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An analytic model to estimate the transformation efficieats paraxial beam from O-mode
to X-mode in the proximity of the critical density cutoff layin a cold magnetized plasma is
proposed. The evaluation of the power conversion efficieiay generic distribution of field
amplitude is obtained as the sum of the coupling efficiencasulated for the components
of the beam angular spectrum of plane waves, decomposeduss&termite functions. The
model allows to obtain a basic assessment of the converfiocierecy of a beam, more realistic
than only considering a plane wave, including the localiplaparameters. As an example, the
model is applied to the high density plasma of the Frascdtaifak Upgrade (FTU) device,
using the geometry of the new ECR H&CD launcher beam extenged the proximity of the

critical density layer.

Introduction

The coupling of an ordinary polarized wave to the extracdirone in the electron cyclotron
frequency range is exploited in several fusion devices e/B€H is applied in conditions such
that the electron density exceeds the critical one for thraddle propagation. The plasma heat-
ing is obtained through the absorption of the electron Bemswvaves [1] excited with the
O-X-B mode conversion scheme [2]. The power transmissioetian Tox of the O-wave to
the X-wave at the cutoff layer is typically evaluated by gsihe analytic formula [3]:

Tox (Ny,Np) = exp{ — nkol_n\/g [2(1+Y) (Nzopt — N2)? + N7 } (1)

whereL, = n/(dn/0dx) is the local density scale lengtky, = 277/A is the vacuum wavenumber,

Y = wee/w is the normalized electron cyclotron frequency aﬂﬁ’j,pt =Y/(Y+1). Here we
consider a one-dimensional approximation (slab plasmapusright-handed local Cartesian
reference system, in which plasma density increases ig #h@x axis and the magnetic field is

in the direction ofz. ThusNy andN; are the components of the refractive index, in the plane at
constant density = const, respectively perpendicular and parallel to the refigfield. A plane
wave WithN; = N, ot andNy = 0 allows, in principle, 100% of power transmission, regesdlof

the parameterg, ko andL,, in Equation (1). A more realistic evaluation should take iatcount



40" EPS Conference on Plasma Physics P4.172

Figure 1: Reciprocal position between the slab plasmaester systenx,y,z (red) and the
beam system, ¥, Z (black), used for the beam-modes analysis. The playesndx-y intersect

at they'axis. The projection oB on thex=y plane lies in thex direction.

the geometry of a beam-like field distribution in the proxiyof the cutoff layer. When a finite
wave dimension is considered the parametekg andL,, are always influential on the coupling
efficiency, even though the wave propagates on the optimattithin. The model presented in
this work is thought to estimate the O-X mode conversioniefficy of an ordinary polarized

paraxial beam.

O-X transformation of a beam

Let us define a Cartesian coordinate systény,Z), locally defined at the transformation
region, with Zaxis in the direction of the beam propagation and the twbagtnal direc-
tions X; ¥ conveniently defined in the plane perpendicular to it (Fig.Under the assumption
of paraxial approximationkt < k andky < k), both a generic field distributiog(X,y,2) =
u(X,¥,2) exp(—ikz) and its angular spectrum of plane wavégg, ky) (i.e. the 2D Fourier Trans-
form of Y(X,¥,0)) can be written as a superposition of beam-modes, expiditia properties
[4] of the Gauss-Hermite functiong,, (x) = exp(—%) J(X):

Alkz, ky) = chm T, (ﬁkﬁ v, (\ﬁkV> | )

K Y

o [ wfm(“,x) oo () =

Hn(X) is theHermite polynomial of graden, Wy, = 2/Wo x andwy; = 2/Wo g are the beam width

where

factors inthe k-space, amg 5, o,y are the beam waist on tleydirections. Each component of
the spectrum carries a power fraction proportiona(tkx, ky)2 and the beam coupling efficiency
Tox b can then be computed applying (1) to each plane wave comppraperly weighted:

e R (oca/vk) (Re,w,mmlz)z A(kx,ky)2
Tox b(6, ¢, @y // Tox ( S ) TTAGGK) 2dk’dkydkxdky’ (3)
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The projectiongk, ky, k,) of each spectral componeht= (kg, ky, 1/k3 — k& — kg) in the plasma
reference system (red axes in Fig. 1) are calculated thrth@hotation matrix B ¢ g, The

kx component becomes null at the critical density layer, adipted by the wave dispersion
relation.ky andkz, on the other hand, affect the mode coupling according t¢ §gThe optimal
aiming thus occurs when the beam axis far from the criticalsig layer is on the direction
(/1— Nz%opt,o, Nzopt) in the plasma reference system. A preservation of the spacatong
the beam path is assumed in this work, despite in the realrnagdications may occur along
the propagation path in the plasma. Under this assumptoorfijded plasma parameters, the
coupling efficiency at the cutoff layer depends only on tharbevaistwg z, Wo.y and on the

beam orientation, given by, q, -

Application to the Frascati Tokamak Upgrade device

The application of the model to Frascati Tokamak Upgradé)fFdevice (major radiugy =
0.935 m, minor radius. = 0.29 m) is considered as an example. A typical high densitynpdas
discharge with central density o = 3.4- 10°°m~3, and a beam launched from the upper mirror
of the new ECRH antenna [5, 6] with = 2rt- 140 GHz are considered for the calculations. The
beam, launched from major radits= 1.258 m andZ = 0.148 m above the equatorial plane,
is Gaussian and stigmatic, wittp z = wo,y = 1.2 cm. This leads to simpler calculations since
only the first order beam-mode=n=0in Eq. (2) plays a role in the description. The beam-
tracing code GRAY [7] was used to find the launching anglesaiig to reach the critical layer

X =1 at optimal incidence (Fig. 2). At the conversion layer tioenmalized magnetic field is
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Figure 2: Poloidal view (left, centre) and top view (righf)tbe beam-tracing for optimal aim
in FTU shot # 33717 at = 0.9 s. O-mode cutofX = 1 (black solid) and X-mode cutoff
X/(1+Y)=1- N”2 (red dashed) intersect at the conversion point (red dagh{ébase ve-

locity direction (green arrows) and group velocity deceugpbproaching the cutoff.
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Y = 0.935, and the density scale length.js= 0.14 m. Assuming that the beam shape evolution
along its path is not affected by the plasma, we used Eq. (8yatuate the O-X conversion
efficiency for optimal aiming (i.e. ca= N, ot and@ = 0), obtaining a power fractiofoy 1, of
O-mode transmitted to X-mode of about 30%. The use of the Hearmg code also allowed
us to asses the actual beam simgswy and phase front curvaturég s, Rc y as modified by
the interaction with the plasma, at small distantse £ 3.5 cm) from the conversion layer. The
measured values a¥ andRc correspond to those of an astigmatic beam wigx = 0.66 cm
andwpy = 0.83 cm. This beam waist is smaller than that of the launchedhbeavacuum,
implying a broadeA(kg, ky) spectrum. As a consequence, a smaller efficielagy, ~ 15% is

found in this second case.

Conclusions

An analytic method has been proposed to estimate the O-X wmaeersion efficiency of a
generic paraxial beam field in a cold magnetized slab plasma&ing use of the decomposition
in Gauss-Hermite beam-modes. As an example, the model iedpp the high density plasma
of the FTU tokamak. The conversion efficiency calculatediassg vacuum propagation of a
circular beam unaffected by the plasma is around 30%. Censgl instead, the beam shape as
computed by the GRAY code in proximity of the critical laytre efficiency reduces near 15%.
The evaluation technique here presented can be considensplementary to other models
of O-X conversion available in literature, capable to tak#iaccount the plasma geometry
in a more refined way [8]. Given the low efficiency expected TJFan algorithm is being
implemented in the automatic controller of the launcher [@]order to keep the maximum

coupling efficiency during the shot.
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