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Abstract

In this paper we deal with the simulation of neutral particle
spectra obtained 1n JET with an array of four passive neutral
particle analysers during dlsoharges where staticonary or
modulated RF power is applied in the Ion Cyclotron Range of

Frequencies for a deuterium plasma with hydrogen minority.

To compute the distribution function of the hydrogen ions a
one dimensional Fokker-Planck equation has been used where
the wave particles interaction is described by a gquasi-linear
diffusion term in the velocity space. Both stationary and
oscillating solutions of the Fokker-Planck equation have been
worked out ahd the computed hydrogen fluxes are found to be
in very good agreement with the measured ones. In this
context the problems arising in the deduction of the power

deposition profiles in modulated discharges are discussed.

As a result, the profiles of power delivered to the electrons
and to the bulk ions have been obtained. It is further shown
that no adjustable parameters need to be introduced and that

the main source of error lies in the uncertainty in the
knowledge of the ion density.



1. INTRODUCTION

In minority plasma heating experiments performed with waves
in the Ion Cyclotron Range of Frequencies (ICRF) a major role
is usually played by the high energy ion tails /1,2,3/. In
fact the mechaniam of resonant absorbtlion of the wave leads
to the production of suprathermal ions that, in turn, deliver
their energy to the bulk ions and electrons via Coulombd
collisions.

The study of these tails, is in general rather complicated
because it 1s not possible to separate the preblem of
generation and thermalization of the suprathermal populations

from the one of their transport across the plasma,

In this respect the JET tokamak is particularly well adapted
for this kind of studies. In fact, due to the large ratio
between the scale length of the plasma cross section and the
ions gyro-radius and due to the very small magnetic field
ripple, the importance of the transport of the energetic ions
is largely reduced. As a consequence the energy deposition
profile can be better assessed, and the theoretical model
describing the absorption of the waves can be accurately
cross checked with the experimental results from space and
mass resolved measurements of neutral particle fluxes in a

range of energies much wider than the thermal one.

In this paper an analysis is presented of the charge-exchange
neutral hydrogen and deuterium measurements perflormed on some
ICRF heated JET discharges.

In section 2 a brief description of the experimental
conditions is given. Section 3 deals with the solution of
the Fokker-Planck equation for both stationary and modulated
cases, while in sections 4 and 5 we present the results of
the simulation of the experimental data for stationary and
modulated discharges respectively. Finally, in section 6,

these results are summarized and discussed.
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2. EXPERIMENTAL CONDITIONS AND DATA ANALYSIS

The JET tokamak and its experimental operation have been
thoroughly described in the literature /4,5/. In particular
additional heating using waves in the ion cyelotron range of
frequencies has successfully been applied with three antennas
energized in different electrical configurations at power
levels higher than the highest ohmic power /6,7/. In some
cases the ICRF power has been modulated, mainly with the aim
of determining the power deposition profile /8/ and of
getting information about the transport of thermal energy
/97.

In this paper we focus on the case of hydrogen minority
heating in which the RF frequency has been chosen so that
the hydrogen minority resonance in the deuterium plasma
(n,/ny < 0505) is located at a radius close to the magnetic
axis. The range of plasma parameters are typically:

- peak electron density n =2 - 3.5x10%° m~*,
- electron temperature Te=3 - 5 kev,

- ion temperature Ti=2f5 - 4 keV,

- magnetic field BT= 271 - 3T2T’

- plasma current Ip= 2 - 3 MA,

-~ average ICRF coupled power PRF=0.6 - 5 MW

Zopr™3-

The neutral particle fluxes are measured by a system of four
identical analysers looking at different chords whose minimum
distance from the plasma centre ranges from 0 to about 60cm.
A1l the lines of sight are in the same vertical plane whose‘
angle with respect to the magnetic axis was fixed to = 105°,
The analysers, fully described in ref./10/ together with thé
calibration procedures and results, measure simultaneously
the spectra of both hydrogen and deuterium over a wide range
of energies. Deuterium fluxes were detected in the energy
range 3-45 keV and hydrogen ones in the range 6-90 keV., For



the purpose of studying the minority tails it would have been
interesting to have measurements at energies much higher than
the onés actually scanned, but, due to the steep decrease of
the charge exchange cross-section with energy, the signal to
noise ratio would have been too low,

In fig. 1 the measured neutral hydrogen fluxes at 40 keV, are
displajed together with the ftrace of the total coupled power
for a discharge where the power of the antennas was
modulated. A marked increase of the average flux level is
observed only by the analysers looking at the region near the
plasma centre, showing that the interaction of the H minority
with the RF wave is localized. On these sfgnals,
superimposed to the large ampiitude oscillations due to the
sawtooth activity, an oscillating response td the modulated
RF pulse can also be observed.

To analyse quantitatively these data we performed the
spectral analysis of the signals making use of the discrete
Fourier transform /11/. This well known fTechnique

consists essentially in finding, for a signal sequence Sn
sampled at times tn=to + nAt (n=0, 1’fff’ 2N-1), the spectral
representation
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IR fig. 2 the autocorrelation spectra of the power signai,
. : A
/Pk/z, and of the neutral flux signal at R=0, /kaz, are

shown.




As can be seen the frequency bandwidth of the power signal is

narrower than the frequency resolution so that only one
coefficient Pkmin the spectrum is significant at every
harmonic order m. Accordingly the amplitudes of the
osclllating respdnses is deduced from the corresgonding
coefficients in the spectrum of the flux a, = 2/ km/f The
phases of %he cogresponding terms in the cross correlation
spectrum, km * km give the relative phase of the two

signals.



3. FOKKER-PLANCK EQUATION

Let us write the Fokker-Planck equation deseribing the

evolution of the resonant ion distribution function, g(?), in
the form /12/:

28 - crg) + Q' (e)

where C'(g) is the collision term and Q'(g) is the quasi-
linear RF diffusion term. For the first harmonic interaction
scheme Q'(g), in terms of particle velocity, v, and cosine of

pitch angle, u = v,/Vv, can be written as /13/
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where K is a constant depending on the RF electric field
strength; k” and k), are the parallel and perpendicular
component of the wave vector respectively and JO is the
zero-order Bessel function of the first kind.

Following the usual procedure g{(v,u) can be expanded in
Legendre polynomials, g(v,u) = f(v) + B(V)-Pz(u) +

Substituting this last expression in eq.(2) and averaging
over u, we derive the following equatlon for the 1sotrop10
part of the quasi linear term:

-
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where
H(V) = K3 £ (=u?) | J (——) | au (&)

H{0)

I
-~

D(B)+ .... represent the contribution of the anisotropic part
of the distribution function to the quasi-linear term. 1In
the following this term will be neglected. The error

introduced in doing so has been estimated.by Stix /12/as:

B(v) _ W
r(v) — 3v®mn _ 10 W (5)
21, 7

where W is the absorbed power density, m and n are the mass
and density of resonant ions and T, is the pitch angle
scattering time.

For the typical plasma parameters considered in this paper:
W~ 0.1-0.2 W/em®, n, ~ 2-3.5x10'° om™®, n/n_- 0.03, the
ratio B/f is of the order of 10% or less in the whole energy
range. However, in discharges heated with a much higher
power‘the anisotropy of the distribution function must be
taken into account, thus requiring a solution of a 2-D
Fokker-Planck equation. This is not addressed in the present
article because the correction that would result from this
effect is smaller than the uncertainties due to the
inaccuracies of some experimental data (eg the ion density
as pointed out in Section 4).

In the expression H(v) of the quasi-linear diffusion
coefficient, the finite Larmor radius effect, is retained
through the argument. of the Bessel function Jof This is of
some importance in JET since high energy particles are
confined. For this class of particles the Larmor radius is a
non-negligible fraction of the ICRF wavelength and can lead
to a saturation in the absorption process. However, in the

experiments reported here, the ICRF power_density is moderate
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and the fraction of resonant particles reaching klvl/mci;1 is
quite small,

Furthermore, the heating scenario in these experiments
corresponds to a strong absorption and consequently the
problem of the iInhomogenity of the RF field /14/ can safely
be neglected. For these reasons we used the k, value deduced
from the cold plasma dispersion relation with k"=0, since the
antenna powered was In a monopole configuration where the
maximum launched power peaks at k,=0.

The Coulomb collision term C(f) for a minority colliding with
maxwelllian background can be written /15,16/:

C(f) = g—v [vz D g—gk v2 F f] (6)
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where the pitch angle scattering term has disappeared due to
the average over p.

In eq.(6) D(v) is the collisional diffusion coefficient and
F(v) is the dynamical friction coefficient given by:

_ y.m B ..
F = gm+m ys v; (7)
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the summation being performed over all the plasma components.

The summation over the ion species contains, both for F and
n 7=

D, the common factor Z—%—E where n_, Z
a

density, charge and mass of the ion of species a. This term,

" and Aaare the .

for low hydrogen concentrations, is practically équal to ne/2
and independent of Z,

il

A Zeff dependence is still present in the pitch angle
diffusion term which in this case has been averaged out but
should be considered to determine the degree of

anisotropicity of the distribution function.




Then the Fokker=Planck equation we consider reduces to:
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L
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Since we will study discharges heated both with a constant
and a modulated power, both the steady state and the
oscillating solutions of eq.(8) are required.

In order to get such solutions we expand H and f in Fourier
components:

+o
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Wwhere fm= ffm are complex numbers. In this paper only

sinusoidal or square waves RF powér are considered so that Hm
can be taken real. 1In the first case Hm=0 for all m=1 and =1

while in the secoﬁd case Hm=0 for all even m=0.

Substituting into eq.(8) we get
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that, after simple manipulation, becomes
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Two coupled equations for fo and f1.are then obtained by

putting m=0 and m=1 and neglecting terms of the order of

8f2
H_y—— and higher:
v
7oy g . 2H, af . (12)
3v.~  D+H 0 D+H v
o 0
5 of Bfo
e 2 2 2 Y1 - i vy2
= [v (D+H ) 35— + v F £, + v? Hoxo ] 1v?oef,  (13)

where f is the real part of f

1R 17

For a constant power level, H1=0, eq.{12) can be integrated

at once, giving the well known Stix distribution function

v o ]
fo(v) = Aexp { -7 g+§v 1

o 0

(14)

In order to write the system of equations (12) and (13) in a

form suitable for numerical integration we introduce:

af Bfo

1
+ v? F f, + v H (15)

¢ = v (D+H ) 1 1 ov

av

Now, defining ¢p as the real part of ¢, from eqgs. (12) and
(15) we obtain

af F(D+H ) 2H,F

9% _ _ o P+ 1 - f -
2 2 2 .

AV (D+HO) 2H1 0 (D+HO) 2H1 1R

(16)

2H1

- z z ) $
v [(D+HO) 2H1J R

and
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while, defining f1I and ¢I as the imaginary part of f1 and ¢
respectively, from eq. (15) we get

1
v D+H f1I * vsz+Ho) ¢I (18)

and from eq.(13) we get

9¢p |

- _ 2

sy T~ Voow gy (19}
20 |
T— _— 2

. V2 W f1R {20)

Equations (16) to (20) form a system of five first order
coupled equations which can be seolved if five boundary

conditions are supplied.

The first of these conditions 1is fO(O)=C, where C must be
chosen in order to fulfill the normalization condition.

The remaining four conditions are deduced from particle
conservation z Yo v2 fq(v) dv = 0 with the further physical

constraint ¢(0)=0.

Integrating both sides of eqs.(19) and (20) we obtain

|
n

¢R(0) ¢R(m) 0 (21)

and

1
o

$7(0) = ¢ (=) (22)
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The system of eqgs.(16) to (20) can now be solved. This has
been done using the NAG Library routine DO2GBF /17/.

Once the components of the distribution function are known,
the absorbed power can be computed by:

Pabs = S % mv? Q(f) 4w v2 dv {(23)

In a similar way also the power going from the minority to

the electrons and to the background ions can be calculated.

af
Inside the square brackets of eq.(13) the term H“1~_E has
) oV
been neglected. This 1s justified if
af
H— 2B D oy (24)
1 R, I
v

This last condition cannot be fulfilled for very low
frequencies, as can be seen from eqs.(19) and (20), taking
into account relations (21) and (22). In order to see if it
is fulfilled for higher frequenciés,'f2 must be evaluated.

This can be done by putting m=2 in eq.(11):

3f2 ar
[VZ[D+HO] + y2 Ff2] = -2i w v* £, - — [v? H, _]

3
ERY% v v AV

Bf_1

3
av
1s justified by the fact that with a sine-modulated power

H3=O, while with a square-wave modulated power H3 << H1.

Here terms of the order of H

have been neglected. This

Eq.(25), once f‘1 is known, can be solved with the same

prdcedure described above, thus allowing for an extimation of

£y

We have in this way shown that conditions (24) are fulfilled
for all experimental scenarios considered in this paper (ie:

_12-.




vz5Hz, P~1MW). In fact, for the whole energy range,
of
even at the lowest frequency used, the ratio H1 —/¢ never
' v
exceeds 0.1 and it decreases rapidly with increasing

frequency.

The accuracy at lower frequencies can be improved by
inserting into eq.{13) the neglected term obtained from the
.8olution of'eq.(25). On the other hahd, at low frequencies,
we expect the partiéle transport to play such an important
role as to violate the particle conservation condition.

For this reason, in the following, we shall restrict our
analysis to frequencies higher than 5 Hz.

-13-



4. SIMULATION OF BESULTS IN THE STATIONARY CASE

The neutral hydrogen flux emanating from the plasma along the
analyser line of sight per unit solid angle with energy

between e and e+de is given by

1

x5
v>] f(e) € n(e,x)dx

de ‘
r?s> de = = i Ny [no<oCX v> + n_ <o
1

R
(26)

Ny, Ny and n, being the minority ion, electron and neutral
densities. The charge exchange <°cxv> and the recombination
<0RV> reaction rates are averaged over the neutral and
electron distribution functions respectively, so that <GCXV>
depends on € and, slightly, on the neutral temperature while
<on> depends only on the electron temperaturef The minority
distribution function, assumed constant over a magnetic

de = 1, The

integration is performed along the line of sigh£ and X, and

1
surface, is normalyzed so that J f{g) €”

x2 are the coordinates of the intersection with the cutermost

plasma magnetic surface.
The probability n(x,e) for a neutral, generated at a location
X with energy €, to reach the plasma edge travelling along

the line of sight is given by

P o
2 n <o, V> + ) n <o, v>

n{x,e) = exp [~ J
: : X

dt ] (27)

v

where v 1s the neutral velocity, <°iev> is the electron
impaect ionisation reaction rate. The summation is performed
over all ion species in the plaéma. The impurity
contribution to the mean free path‘is taken into account by

H

using the approximate relationship, <ong> = 2, <0, V> /18/,

so that the summation is simply replaced by ne<ong>.
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The ion and electron densities and temperatures are assumed
~to be constant over a magnetic surface. The shape of the
magnetic surfaces is calculated by meaﬁs of an MHD
equilibrium code /19/.

In order to determine the neutral density profile to be used
in eq.(26) we take advantage of the fact that each analyser
measufes also the energy spectra of the deuterium ions. The
deuterium flux is obtained replécing in eq1(26) nﬁ with ny
and f(e) with a maxwellian distribution function. The
neutral density profile is then computed by meané of 1-D
neutral transport code, similar to the one described in
ref./20/, replacing the actual D=shaped magnetic surface

cross=sections with cirecles of the same area.

The n g profile obtained in this way is in good agreement
with the poloidally averaged neutral density calculated by
more sophisticated 3-D codes /21/7 The dgpendence of n, on
the poloidal angle, which may be expected due to elongated
plasma and, mainly, to inhomogenity of the neutral sources at
the plasma edge are taken into account by using the edge
neutral density as a free parameter thus assuming different
values for different lines of sight.

These values, together with the ion temperature profiles, are
adjusted in order to make the calculated deuterium fluxes
reproduce the experimental ones. In fig.3 the computed
deuterium fluxes are compared with the ones measured with the

Bk analysers in operation at the time of the experiment.

The data refer to a JET discharge with n, = 2.7x10'® m™?® and
PRF=3 wa In figfu the electron temperature measured by
electron cyclotron emission /22/ and the density from Far
Infrared interferometer /23/ are shown together with the ion
temperature profile obtained with the flux simulation /24/.
In the calculation a value of 0.6 has been used for the ratio
nD/nef
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This value 1is the one that gives consistency between the ion
temperature profile obtained from NPA data and the measured
neutron yleld; it 1s nevertheless affected by an important
uncertainty, which we estimate to be of about 30%.

In order to simulate the minority neutral flux we make use of
the distribution function given by eq.(14), which depends on
HO which is fully determined by the pérameter K, the RF
Induced diffusion coefficient in the limit v-0.

S0, by using, in eq.(26), the neutral density and ion
temperature profiles reproducing the neutral deuterium
emission, the radial profile of K, represented by a suitable
fitting expression, is adjusted as to make the calculated H
fluxes reproduce the experimental ones. In the small Larmor
radius limit (kle/wci+O) K is connected to the absorbed
power density W, by /12/:

(28)

where Ny and my are the density and mass of the hydrogen ions
respectively. 1In our case due to the low level of W eq.(28)
still holds with good approximation. For this reason, in the
following, we will always show the éhape of W {(ref. fig.7) as
it has a more immediate physical meaning. - ‘

The results of this calculation are shown in fig.5, where the

measured neutral hydrogen fluxes have been simuléted for the

same discharge considered above.

The hydrogen concentration in absence of RF can be obtained
from the analysis of hydrogen and deuterium fluxes assuming
both species have the same temperature.

In the ohmie phasé’of the discharge considered here a value

constant over the plasma cross-section of ny/n,=0.05 was

obtained.
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However, assuming a flat nH/nD profile also during the RF
heated phase of the discharge, it has not been possible to
simulate the hydrogen fluxes simultaneously on all lines of
sight. To this end we had to assume that the hydrogen
oonceﬁtration increases inside the region of interaction.
This can be explained, from the physical polnt of view,
assuming that a strong distortion of the minority
distribution function leads to important changes of its

diffusion properties.

In fact if the diffusion coefficient D depends on the minor
radius, the diffusive part of the particle flux is given by

_9_
JH_ar
necclagsical picture, the diffusion coefficient

(D.nH) /25/, where, following either a classical or

De [ pi/T f d®v 1is proportional to the inverse of the

square root of the average energy. Making then the

assumption that both the sources and the convective fluxes

are not affected by the ICRF power one gets D'né=DnH that is
S DE/T fmax d*v

H [ p2/t f dv (29)

where nﬁ is the steady state H density during the RF pulse,
fmax is the Maxwellian distribution function, £ 1is the
distribution function calculated by means of eq.(14) and Ny

is the hydrogen density in the ohmic phase.

The radial profile of the nH/nD ratio calculated with eq.(29)
and used to simulate the data of fig.5 is shown in fig.6.

At this point it is important to note that the global
particle kalance is not sensibly affected because the
variation of the number of hydrogen ions in the interaction

region is only a small fraction of the total number of
hydrogen ions in the whole plasma.

In fig.7 the absorbed power profile computed with eq.(28) is
shown together with the power transferred from the minority

hydrogen ions to the background ions and to the electrons.
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The total absorbed power results to be 1.3 MW of which 0.6 MW -

are going to the background ions and 0.7 MW to the electrons.
In this case 3 MW of ICRF power were launohed establishing
the overall RF efficiency to 43%. The experimental
measurements of the RF efficienoy in JET 1s derived from the
slope variation of the diamagnetic energy signal at the onset
of the RF pulse. It gives a figure of ~ 80%. The
discrepancy with the value obtained from the simulation is
caused by the uncertainty of the deuterium dilution. This in
return affects the value of the hydrogen density and finally
generates large error bars on the total power density.
Indeed, if the ratio nD/ne i1s varied within the range-of its
experimental error bars, the total power changes within a
factor of 2. The total power deduced from this simulation is
therefore giobally in fair agreement with the experimental
cne.

More specifically, this indetermination affects mainly the
fraction of power damped by electrons, while the one
transferred to the background ions remains approximately
constant (within 15%). '

This 1s well understood taking into account the fact that the
power is transferred to the electrons mainly through the high
energy part of the distribution function which is partly out
of the range of observation. However, an extension of the
experimental energy range wduld not be very useful In the
framework of the present model as the anisotropy of the
distribution function increases with energy.

Finally, the peaking of the power deposition profile is
clearly evidenced with an extension of .4 m at half maximum.
This compares well with the results of the analysis of the -
rate of variation of Te presented in reff/26/7
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5. ANALYSIS OF MODULATED DISCHARGES

The behaviour of the distribution function is Il1lustrated in
fig.8, where the modulus and phase of the zeroth and first
harﬁonic components are shown as calculated according to the
formalism presented in section 3. For the sake of simplicity
a sine wave modulation has been assumed for the quasi-linear
diffusion coefficient: H(v) = HO(V) (1 + sin mt) where H_(Vv)
is given by eqt(ﬁ)t HO(O) = K is connected to the stationary
absorbed power level by eq.{(28). The plasma parameters used
in the calculation are: n_ = 3&10‘9 m~*, n, = 0,6 ng»

e b
n../n ='0705, Te = Ti = 4 ker

H D

Some interesting features of the phase versus energy
behaviour should be pointed out. First of all, at high
energies the phase is close to m/2; this reflects the fact
that in this energy range the tail dumping time is muech
longer than the modulation period. At low energies, on the
other hand, the phase becomes lesé than zero. This is
imposed by particles conservation: in fact ﬁhe increase in
the high energy population must be compensated by a
corresponding decrease in the low energy one. The absorbed
stationary power in this case was 0.128 MW/m® about 40% of
which is deposited on the electrons and 60% on the ions. The
amplitude of the oscillating absorbed power has the same
value as the stationary one independently of the frequency
and its phase-shift relative to the driving power is zero.
This because, due to the relatively low power level, the ‘
finite Larmor radius effects do not play an important role
and the power absorption does not depend on the instantaneous
form of the distribution function but only on the amplitude
of the wave electric field.

Since the power modulation experiments are mainly carried out
to infer the stationary power deposition profile from the
local oscillation of the electron and ion temperatures, it is
of partficular interest to analyse the oscillating part of the
power delivered to electrons, ?e, and to the ions, gif
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The frequéncy behaviour of amplitude and phase of ge and 31,
for the mentioned plasma parameters, is reported in fig.9,
where the stationary powers deposited on the ions, Pio,_and
on the electrons, Peo’ are also indicatedf

It is interesting at this stage to underline the following
features: first of all, even if amplitude and phase of the
total absorbed power do not depend on the frequency, Pi(v)
and Pe(v) show a frequency dependence which, although weak in
the considered range, makes Pe(v) change by a factor of ~3
when the frequency is increased from 5 fto 20 Hz. Moreover,
in spite of the fact that the amplitude of the 6scillating
power is equal to the stationary one, Pe(v) and Pi(v) are
much lower than Peo and Pio respeotivelyf This can be
explained by considering that in thls non-stationary
situation power 1is required in order to continuously generate
the fast ion tail. Finally, as it can be seen from fig.9,
Pi(v) and Pe(v) are phase shifted with respect to the dfiving
power., In the situation considered here this phase shift 1s
close to m/2 for ﬁe while it is lower for ﬁi'

It becomes evident at this point that the Interpretation of
data from modulation experiments requires some prudence. In
fact, at least for the case considered here, the power '
deposition profile cannct be directly obtained from the

measurements of temperature cscillations.

In order to compare the computed minority distributiocon
function with the experimental data we remlnd that the
measured neutral fluxes are connected to the distribution
function through eqf(26), where other quantities like n.s Ti
ete are present. Following the procedure previously
described, we get the profiles of those quantities from the
analysis of deuterium fluxes. Once the neutral density and
ion temperature are known the analysis of the stationary

hydrogen fluxes can be carried out.
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This i's done by putting in eq7(26) the solution, for fo(v),
obtained from the set of equations (16) to 20) and by
adjusting the profile of K{r) until the agreement with the
E/HO=O.6M which 1s the
cerrect value for a square wave modulation with zero lower

experimental data is reached, taking H

level. 1In this way also the oscillating part of the
distribution function is obtained.

It should be noted at this point that, in the range of
parameter here considered, the modulation does not affect the
stationary distribution funection. 1In fact the solution
obtained from eq.{(14) is practicélly coincident with the one
obtained solvingAthe complete set of equations.

In fig.10 the calculated and experimentalrneutral hydrogen
statioﬁary fluxes are reported for a discharge with n, =
37Mx1019 m-?, Te = 316 keV, Ti = 373 keV, heated with a peak
RF power of 1.5 MW (0.75 MW stationary level) square wave
modulated at_é frequeﬁoy of 12.5 Hz. 1In fig.11 the
stationary absorbed power density pfofile islshown together

with the power density to the ion and electron bulk. In this
case most power is absorbed by the ions (70%). This is what
can be expected because, due to the low powervlevel, fthe high
energy part of the distribution function, which gives its
energy mainly to the electrons, is not strongly developed.
For the same reason the increase of the ratio n./n. in the

H D
deposition region is quite moderate.

At this point the oscillating part of the hydrogen
distribution funection calculated as described at each plasma
position can be inserted in eq.(26) to calculate the
oscillating part of the neutrai fluxes,F_T, which can be
directly compared with the experimental data obtained with

the analysis described in section 1.

Such a comparison is shownAin fig.12, where the energy
behaviour of the phase of r? and of the ratio 'f?l/r; as
calculated with the described analysis are reported L ogether

Wwith the experimental values for the same considered shot.
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The agreement is quite satisfactory mainly if the fact that
no adjustable parameters are used in this calculation is

taken into account, all needed information being obtained by
the stationary analysis.

The same comparison is reported in fig.13 for a similar
discharge modulated with a frequency of 5 Hz.
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6., SUMMARY AND CONCLUSIONS

"We have shown in the previous sections a simulation and a
comparison with the experimental results of the fluxes of
neutfal atoms, deuterium and hydrogen, emitted by a JET
plasma heated with both a stationary and a modulated level of
ICRF power in the hydrogen minority scheme.

The distribution function of the deuterium ions, showing no

tail, has been assumed maxwellian.

To compute the distribution function of the minority ions we
have uséd a one dimensional Fokker-Planck equation where the
wave-particles interaction is described by a quasi- linear
diffusion term in the velocity spéce. The effects of finite
Larmor radius have been taken into aécount by assuming that
the launched spectrum has only one component in Kk, . By using
the relevant plasma'profiles which allow us to repfoduce the
deuterium fluxes and by shaping the profile of the
quasi-linear diffusion coefficient we have been able to
reproduce the hydrogen minority neutral fluxes measured by
four analysers with different lines of sight. To do so we
have had to assume that the minority concentfation increases
in the region of interaction which is clese to the plasma
centre. This has been ascribed to the variation of the
diffusion properties of the resonating ions caused by the

strong distortion of their distribution function.

The overall result is that a large fraction of the total
power is absorbed by the minority near the plasma centre.

The determination of the total absorbed power is affected by
a large error due both to the uncertainties in the knowledge
of some plasma quantities (eg the ion density) and to the
faet that only part of the spectrum is measured (E<100 KeV).
An extension of the measured energy range would not be very
useful in the frame of the present model as the anisotropy of
the distribution function becomes more important when the

energy is increased. Nevertheless the part of the RF power
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which is eventually dumped on the ion population can be

determined quite accurately with the present model.

In order to simulate the neutral fluxes during the modulated
discharges we have expanded the Fokker-Planck equation in
Fourier components. The resulting set of ordinary
differential equations has been solved with the boundary
conditions imposed by particles conservation providing both
the stationary and the oscillating (real and imaginary) part
of the minority distribution function. The hydrogen fluxes

thus computed are in good agreement with the measured ones,

This means that the acceleration of the resonating ions is
well described by the quasi-linear diffusion term while the
Coulomb c¢collisions are responsible for the dumping of the ion

tail with the consequent heating of the plasma bulk.

Finally, we have demonstrated that the expansion of the
Fokker-Planck equation in Fourier components gives a sensible
result in terms of the perturbed distribution funcitions at
frequencies larger than a few hertz, This is of considerable
interest for further analysis of power balance during

modulation experiments in the minority heating scheme.
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