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Abstract.

Two types of parametric decay instabilities were observed in the scrape-off layer of ASDEX during
hydrogen second harmonic heating, in the single- as well as in a two-ion-species plasma. The first
type was identified as decay into an ion Bernstein wave and an ion cyclotron q;lasimode, and the
second as decay into an ion Bernstein wave and a low frequency electron quasimode. The
parametric decay processes are due to the high electric fields near the fast wave antennas. Theore-
tical growth rate calculations predict a threshold electric field which is in reasonable agreement with
the values estimated from a full-wave code, modelling the relevant experiments. These parametric
decay processes, as well as the harmonics of the generator frequency also seen in the scrape-off

layer, provide a mechanism that might contribute to the observed direct energy deposition in the

edge plasma and to ICRF-induced impurity production.




1. Introduction.

The study of the effects of ICRF on the plasma edge parameters is becoming increasingly impor-
tant. Indeed, there is growing evidence for a direct link between the bulk plasma properties and the
edge plasma parameters, which are influenced by the RF fields. Furthermore the study of the
interactions between the RF ficlds and the edge plasma may provide clues to the physical mech-
anisms responsible for ICRF-induced side effects [see e.g. 1-9 ] such as enhanced recycling, creation
of fast ions, impurity production, etc. A thorough understanding of these phenomena may be the
way to improve antenna design as well as the operating scenarios so as to minimize the impact on

the plasma heating performance.

At the high power levels required for additional heating of tokamaks, various nonlinear phenomena,
and in particular parametric decay processes near the plasma edge can occur. Under the influence
of an externally applied high frequency electromagnetic field, various modes of the plasma may
become coupled and driven unstable, especially near the ICRF antennas where RF electric fields
of the order of 200 V/cm may exist for launched powers of the order of 1 MW. These parametric
decay processes are important; they are a candidate to explain the observed direct energy deposition

in the plasma edge which could lead to ICRF-induced impurity problems.

This letter reports on parametric decay instabilities, which were for the first time observed in the
scrape-off layer of an ICRF-heated tokamak in a single- as well as in a two-ion-species plasma, and
relates them to some theoretical predictions. Up to now, these processes have been observed to
occur in the hydrogen second harmonic heating scheme, whilst in the minority heating scheme
fewer measurements were available from which no conclusions can be drawn. Theoretical work
indicates that two types of decay processes may be occurring in the present experiments: (1) decay
into an ion Bernstein wave and an ion cyclotron quasimode (2) decay into an ion Bernstein wave

and a low frequency electron quasimode. Both have been observed on ASDEX.

The plan of the letter is as follows: in Sect. 2 the experiments are described and experimental results
are presented; in Sect. 3 theoretical considerations and a comparison with experimental data are

given; finally in Sect. 4 the results are summarized and discussed.

pere——



2. Experimental Results.

Measurements were performed during ICRF heating of an ohmic plasma or of plasma preheated
by NI( H*—» D*,E, = 40 keV, Py, = 0.3 — 3.5 MW)in the divertor tokamak ASDEX. The
ICRF heating schemes were hydrogen minority heating (D(H), 33.5 MHz, n,/n,~ 5 %) and hy-
drogen second harmonic heating ( 2wc,3,‘67 MH?z) in pure hydrogen plasmas or hydrogen-deuterium
mixtures ( 7,/ (ny + np) = 25— 100 %). Up to P~ 2.6 MW of RF power was launched by two
low field side antennas [ 10- 12 ] . '

Typical ohmic target plasma parameters were R = 1.67m, a, = 040m (Fig. 1b),

y4

I, = 380kA, By(atR, = 1.65m)~224T, P,, = 450 kW, n=2—6x 108 cm3 ,
T,~650eV , T,~550eV. With NI prcheating the target plasma temperatures rised to
To~12keV, Ty~2keV . The ion cyclotron resonance layer was positioned between r=-23 cm

and r= + 38 cm with respect to the plasma centre by scanning B, .

Figure 1(a) presents a top view c;f ASDEX, showing the locations of the ICRF fast wave antennas
and the electrical probe with which parametric decay wave spectra were observed. Two loop an-
tennas are installed at the low magnetic field side, at opposite toroidal locations; they are fed at both
ends and short-circuited in the midplane. The electrical length of one loop (half antenna) is about
4 [ 4 for the hydrogen second harmonic frequency range (67 MHz). Carbon guard limiters on both
sides protect the antennas. The poloidal cross section of ASDEX in Fig. 1(b) shows the radial lo-
cation of the antenna, separatrix, wall components, and RF probe. The 20 cm long, horizontally
oriented cy]ipdrica] electric probe monitors the RF electric fields in the scrape-off layer (SOL) of
ASDEX. It is positioned about 60 cm away from one ICRF antenna in the toroidal direction, 4
cm behind the antenna protection limiter, and 20 cm below the equatorial plane. This probe con-
figuration does not provide spatial resolution. Parametric decay phenomena were observed both
when the antenna close to the probe and when the opposite antenna was excited.

A frequency spectrum of the parametric decay instabilities observed in a mixn.zre of hydrogen and
deuterium with 2w, heating is shown in Fig. 2(a). The spectrum reveals the two types of
parametric decay corresponding to the sidebands 2, and 2, (ion Bernstein waves, IBW) and the low
frequency decay waves 1, (electron quasimode, here not observable due to the zero frequency peak
of the spectrum analyzer) and 1, (hydrogen ion cyclotron quasimode, QM, excited near the ion
cyclotron frequency in the SOL). Throughout the text, the indices 0,1,2 and 3 refer to pump, low

frequency decay mode, lower sideband wave, and upper sideband wave, respectively. The upper
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sidebands are not always present. Due to the uncalibrated probe configuration, no conclusions can
be drawn from the absolute amplitude of the different modes. The spectrum of Fig. 2(b) was also
observed for a mixture of hydrogen and deuterium with 2 @, heating. This spectrum again reveals
the presence of both types of decay instabilities, but this time the deuterium ion cyclotron
QM(1,) as well as the hydrogen ion cyclotron QM ( 1,) appear, together with the corresponding
IBW’s 2, and 2, . In the case of a pure hydrogen plasma, a spectrum similar to the one in Fig.

" 2(a) was observed, with only the hydrogen ion cyclotron QM present, besides the electron QM.

Similar decay spectra were also observed during preliminary measurements with a pickup antenna
located at the high field side of ASDEX. The observed decay wave frequencies for several values
of B, are plotted in Fig. 3, and compared with the values expected from the selection rule

w, = W, + ©,,with w, ~wcp, weyin the SOL (R=2.08 m).

The electrical probe data also reveals the presence of harmonics of the RF generator frequency
[ 13 ] ,sometimes accompanied by parametric decay. The generation of these harmonics could be
due to a nonlinear sheath effect at the antenna, similar to that observed when using an electrostatic

type of antenna [ 14,15 J. Under some conditions splitting of decay frequency peaks was observed.
3. Theoretical Considerations.

Theoretical ion Bernstein wave dispersion curves were calculated for parameters representative of
the ASDEX edge plasma. Examples for a pure hydrogen plasma and for a mixture of hydrogen and
deuterium are plotted in Fig. 4 (a) and 4(b), respectively. A typical decay pattern for decay into
an ion QM and an IBW is also indicated.

Calculations of the electric field components in the neighbourhood of an ICRF antenna were per-
formed using a full- wave one-dimensional code [ 16, see also 17 ]. For the case of a pure hydrogen
plasma, a launched RF power of 1 MW, and B, = 2.05 T, an electric field of about 200 V/cm is
found (E, and E, are comparable). For a mixture of hydrogen and deuterium, the electric field was
calculated for several values of the magnetic field. It is found to vary between 120 V/cm at B, =
1.92 T and 400 V/cm at B, =2.73 T. It is presently unclear why, with a continuous variation of the
electric field, the parametric decay is only found to occur for specific values of B, (see Fig.3). It

may be a consequence of threshold effects which are under study [ 18 ].




In the following the parametric growth rates and thresholds will be derived in the heating regimes
Wy~ wcif0) = 2w0(0) and wy ~ 2w {(0) where w(0), w,(0) refer to the proton and deuteron
ion cyclotron frequency at the centre of the plasma column, respectively. In the edge region the
second harmonic hydrogen heating scenario is most susceptible to parametric instabilities for the
electric fields and plasma parameters of interest. In the ASDEX experiments, the fixed pump wave
frequency (w, = 27 x 67 MHz) corresponds for the different values of the magnetic field to
wolwey = 2.05 to 2.7, where wy; 1s the hyd_rogen cyclotron frequency in the SOL (R= 2.08 m).
In many experiments a substantial amount of deuterium may also be present due to hydrogen beam
injection into the deuterium majority plasma (or vice versa). Therefore the presence of a second ion
species, and hence the relative RF drift motion of the two species induced by the pump due to their
different masses, must also be considered for it may substantially alter the thresholds and/or the
decay wave spectrum, as is observed in the ASDEX experiments.

Theoretical studies [ 19-23 ] indicate that for the present situation the dominant decay processes
involve nonresonant low frequency quasimodes ! driven by electrons and with a parallel phase ve-

locity such that w,~k,,V,

e

where V,, is the electron thermal velocity. Two types of QM can occur:
(I) QM’s that are also resonant with ions through ion cyclotron resonance interaction
(lo, — wglik, Vi<1) , so that o, ~we,wq; (2) low frequency QM’s  with
W, < < Wep, Wepy @) < k), V, . In both cases the sidebands involved are IBW’s. In general, both
types of decay modes may be present, however, the ion cyclotron QM’s are more easily excited in
a two-ion-species plasma. In a single-ion-species second harmonic heating or in a minority heating
experiment, the threshold conditions are only marginally satisfied. Decay into the low frequency

electron QM is relatively easy to obtain.

A summary of theoretical predictions will now be presented; the details will be given in a separate

publication [ 18 ].

I These quasimodes do not obey a linear dispersion relation of the plasma and exist only in the presence

of the pump field.




(a) Decay into a ion cyclotron QM and an IBW.

The growth rate y, of the decay instabilities in a two-ion-species plasma; with w, > 2w, is given

by the following approximate expression (where only the dominant terms have been kept).

Yo Yy 1 |I70ka_|2 VL exp(—(2) (1]
@2 2 8 w? n np P
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The first term at the right-hand side corresponds to the losses inherent to the decay instability ( y,
is the linear damping rate of the IBW at the sideband, w, = w, — @, ); the second term corre-
sponds to the drive term of the instability. The threshold value of E, (intervening in ¥, ), above
which the instability starts, is obtained by putting y,, = 0 in Eq(l). In Eq(l) j = I,D,
| V, x /c_l_l = Voo ky sin@, Vy=cEy/B, and 0 is the angle between ?0_]_ and k,; lk_l_l is the per-
pendicular decay wave number of the instability (k 0= k T o k 12220 ; the perpendicularr pump
wavenumber can be ignored in comparison with those of the decay waves). In the present situation
Ey,~FE, and k,~k, sinf~1 for § ~=n2 . In particular, the instability is driven by the electron
E x B drift, although there may be a small contribution (of the order of 20 %) from the relative
ion-ion drift. Furthermore , {,= w/k, |V, with V2 = 2T [m,, n; and n, are the relative hydrogen

and deuterium concentrations, respectively; finally,

2
= T Ve kllz)z m; W
2 2 2 roae
= Hoglib)owr _ o K2 0L D27k " e ) o
j e LEE e g 2 I-Dj“—‘_ 3 2j o
(wg*lzng)z 2 0w, a::! ;}‘Pj
=1 2 b

Here w, = wy— 0, ~wy—w; I, = [(b)e b, b = ki r?

cj?

- 1, is the modified Bessel function of the
first kind, r,, is the Larmor radius of the species j, 45, is the Debye length of the species j, ¢ is the
plasma dielectric constant for the sideband mode, and v,, is the electron-ion collision frequency.
The contribution of the upper sideband as well as the coupling to higher harmonics have been ig-
nored in a first approximation. To minimize the threshold and maximize the growth rate of the
decay instability, it has been assumed that k|, is small in order to reduce electron Landau damping

at the sideband. In particular, in the ASDEX experiments, k,,= k|, — k;,, (from the selection

rule), with k>~ 0.2em™! |, ky, ~ 045 cm™ , and hence k|, >~ 0.25cm™" .




For the case of a pure hydrogen plasma with the same parameteré, v,~1x 10#s7! | and electron
Landau damping at the sideband is comparable to or smaller than y, . Assuming that
Ey, =~ Fy, ~ 200V]cm, ( E, included in V) for w, = 2.75 0y , the growth rate is yo2 5x 10° 57! for
sin 0~ 1 and {,~ 0.7. For the case of a mixture of hydrogen (30 %) and deuterium ( 70 %), Eq(1)
was evaluated for wplwey=2.75, wJop=175, wJocy=1, and { =0.7. For

Fo o2 By o« 200V e, Eq(l) predicts a growth rate of y,=~ 1.8 x 106 571,

While the dissipative thresholds are casily excecded, the relevant threshold is that imposed by
convective losses. The decay waves may escape from the finite amplification region before they can
grow to a sufficiently large amplitude. The radial extent of the amplification region for the ion
cyclotron QM is given by Ax =2 Ly k|, V,Jwcy~Tcm (L is the gradient scale length of B;), and
hence the amplification distance is Ar ~ Ax/ sin(6/2)~ V2 Ax, or approximately 10 cm. Therefore,
the total convective growth exponent is y,Ar/V,, where V,~V, is the group velocity for
wyjwcy=1.75, wofwey =275, b~ 0.5. For T,~ 25V, V,~ 5x 105 cmnfs in a hydrogen plasma.
In a single-ion-species plasma for Fy, ~ £, ~ 200 Viem, yo~ 5x 10° 57!, so that y,Ar/V,~1 for
Ar=~10cm . In a mixture of hydrogen (30 %) and deuterium (70 %), with ¥, ~ 6 x 10° cm/s and
Ar=10cm, the convective growth exponent is yAr/V,~3.  Similarly, for
wolwep = 5.5, wfwp =45, ofop=1, {{~0.7,V,~4x105cm/s, and

0x = Ey, = 200 Vjem, y=1.5x 10°s! , and hence y,Ar/V, ~ 4. Similar results are obtained for

wolwey=~2.5.

Another way to optimize growth is to consider decay waves propagating mostly in the y (poloidal)
direction, driven by the radial electric field component E;_. In that case, the effective growth distance
is approximately Ay~ 40 cm whereas Ey) ~ E, ~ 200 V/cm, so that y,ArfV,~2 , indicating the

possibility of a more effective total convective growth.

In any case, these predictions are in reasonable agreement with experimental observations showing
a mild growth of ion cyclotron quasimodes and sidebands occurring in a pure hydrogen plasma.
Furthermore, the predicted threshold electric fields agree with the electric field calculations for the

present experimental conditions.




(b) Decay into an electron QM and an IBW

The low frequency electron QM is characterized by w, < < w,;,, {,< 1. In particular, for ASDEX

cj?

parameters, {,~ (.2, and the growth rate is given by

Yoj V2j |E_Lx VGJ_|2[T3 (l“ro)Z\/n_Ce
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For T T,~ 1, by~ 9, {,~ 0.2, wylwcy~ wfwcy=~ 2.4, we find
E (V/cm) 2 20
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For Ey, ~ E, ~ 200V{cm, T,~ 20 eV, Eq(4) gives yp~ 3 x 10° s~1. Hence, y,>y,~ 1x 10°s7! and
for V,=4x 10°cm|s, yAr/V,~5 for Ar~ 10cm. Thus the convective threshold is clearly ex-

ceeded.
4. Discussion.

There is clear experimental evidence for the existence of parametric decay phenomena during hy-
drogen second harmonic heating on ASDEX in both single- and two-ion-species plasmas for a va-
riety of experimental conditions (H-plasma, D/H-plasma with different compositions, with and
without NI, various values of magnetic field and plasma current ...) The theoretical predictions are

found to be in reasonable agreement with the experimental observations.

Ion Bernstein waves and quasimodes are excited through parametric processes by the high RF
electric fields near the fast wave antennas. The question is whether the energy transferred from the
pump wave to the short wavelength decay waves can cause significant anomalous absorption. Edge
electron heating could be associated with electron Landau damping of the quasimode. Can the ion
cyclotron quasimodes cause anomalous ion heating and production of a suprathermal population
[ 4,24 1?7 Edge ion heating could also be a result of ion Bernstein waves, which propagate in the
inhomogeneous magnetic field towards an exact ion harmonic (possibly also of impurities), and

may be absorbed there by harmonic cyclotron damping.




The parametric decay processes, as well as the occurrence of harmonics of the generator frequency,
in some cases also accompanied by parametric decay, may also partly explain why not all the RF

power coupled to the plasma is deposited in the central bulk plasma.

According to theoretical predictions, heating regimes at lower fast wave frequencies (w < 2w ) are

less susceptible to parametric instabilities for the electric fields and plasma parameters of interest.
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RF Probe

Fig.1(a) Horzontal cross section of ASDEX, showing the relative positions of antennas, neu-

tral injectors, and RF probe.
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7 Vacuum Chamber
8. RF Praobe
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Fig.1(b) Poloidal cross section of ASDEX. The antenna limiter is at R=212 cm and the RF
probe tip at R=216 cm.
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Fig.2(b) Parametric decay spectrum in a mixture of hydrogen (25 %) and deuterium (75 %)
with 2w,y heating (67 MHz, 1 MW). The peak s is due to the second antenna at 74 MHZ.
The second harmonic hydrogen cyclotron layer was located at r= 38 cm with respect to the

plasma centre, for B, = 2.73T.




90

v Gas | ICRH | NIH*)
(MHz) 0 o |H* | 0.45 MW | 1.7 MW |
T ° & | 0* 1 MW | 17MW
m | D*, add. H? gas pulse|1 MW | 1.7MW
10 0 5
A A ] 2& A
60— =
—— i 2
2 s
50—
v
’*0_' ‘hh‘i“-—- hhhhh 2 -
~~~~~~~ H
i
———————— 1 B
30 P H
—-""-..--.-.‘
-
il . e
04 -
0 T T T T T T T T T
2.0 20 2.4 2.6 2.8

Fig.3 Observed parametric decay frequencies for three plasma discharge conditions and several

values of the toroidal magnetic field; 2wy heating (67 MHz). The lines give the theoretical

values calculated from the selection rules.
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Fig.4(a) Theoretical ion Bernstein wave dispersion curves for ASDEX edge plasma parameters,

for a pure hydrogen plasma.
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Fig.4(b) Theoretical ion Bernstein wave dispersion curves for ASDEX edge plasma parameters
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for a mixture of hydrogen (25 %) and deuterium (75 %).
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