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Fig. 1 - Electric field pattern (ng = 10): a) whole plasma; b) Bernstein waves.
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Fig. 2 - Power deposition profiles (integrated over # and surnmed over ny).
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SIMPLIFIED MODEL FOR ICRH POWER DEPOSITION IN LARGE TOKAMAKS

T. Hellsten and L. Villard¥

JET Joint Undertaking, Abingdon, Oxon. OX14 3EA, UK
¥CRPP Ecole Polytechnique, Fédérale de Lausanne, Switzerland

1. Introduction - To calculate the power deposition during ion
cyclotron heating (ICRH) in tokamak plasmas, ray tracing codes and global
wave codes have been developed. The basic problem to sclve is z complicated
wave equation in a non-trivial geometry having only one lgnorable coordin-
ate. Both methods require long computational times making them less
suitable for implementation in transport codes and data interpretation. 1In
this report we present a simplified formula for the flux surface averaged
power deposition which is based on calculations with the global wave code
LION [1]. The formula relates the power deposition to the damping
coefficient, the variation of the abscorption coefficient along the
cyclotron rescnance and the Doppler width of the cyclotron resonance., The
formula agrees well with the calculations with the LION code, but it is
restricted to the case where the absorption cccurs along a single ion
cyelotron resonance going through the magnetic axis and to a pzrticular
equilibrium. However, the formula is found to be not too sensitive to
small variations in aspect ratio or cross section.

For large power densities the velocity distribution of the heated ions
develops a high energy tail which in its turn may modify the absorption
coefficient. A change in the absorption coefficient will then lead to a
corresponding change in the power deposition. Thus the power deposition
becomes a non-linear function of the launched power. This is particularly
important for heating at the first harmonic cyclotron resonance where the
absorption coefficient can be substantially enhanced. In section 3 the
power deposition and the velocity distribution is solved in a self
consistent way by iterative caleculations by using the above mertioned
formula.

2. Analysis of the Power Deposition Profiles - The presence of cavity
resonances leads to spatial fluctuations of the power depositicn depending
on the position of maxima and minima of the wave field. For heating
scenarios with at least a moderately strong damping, the antennae couple to
a large number of eigenmodes such that these fluctuations become less
important, For such situations one does not need to know the exact field
but it is sufficient to know the mean value. The corresponding power
deposition in the poloidal cross-section is then characterised by its
vertical and horizontal extension. The horizontal extension is determined
by the Doppler broadening of the cyclotron resonance. The vertical
extension is determined by the focusing of the wave field whick depends on
the geometry and strength of the damping.

We have focused our study to typical JET equilibria having an
ellipticity of 1.4, a triangularity of 0.19 and an aspect ratio of 2.6, and
for which the absorption occurs through a single ion cyclotron resonance
passing through the magnetic axis. To analyse the power deposition it is
more convenient to study the Poynting flux integrated over the magnetic
surfaces, P(s), where s denotes a parameter such that s « /§ ard 5 = 0 at
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the magnetic axis and 1 at the plasma boundary. The flux surface averaged
power density is obtained by differentiating P with respect to the enclosed
volume.

We first analyse strongly and weakly damped scenarios. For strongly
damped scenarios the wave is focused to the centre of the plasma. As an
ansatz for the flux surface averaged Poynting flux we take

Pi(s) = P {1 - exp [-(s/sg)® an 2]}/[1 - exp [—(1/50)2 gn 2]] (1)

The half width, Sgs is related both to the geometry and the Doppler
broadening of the cyclotron resonance. The Doppler broadening is
proporticnal to 2n/<vZ>/waR, where n is the toroidal mode number, <vi> is
the averaged parallel velocity squared of the heated ions, w/27 is the wave
frequency and aR is the horizontal extension of the cross-section. The
relation between s and 2nyvi>/waR is obtained with the LION code (Fig.1).
In the case of weakly damped scenarios the structure of the wave field
varies considerably for small changes of the equilibrium parameters
depending on which eigenmodes the antennae couple to. We have not found
any correlation between the toroidal mode number or coupling resistance
Wwith the power deposition. We then take the mean value of the flux surface
averaged Poynting flux for some randomly chosen toroidal modes. We define
this mean value, P2(s) as the expected Poynting flux. The power deposition
is given by dP./ds, which is proportional to the flux surface averaged
absorption ccefficient a(s). We define a function f(s) such that

1 dP. 1
a(s) f(s) = — J a(s) f(s) ds (2)
Baf1y 9ee

f(s) is related to the averaged amplitude of the electric field along the
cyclotron resonance and to the geometry. 1In Fig.2 we show f(s) for a few
different density profiles. By varying a(s) along the cyclotron rescnance,
we found that f(s) stays roughly constant as expected,

For the general case of a medium strong absorption we decompose the

flux surface averaged Poynting flux, P, into P, and P: such that
P = pyla P ¥ (12 @) Ba) (3)

In Fig.3 we compare ¢ with a damping coefficient, apg, as calculated with
the ISMENE ccde [2]. This coefficient is related to the damping
coefficient for a single pass, ag, ag = 1 - V1 F"él . The power absorbed
at the first pass, Pg, is given by P_ = (1= - aIS) arg I, where I is
the incidenting Poynting flux. P_./I is a good approximation to u(aIS).
These calculations have been done for heating scenarios having constant
density and temperature to make a(s) constant. The absorption coefficient
is varied by varying the concentration.

As a formula for the integrated Poynting flux, P, we use Eq.(3) where
P. is defined by Eq.(1) and P: by Eq.(2) and a = apq(1 - /1 — a1g). This
model has been compared with the LION code and good agreement is obtained.
In Fig.4 we show the comparison for the following heating scenarios: w =
wey in *He where arg = 0.35, w = wey ‘1 D where a;g - 0.90.
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3. Iterative Calculations of the Power Deposition Profile - When the
absorption ccefficient is modified due to tail formation of the heated
species, the power deposition and the velocity distribution have then to be
calculated self consistently. This can be done by iterations. The damping
coefficient cf a Maxwellian plasma is calculated with the ISMENE code. For
first harmonic heating a(s) « k}_nR'I‘R o nenR'I’R where R stands for the
resonating ion species and e for electrons. The enhancement of the
absorption, Y for a steady state distribution compared to what a Maxwellian
one absorbs for the same electric field is calculated with a Fokker-Planck
code [3]. The modified absorption coefficient is calculated from a = 1 -
exp (-a*y) where a* is defined by a* = -in (1—aM) and a, is the absorption
coefficient for a Maxwellian velocity distribution. The iterations are
then performed in the following way. The power deposition is first
calculated for a Maxwellian velocity distribution. The enhancement factor ¥y
is then calculated for the previously obtained power density. The next
power deposition is then calculated with the previously obtained

absorption coefficients ete. The flux surface averaged Poynting flux
obtained for a Maxwellian velocity distribution and a steady state veloecity
distribution is compared in Fig.5 for the case of w = 2wpp, Np = Np =
2-10*%cm?®, B = 3.4T and 10MW launched power. For this case Y varies from
10 in the centre to 1 at the boundary.
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