior of the plasma
or in the outwards direction. The direction of the small radial component of the wave
group velocity Vg, is determined by the direction of the small radial refractive vector

Wow The code chooses the sign of Wow to get the necessary direction of V’grw
.The input parameter i_vgr_ini given in genray.dat determines the direction of Vg,
in the initial point. For the wave directed into the plasma i_vgr_ini=+1 and V', is
anti-parallel to Oy . For i_vgr_ini=-1 the small radial wave group velocity directed
out of plasma. It is assumed that the poloidal flux has a minimum inside the plasma.
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€ theta

Ntheta

Figure 7.1: The refractive index components in the poloidal pane.
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7.5 Reflection from the plasma vacuum boundary

Near the plasma vacuum boundary, the code can reflect the rays. The variable ireflm
determines the maximum number of reflections for each ray. It is proposed that plasma
boundary I' can be represented by two functions versus major radius Zyin(r), Zmax(r),
where rmax < r < rmin. If the point of the ray trajectory Prefjeq (1,2) goes close to the
plasma boundary:

I <rmin+epsbnd or ryax—epsbnd <r

Z< Zmn+epsbnd or zpx—epsbnd <z’ (7.56)

the subroutine bound reflects the ray at this point. Here epsbdn is a parameter given
inside subroutine bound. At the reflection point Pefjeq (1, ), the code changes the sign
of the normal to the flux surface component of the refractive index,

Nirefleat,, = Nrefleat, 00/ 0], (7.57)
and conserves the parallel to the flux surface refractive index component,
Nrefleat),, = Nreflecty €+ Nrefleaty Eo (7.58)
The refractive vector before reflection has the form:
Nreflet = Wrefleciw + Wreﬂectw. (7.59)
The refractive vector after reflection has the form:
Niretiea = Nretie, — Nreflea, - (7.60)

If reflection is not needed, we set the parameter ireflm equal to unit (ireflm=1).
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Electric field polarization

The code calculates electric field polarization along ray trajectories. The electric field
E is the unit vector which satisfies equations 1.6 for different forms of the dielectric
tensor. The condition for this solution is the dispersion relation D = 0 1.7. For any
given computational accuracy, the numerical solution of the ray-tracing equations1.8
gives the numerical error for the ray variables. This error leads to non-zero dispersion
function D # 0 along the ray trajectory. So, formally the system 1.6 will have no
solution. Therefore, we must determine the polarization for equations 1.8 with non-
zero dispersion function. We use the following approach:

dy1Er +dpEy +disEz =0
o1 E1 + dooEp + dozEz = 0. (8.1)
d31E1 +d3oEp +d3sEz =0

System 8.1 determinant is D = y;_; 3djiaji. Where j is the number of chosen
matrix row and a;; is a cofactor of the element dj;. The solution of system 8.1 has the
following form:

Ex = Ajk- (8.2)
To check it, we put 8.2 into 8.1

dh1aj1 + dzaj2 + thzajz =0
d218j1 + dp2aj2 + dzajz = 0. (83)
dz18j1 + dazaj2 + dszajz = 0

The condition of the solution is D = 0. Let p be the number of the row in the system.
The equation 8.3 has the form:

dpiaji = 0. (8.4)
igg iAdji
If index j coincides with the number of row j = p, then,

&
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If j # p, then ¥i_; 3dpiaji = 0 as the determinant of the matrix with two coincided
Due to numerical errors, determinant D does not equal zero. In this case we use
equation 8.2 for the electric field determination. The number of matrix row j is chosen

from condition:
aji = mp?(x|apk|. (8.6)

The electric field is normalized to unit length.
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Current drive

The code calculates the current drive (CD) j = nPassorp (current density) along the ray
trajectories using various possibilities to determine CD efficiency ) and absorbed wave
power Papsorp. CD efficiency n is normalized at (A/cm?) /(erg/(cxcm?®)). The switch
for choosing the CD efficiency form is ieffic . The specification of the wave harmonic
is determined by variable jwave.
ieffic=1

CD efficiency is calculated using the following simplest asymptotic formula for
uniform non-relativistic plasma.

jwave=1 for EC wave first harmonic;
___3 2 3 .
NEC = 257757 (U + 2+ arZey)):

jwave=0 for lower hybrid (LH) wave;

NH = ez (U + (3 arzzgm)

where u is the resonance velocity normalized by electron thermal velocity vre =
1.87%107/Te (m/c), Te (keV), u= = (1 — juYe) /N
ieffic=2

In this case CD efficiency is calculated using the asymptotic formulas (D.A. Ehst
and F.F. Karney, 1991) [13]

a) jwave=0

Landau damping of LH waves resonant at parallel velocities above the electron
thermal velocity.

b) jwave=-1

Slow frequency fast (compressional Alfven) waves (AW) resonant with low phase
velocity electrons via combined Landau damping and transit time magnetic damping.
ieffic=3

CD efficiency is calculated using the CURBA subroutine (R.H. Cohen, 1987) [14],
[15] for relativistic electron plasma in toroidal plasma with passed and trapped parti-
cles.
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Power and current drive radius

The code can calculate the absorbed wave power and CD profiles versus the chosen
small radius 2.10-2.13. To switch on the profile calculation, we use ionetwo=1. In
other cases, ionetwo=0. The code calculates the absorbed power along all ray trajecto-
ries. It uses this power and the CD efficiency to calculate the current generated in the
plasma. Using these data, the code creates profiles averaged over the magnetic surfaces
of the absorbed power and power density, the current and current density.
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Numerical methods

11.1 Numerical solution of ray-tracing equations

The code has several possibilities for the numerical solution of ray tracing ODE equa-
tions. The switch irkmeth specifies the method.
irkmeth=0

This is the Runge-Kutta 4th order method with constant time step. The code con-
trols the position of the trajectory near the plasma vacuum boundary and reduces the
time step if the ray point goes outside the plasma 7.56 in one of the sub-steps of the
Runge-Kutta procedure. This control is produced in boundc subroutine. The param-
eter epsbnd is set inside boundc subroutine . The value of this parameter can differ
from the value epsbnd in bound subroutine.

irkmeth=1

This is the Runge-Kutta 5th order method with variable time step. In this case,
the code changes the time step to get accuracy. It uses the algorithm described in
(W.H.Press et al., 1999)[16] (chapter 16.2).
irkmeth=2

This is the Runge-Kutta 4th order method with variable time step. In this case, the
code changes the time step to get accuracy. In this case, the code controls the position
of the point near the plasma vacuum boundary as done in irkmeth=0.

11.2 Hamiltonian conservation

The ray tracing equations 1.8 are of the Hamiltonian type, where the dispersion func-
tion D plays the role of the Hamiltonian. Along the ray trajectory the dispersion func-
tion conserves zero value D = 0. Inaccuracy in the numerical integration of the ray
tracing equations leads to errors in ray coordinates @ = (f{W). Small deviation in
these coordinates can lead to significant deviation in the dispersion function from zero.
The non-zero value of the dispersion function D, for example, can give a wrong electric
field polarization. The code has two possibilities to conserve the Hamiltonian.
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a) The Hamiltonian D has error € at each time step of the numerical solution of
ray-tracing system D(@ ) = €. The small correction A@ can conserve the zero Hamil-
tonian value

D(G+AT)=0. (11.1)

There is one equation for six variables. The additional condition for the correction A @
can be the minimum of the norm |A|. For this condition, the full problem for the
correction has the following form:

—IANTI2 e mi
{‘] |A |(%§|Al_6)()ﬁqu) min . (11_2)

We use the Lagrange function L = J(AT) +AD(T + AT) for solution 11.2. The
derivative from this function gives the equations for A and y :

i aD( q +A q
2/q; +)\T 0, i=1,..,6. (11.3)
D(O+AT) =
The first equation in 11.3 gives:
AT +AT) .
NG = 3 o ,i=1,...6. (11.4)
After substitution 11.4 for the second equation 11.3 we have:
A
D(T - EDD(ﬁJrAﬁ’)) =0. (11.5)
To solve 11.5 we use the iteration process based on its linearization:
A A oD(T) D(T+ AT
D(T - 50D(T +47) =D(w) 5 § DDPELLT o 145

i=16 aQi aQi

Let | be the number of iterations with the initial parameters §© = 9, Aq© =0and
A9 = 0. The iteration process (I = 1,2, ...) has the following form:

ﬁ(l) — @JrAﬁ(lfl) (11.7)
A= 2D(9) = (11.8)
ZI 16 acﬁ ) 90 ?ql
" _ _&aD(ﬁ(lil)) _ D(T) aD(ﬁ(l—l))
Ag’ = 2 aq; - @@ Y 3G . (11.9)
Yi-16—ag  — og

The condition for the final iteration is \D(ﬁ’ (I+1) )| < Ecorrection-

b) For large values of the perpendicular refractive index N, the previous method
does not reach accuracy in some conditions. In this case, we use the correction pro-
cedure based on the solution of dispersion relation D(N;, Ny, X,Y,T) = 0. After each
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time step of the numerical solution of the ray-tracing equation, we get ray coordinates
T = (_R>,W). These coordinates give the values of the parallel and perpendicular
refractive vectors WH, N, Using given N, we calculate the corrected perpendicu-
lar refractive index Ny, .., from the solution of the dispersion relation. We correct
only two components of refractive index (Nr ., eced Nzcorreaed)- 1NE toroidal compo-
nent is not corrected. Then the corrected values of the refractive index coordinates
(Nr orrectes s Nzeorrereg ) @€ Calculated with the following system:

Br Nrcorrcledz+ BZNZcorrecled —EB¢'M2/r = ZBNH
+N +(M/r) = NH +NJ—COrrecled'

Zeorrected

2 (11.10)
Nrcorrecled
This system can give two solutions. We choose the solution that has minimum distance
from the non-corrected values. For some conditions the system 11.10 has no solution.

In this case the code gives a warning.

11.3 Differentiation of the dispersion function

The right hand side of ray-tracing equations 1.8 contains a set of the first derivatives
from dispersion function D. The dispersion functions have many difficult formulas;
therefore, the calculation of analytical derivatives from these formulas can be a source
of error. Another problem is that in some cases the subroutine calculates the dispersion
function but does not calculate derivatives from this function. The code can calculate
these derivatives using the analytical (idif=1) or numerical (idif=2) differentiation. The
switch idif is the input parameter in genray.dat file.

11.4 Algorithm giving the output data at the set radial
steps

It is convenient to generate the output data from GENRAY at the poloidal distances
close to the mesh points s = ihg specified by the poloidal step size hs. The input step
size prmt6= hg is given in genray.dat file.

The code calculates the poloidal distance I 4 = Yi-1 2 Pogigar 2l0NG the tra-

jectory at the each time t". The time step T =t" —t"~1 is automatically determined
by the given Runge-Kutta method accuracy . Here AlRy g = v/ (ArM)2 + (AZ")2,

Ar" =" —r"1and AZ" = 2" — 21 are the increments of the poloidal distance and

r, z variables for one time step. If 15,4, > s + &shs then the trajectory have jumped

throw the necessary output mesh point s'. Here &5 > 0 is the given small positive num-

ber. In this situation GENRAY goes back to the previous time t"~ point (_Rmfl, anl)
takes the new time step

Thew = T(§71 +&shgl — |B&éida|)/ﬁl Boloidal (11.11)

and calculates the position of the new ray point (_Rm,Wn) using the Runge-Kutta
method with the constant time step. The formula 11.11 was obtained from the linear
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approximation of the poloidal distance dependence from the time. After that GEN-
RAY calculates the new value of the poloidal distance that will be used as the output
poloidal point. If the automatically calculated time step T is much bigger than Tney, the
used algorithm can slow the calculations significantly.

GENRAY has the possibility to switch off writing the output dat to the 3d.dat file.
The input variable iout3d that makes it is in genray.dat file. For iout3d="enable’
GENRAY writes 3d.dat file, for iout3d="disable’ GENRAY does not write it.
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Electron cyclotron emission.

It works if the variable i_emission=1 in GENRAY.dat file.

12.1 Radiation transport equation for the the radiative
power.

Electron cyclotron emission can be a sensitive indicator of nonthermal electron distri-
bution. GENRAY calculates the emission follow the model proposed in [6]. In the
WKB approximation, the radiation transport equation [18] gives I, the power in each
wave mode per unit area-radian frequency-steradian following along rays in the plasma:

n?s -0 2)=j—al (12.1)

Were S'is a unit vector along in the ray the ray trajectory mode under consideration,
n, is the ray refractive index [18], emissivity | is the power radiated by the the plasma
per unit volume radian frequency-steradian, and a is the inverse damping length along
the ray of rf wave energy. The ray emission trajectories can be calculated using the
different types of the dispersion functions specified by the option id.

The formula for the ray refractive index is given in [18]

(12.2)

GENRAY has the several possibilities to calculate the ray refractive index n;. The input
variable i_rrind in genray.day file determines the used formula for n,. For i_rrind=1
n, = n; for i_rrind=2 the ray refractive index n, will be calculated using 12.2 and the
cold electron plasma dispersion function; i_rrind=3 the ray refractive index n, will be
calculated using 12.2 and the hot non-relativistic plasma dispersion function.

63



CHAPTER 12. ELECTRON CYCLOTRON EMISSION. 64

The absorption and emission coefficients are given by Refs.[6], [19] and [20]:

a= %{ % (12.3)
=S F (12.4)

Where E = E (, ?) is the space-time Fourier transform of the electric field, 'S (cw, ?)
is the energy flux density per frequency and per unit volume in X space,

S=v (12.5)

and Vg is the wave group velocity 1.8. We use the conventions in Refs. [6], [19] and
[20], which give spectral energy density U,

1 - « 0(wEp)
u_8n(§? B+E - 0 "E) (12.6)
In this equation we use Hermitian dielectric tensor coefficients &, for different dielectric
tensors. It is essential that relativistic expressions be used for anti-Hermitian dielectric
tensor elements &, and the corresponding the correlation tensor G for the fluctuating
current density. These are obtained from the momentum relativistic electron distribu-
tion function f [18], [6],[7]

W2 N=e ki v, n
e 3u M (1SN (y— I _ NGk
Brdanita = —Tt JECYRIGERE ) (12.7)
relativigt Q)zn:ZW P ®
N TS T = P B L
G__(2n)5@En:Zm/d p\—/fpﬁ sy—-LL-222)  (128)

The formula 5.3 for anti-Hermitian part of the relativistic dielectric tensor were dis-
cussed previously in the chapter “Wave power absorption”. The formula for the cor-
responding the correlation tensor G for the fluctuating current are used the same ap-
proach.

The emission equation along the ray trajectory s starting at the detector has the
following form.

—nfg(nﬂ) =j—al (12.9)

Here S'is a unit vector in the opposite ray direction, s= 0 at the detector . The solution
of theeq. 12.91is

ny 2(8)1(8) = Coexp( /So a(t)dt) /So ,j;ft))dtexm [a@dy @210

Let we will calculate the power of the emission along the ray with the length L and

I(L)=0 (12.11)
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Using 12.11 we get from 12.10

B L M L
O_Coexp(/SO a(t)dt) /Sonrz(t)dtexp(/t a(g)da) (12.12)
It gives the value of the constant
B ¢t L j(t) L
Co — exp( /Soa(t)dt)/so nrz(t)dtexp(/t a(q)dq) (12.13)

Using 12.13 in 12.10 we get the emission power at the s point

-2 _ it _
Ny *(s0)! (s0) =Co —exp( fso ()dt)tf ntdteXp(J} a(g)da) = (12.14)
=[5 dtexp( Js,a(a)da)
So, the emission power at s has the form
_ 2 L) t
(30) = 8() | etexn(— [ a(ayda) (1215)
The emission at the detector sp =0 is
L t
10 =r2(0) [ - chexn(— [ a(a)da (12.16)

Let introduce the mesh along the ray s,, n=1,...,N, where the value sat the detector is
51 = 0. The emission I from nth bin 5, < s < $,11 can be obtained from the equation

—n?(;]I (n215) = jMn(s) —aly (12.17)
with the condition
In(Sh+1) = 0 (12.18)
Here
Mn(s) :{ 1’5“ e > (12.19)

The solution of 12.17 can be obtained from12.14

ox(t)dt)—/S wdtexp(/tsa(q)dq) (12.20)

se1 NF (t)

S
N 2(9)1n(8) = Conexp( |
Sn+1
Using 12.18 we can find Cg,
Ny 2(sn+2)In(Sn41) = Co, =0 (12.21)

It gives the emission

i w0 :
nA(SIn(s) = [ S el JECED (12.22)
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Using 12.19 we get the following form for the emission Ip

S+l ‘ dtex g)dg),sh <s< s
P““ i dtexpu; a(g)dg),s < s,
This formula gives the value of I at the the detector side of nth binat s= s,
) Sl (1) t
nA(s=slh(s=s) = [ p-diexp(— [ a(g)dg) (12.24)
s NEt) Sn

This integral 12.24 can be evaluated as

M 2(s=)ln(s=sn) ~ 2;1//2 S exp(—a(sy 1/2) (t—Sn))dt =
+1/2) (12.25)

onez) g eXp(—0(Sh+1/2) (Snt1— )

= PSh12)0(012)

The emission Ip at the detector s= 0 Ig, has the the form

N=2(s=0)In(s=0) = fsiwl it o dt exp(— fstna(q)dq— Jo"a(a)dg)) = (12.26)

nf

=n;?(s=s)In(s= ) exp(— 5" a(g)dq)

The last integral in 12.26 can be evaluated as

[ (S ) 2022

- [ a(q)dq>~{ 1(6n = om-1)om-17 (1227)
It gives

N, 2(s=0)ln(s=0) =, %(s=s)In(S= %) exp(—Tn) (12.28)

The specific intensity equal to 1n(s = 0)/As for each spatial bin As=s"1 " can
has a very narrow and top peaks along the ray [6]. In [6] it was proposed the procedure
that adds the points along the calculated ray in the vicinity of these peaks.

Typically the number of points along the ray trajectory N=100 is sufficient to
coarsely resolve the main contribution of all peaks. The mesh along the ray is then
refined by calculating additional values of a and j have been calculated, and where the
resultant In(s=0) are grater thant- | (s= 0); tis a tolerance parameter, typically t=0.01.
This refinement procedure thus adds calculations of a and j only at those points along
the ray where they contribute significantly to the signal arriving at the detector.

The code can obtain emission from multiple passes across the tokamak; the ray
is assumed to specularly reflect off the vacuum chamber wall. Mode conversion at
the wall is not considered. Usually, though, a simple procedure [6] is employed for
optically thin frequencies. This is done in view of the very complicated, and changing,
nature of the vacuum vessel. A single pass is considered to fully represent any of the
passes across the tokamak and back. The total radiation I5(s= 0) is given by

lor = lo(1+rexp T+r2exp 2 +..) =lo/(1—rexp ") (12.29)
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The variables tol_emiss=t1 (0<tol_emiss<1) and wallr=r (O<wallr<1) are given in gen-
ray.dat file in namelist /emission/ input data.

GENRAY can calculate the emission at the detector point for the set of the the wave
frequencies. The variable nfreq (in GENRAY.dat file in namelist /emission/) deter-
mines the number of the used frequencies. The maximal value of nfreq is set by the
parameter nfrega in param.i file. For nfreq=1 the emission frequency determined by
the variable frqncy(GHZ) given in GENRAY.dat file in namelist /wave/. For nfreg>1
the code uses the following frequencies

freq01 — freqo0

wifreq = Woec (fregney00 + nfreq— 1

(ifreq—1)) (12.30)

Where woec is the electron cyclotron gyro-frequency at the magnetic axis, freq00<
freq01 are the ratios of the minimal and maximal emission frequencies to the central
electron-cyclotron frequency.

12.2 Radiation temperature.

The radiation temperature along the ray is calculated by the following formula [18]

_ljen?

"Tna o?

(12.31)

The specific emission intensity In(s = 0)//As at the detector has the sharp maximum
in some point along the ray [6]. The code determines the point Py = (rg,z) where the
specific intensity I,(s= 0)/Asreaches the maximal value on the given ray. This point
gives the maximum impact to the total emission and to the radiation temperature from
the ray. The the ray radiation temperature can be calculated using the total radiation at
the plasma edge [18]

21 g
f2

Tirad = (1232)

For the ray radiation temperature with the wall reflection we use the following formula
2T[CZ|0ti

2

Ttiag = (12.33)
were i = ifreq is the number of the ray, and f; is the wave frequency that was used for
the ray with the number i=1,...nfreq. Due to the sharp form of the specific emission
intensity the ray radiation temperature should coincide with the plasma temperature
in the point Py = (ro,z). For comparison the code calculates the plasma temperature
Tplasrra(PO)-

12.3 Emission plots.

GENRAY launches the several rays differer by the frequencies from detector points.
It can use the several detector points set by EC cone or grill launch input data. The
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detector point specified by the space position and the vector refractive index.
Firstly the code calculates the ray trajectories and writes the ray coordinates along the
rays in GENRAY.bin file. To get xdraw plots of these trajectories we should use the
commands xdraw genr or xdraw emis.

Along all trajectories the code calculates several variables that can be plotted by
xdraw using the command xdraw em:

In(s= sn)/Asis the specific intensity from one bin s, < s < s,1 at detector side
ofn_thbinats=s, AS=s11— %,

In(s=0)/As is the specific intensity from one bin s, < s < $31 at the plasma
boundary s= 0,

losn = Y k_1 Ik(s=0) is the emission at the plasma boundary at s= 0 from the part
oftheray 0 < s< s,

Th = J5"a(s)ds s the optical depth,

Ty is the plasma temperature along the ray,

Trag 1S the radiation plasma temperature 12.31 along the ray.
The command xdraw emf1 creates the plots of the ray radiation temperature, the ray
radiation temperature with wall reflection, the coordinates of the point Py = (ro, 2), the
plasma temperature versus the ratio w/wco. Here w = 21tf is the wave frequency at the
given ray, o is the electron cyclotron frequency fat the magnetic axis.
In some cases it is useful to compare the ray radiation temperature with the temperature
where the wave frequency coincide with the second EC harmonic. The code has the
option i_r_2nd_harm. If i_r_2nd_harm=1 it code will determine the major radius
of the second EC harmonic resonance point point Pognec(r2nd, 2= 0) at the midplane.
The command xdraw emfr plots of the plasma temperature at the second harmonic EC
points.
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GENRAY usage

13.1 Preliminaries

The GENRAY code is written in standard FORTRAN-77 and runs without modifica-
tions on Cray, Sun Stations, IBM Pentium PC. There are no mathematical library calls.
All necessary routines are parts of the source code. The Fortran source files have the
extension *.f.

There are a number of INCLUDE files for setting parameters and specifying com-
mon blocks. The INCLUDE files have the extension *.i. The include file param.i sets
all the parameters for the code.

MAKEFILE compiles the code at Linux g77 compiler for IBM PC, f77 compiler
Sun stations and the CF77 Cray compiler.

The are a number of *.in files. They are the command files for plotting the data from
*.bin files under XDRAW graphic system. The file xdraw.ini is for color printing of
figures made under XDRAW system. The command xdraw files (*.in) have the names:
drawname.bin. To run the command file, we use the following command: xdraw -c
name. The option -c is for color printing.

The code uses two input files:

| equilib.dat | This is a copy of eqdsk file |
| genray.dat | Inputs the data for all NAMELISTSs used in the code. ]

The code creates the following output files:

| conl | some input data from the eqdsk file |
3d.dat output data along all the rays for CQL3D code
genray.bin output data for plotting the rays under XDRAW
onetwo.bin | for plotting power and CD radial profiles under XDRAW
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13.2 Genray flowchart

The main code program is genray. It is in genray.f file. The flowchart of this program
is the following figure:
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program

GENRAY

i

call equilib

read(genr)
read(tokamak)

1. reading equilib.dat file with the magnetic field data
2. creation the spline coefficients for psi(r,z), f(psi), pressure(psi)
3. creation the limiter surface from psi(r,z)=psisep* psifactr

(psifactr<litissetin ngnQN% . .
4. creation the cordinateS AR,AZ contours psi(r,z)=const for plotting
the poloidal cross section

5. creation the spline for the limiter: z_limiter_plas(r), z), z _limitter_minus(r)
(the top and the bottom plasma boundaries)

1. reads the namelist genr data from genray.dat file
2. reads the namelist tokamak from genray.dat file

1. creation the spline coefficinets for r(psi,theta)
calrhospl | _ ___ | 2. creation the spline for small radius rho(psi) and psi(rho)
1. reads al input data from genray.dat file
cal dinit mr | | 2. creation the splines for density(rho), temperature(rho), Z_eff(rho)
3. calculation the initial datafor EC cone, grill antenna conditions
or O_X_EBW case
1. initialization the arrays for power and current drive radial profiles
cal onetwoini | _ _ _ _ |
1. creation the circules on the horizontal plate (X,Y) for drawing
alga | | the tokamak toroidal cross section
1. initialization the arrays for ODE solver
cdlarays | |
1. initialiszation of the arrays for the output 3d data
call writeadl | |

-listl-
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Y

Theloop over all
rays. iray=1,...,nray

call dinit_1ray

call drkgs(0, 1

or2)

cal mk_graph

cal mk _grabc

call sonetwo

[
end the loop
over al rays

call donetwo

call mk_gronetwo

end of the code

1. calculation of theinitia location P of the trajectory in the plasma
2. calculation the values of N_toroidal and N_theta in P point
3. calculation of the chosen wave mode N_perpendicular(N_parallel)
from the solution of the dispersion relation in P point
L_4. calculation theinitial data (r,phi,z,,N_r,M,N_2) for the ray tracing equations

2. preparartion the output data along the trajectiory
3 writes the output 3d data to 3d.dat file

1. writes the output datafor oneray to * .bin files

calculation of the contours omega_c=const
at the poloidal plate (r,z)

1. calculation of the power and current drive radia profiles

1. calcul
from all

ationstheradia profiles of power and current drive
rays

writing *.bin files for drawing power and current drive radial profiles

-list2-

Figure 13.1: Flowchart of the main program.
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13.3 Parameter input

The variables in the form of PARAMETERS are set in param.i file. The list of these
PARAMETERS is given below.

——-for common block cone.i
nraymax is the maximum number of antenna rays. It must be greater or equal to the
total number of rays nray, calculated in cone_ec routine.

——-for common block five.i

nxeqda is the maximal number of points in horizontal (X) direction in equilib.dat
(eqdsk) file, it should be nxeqda.ge.nxeqd;

nyeqda is the maximal number of points in vertical (Y) direction in equilib.dat (eqdsk)
file, it shoild be nyeqda.ge.nyeqd;

nlimit is the number of limiter points in equilib.dat (eqdsk) file or for calculation of
the limiter surface;

nx4a=nxeqda+4, ny4a=nyeqda+4, nrya=ny4a, nlim4=nlimit+4 are the numbers of
the points for the spline approximation of the poloidal flux and the plasma limiter. AT-
TENTION: this must be nrya=max(nxeqda,nyeqda)+4.

——- for common fourb.i
nves is the number of vacuum vessel points.

——- for common gr.i

npsi is the number of flux surface contours Yj = Wrag + hy(j — 1), hy = (Wiimiter —
Wmag)/(Npsi— 1), j =1,...,npsi. These contours are used to determine the connection
between the poloidal coordinate system (s, 8) and the Cartesian coordinatesr (s, 8), z(y, ).
Here Ynmag is the poloidal flux at the magnetic axis (Xmag,Ymag) and Wiimiter is the
poloidal flux at the limiter or the last closed flux surface.

nteta is the number of points along each flux contour in the poloidal direction W(zpsi (W, 6;),r psi(Wj,6i)) =
Yj. The poloidal angle is measured in counter clockwise direction from the hori-
zontal plate. This horizontal plate goes through the magnetic axis; 6; = hg(i — 0.5),

hg = 21/nteta, i = 1, ntetal

ntetal=nteta+1

epspsi is the accuracy for determination of the contour point coordinates Y(zpsi,rpsi) =

Wi

NL is the number of the poloidal flux contours for plotting the tokamak poloidal
Cross section,
NP=ntheta is used for plotting the tokamak toroidal cross section

——-for common grill.i

ngrilla is the maximal number of poloidal grills; see grill launch Section 7.2 nnkprmax=max;_1 ngrii NNkpar (i)
nnktormax=maxi—1 ngriil NNKtor (i)

nnkpolmrax=maxi—1 ngrill NNKpPOI (i)

nthinmax=max;—1 ngrill Nthin(i)
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r(psi_j,theta i),z(ps_j,theta i)

Psi_mag

P
- Psi_limiter

Figure 13.2: Flux coordinates

nraymaxl is the maximum number of rays from the grill antenna

——-for common ions.i
ncompa is the maximum number of plasma species; this must be ncomp > nbulk > 1

——-for common onetwo.i
NR is the number of points in the small radius direction for calculation of the power
and current drive radial profiles.

——-for common rho.i

npsi4=npsi+4, ntetal4=ntetal+4 are the number of points for the spline approxi-
mation of the small radius as a function of the poloidal flux .
——-for common six.i
ndensa is the maximal number of the points in the input arrays with density, tempera-
ture and Zeff small radial profiles.
ndens4a=ndensa+4
——-for common write.i
nrelta is maximum value for nrelt. Where nrelt is the maximum number of output ray
points along every ray
nraya is the maximal value of the rays
nfreqa is the maximal value for nfreq the number of the emission frequencies
——-for common scatnperp.i (data for N scattering)
nscat_n is the number of points in arrays rhoscat(nscat_n) and scatd(0:nscat_n)
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——-for common dskincomm

iya is the maximal number of the points in the pitch angle mesh for the input distribu-
tion functions

ixa is the maximal number of the points in the momentum mesh for the input distribu-
tion functions

irza is the maximal number of the points in the small radial mesh for the input distri-
bution functions

ngena is the maximal number of the plasma species for the input distribution functions
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Examples

14.1 Fast wave in D3D in cold plasma

We use the following input data for fast wave launch in D3D:

1) Dispersion relation: cold plasma, id=2

2) FW absorption iabsorp=3

3) Plasma species nbulk=3

electrons and two sorts of ions; Deuterium D(charge(2)=1, dmas(2)=3674) and
Oxygen O (charge(3)=6, dmas(3)=22044)

4) Wave frequency - 60 MHZ

5)Center plasma density ne—4.46x10%°m 3, np_4.46+10°m~3, no_0.446+10°m—3

6) Center plasma temperature Te = 3.59KeV, Tp = 3.23KeV, Tp = 3.23KeV

7) Wave power 0.683 MWT.

The results of GENRAY calculations for FW launch in D3D are plotted in these
two sets of figures.

76



CHAPTER 14. EXAMPLES 77

5 z(r) y(X)
gr &r
8+ 8
e .o 1N
J gl @é/
g s
0 5b 160 1%0 260 2&%0 3b0 3%0 814{)0 -260 0 260 46(
X
rho(poloidal dist.) n_paralel(poloidal dist.)
-l
Q:’ (=]
S 0.0 0‘.5 l‘.O 115 2‘.0 215 3‘.0 3‘.5 0.0 0‘.5 l‘.O 1‘.5 2‘.0 215 3‘.0 315
Poloidal dist. X10° Poloidal dist. X10°
n_perpendic(poloidal dist.) y_i(poloidakl dist.)
%87 ol
g =
oo >m
o :
© 50 05 1o 15 20 25 30 35 00 05 10 15 20 25 30 35
Poloidal dist. x10° Poloidal dist. x10°

Figure 14.1: FW in D3D. a) Ray trajectory and refractive index and Y _i along the ray.
The poloidal distance is the projection of the ray length on the poloidal cross-section.
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Figure 14.2: FW in D3D b) Wave power along the ray and small radius profiles of
absorbed wave power density and current drive density.
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