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ABSTRACT

In order to explain the results of the non-inductive current produced in the Lower Hybrid Current
Drive (LHCD) experiments, abroadening of the Radio Frequency (RF) power spectrum coupled to
tokamak plasma is necessary to occur. The presented modelling, supported by diagnostic
measurements, shows that the Parametric Instability (PI) driven by ion sound quasimodes that
occur in the scrape-off plasma layer located near to the launcher mouth, produces a significant
broadening of the launched LH spectrum. Considering the parameters of LHCD experiments of
JET (Joint European Torus), and other machines as well, the Pl growth rate is high enough for
producing the compensation of the convective losses and, consequently, the broadening of a small
fraction (#10%) of the launched power spectrum. Such phenomenon isidentified to beintrinsic of
the RF power coupling in the LHCD experiments. As principal implication of considering such
spectral broadening in modelling the LH deposition profile, experiments able evidencing the effects
of awell-defined LH deposition profile, like those with LHCD-sustained internal transport barriers
of JET, were successfully interpreted. The present work isimportant for addressing the long-lasting
debate on the problem of the so-called spectra gapin LHCD. The design of LHCD scenariosrelevant to
the modern fusion research program, which require the control of the plasmacurrent profile in the outer
half of plasma, can be properly achieved by considering the Pl-induced spectral broadening.

1. INTRODUCTION
The Lower Hybrid Current Drive (LHCD) [1-3] can provide akey tool for controlling the current
profile in tokamak experiments aimed at achieving important goals relevant to the plasma modern
research on fusion plasmas, such asthe steady-state operation, improved confinement and quiescent
MHD activity. In order to build such tool, a deep understanding of the physical mechanisms that
determine the LH deposition profilein realistic operating conditions should be achieved. Since the
LHCD effect is based on the wave interaction with a tail of the electron distribution function of
plasma, the assessment of the LH power n;, spectrathat effectively propagate in the experimentsis
acrucial issue (n, istherefractiveindex component in direction parallel to the confinement magnetic
field) [4,5]. At thisregard, along-lasting debate is still open on the so-called spectral gapin LHCD,
i.e., about the causes that determine the broadening of the launched n;, spectrum, whichis necessary
to occur for explaining the available experimental databy means of the quasi-linear theory [6,7,4,5].
The approach of multi-radial pass produced by ray-tracing in toroidal geometry, proposed as a
cause of spectral broadening [7], has been widely accepted for modelling the LH deposition profile
in LHCD experiments. However, by utilising such approach, several results observed in LHCD
experiments and attributable to simple behaviours of the LH deposition with operating parameters
resulted difficult to interpret [8,9]. Moreover, the precision of themodelled LHCD profile performed
in Ref. [9] resulted insufficient for finding consistency with the measured current profile and the
observed features of the LHCD-sustained Internal Transport Barriers (ITBs) of JET, which produced
high electron temperatures in the core with broad profile [10-12].



The aforementioned problems might be correlated to some intrinsic features of the multi-radial
pass approach, which make difficult determining a well defined spectral broadening and,
consequently, awell defined LH deposition profile. Indeed, the utilised WKB approximation fails
at the cut-off layers [5]. Conversely, at these layers, the LH waves are considered behaving like
optic waves, although they have much longer wavelengths. Arbitrary choicesin modelling the LH
deposition profile might be thus performed in cases of the occurrence of many multi-reflections. In
addition, since the spectral broadening is obtained by cumulative effects of the ray trajectoriesin
thetoroidal geometry, which in general involve the whol e plasma column, the broadening resultsto
be strongly sensitive to details of the complex magnetic structure of plasma, and to the minor
changes of inputted kinetic profiles caused by experimental uncertaintiesaswell. Therefore, assuming
that the multi-radial passisthe only cause of spectral broadening, the LH deposition profile might
be not a well-defined feature of an LHCD experiment and, thus, a robust tool for controlling the
current profile by LHCD might be not effectively achieved. Conversely, there are indications that
the LHCD produces well-defined LH-deposition profile, as occurred in the aforementioned
LHCDsustained I TBs produced of JET [10-12], in which the peak of the LH-driven current density
profile is localised in the outer half of plasma, consistently with the observed ITB features [9].
Therefore, it seemsthat the multi-radial pass approach should not fully explain the spectral broadening
occurring in LHCD. Conversely, afurther physics should be considered which allows improving
the determination of the spectral broadening.

Themodel of the Parametric Instability (Pl) availablein theliterature [13-23] provided afurther
cause of spectral broadening, whose consideration resulted important for obtaining well defined
profiles of the driven current density in LHCD experiments performed on JET [9].

The occurrence of Plswas supported by the results of the spectra of the RF power escaping out
the machine collected by probes, obtained during many experiments of the last 25 years, aimed at
achieving the electron heating and CD, or the bulk ion heating in tokamaks by means of externally
launched LH waves [24,20,21,22]. These experiments have been operating at relatively different
plasma densities, so that o, 2 0y and o << g or o = oy, respectively (o is the operating
frequency). The Pl phenomenol ogy evidenced the occurrence of alink between thewave physicsat
the edge and in the bulk plasmaby means of the different plasmadensities utilised in the operations.
Such phenomenology should be recalled as important for better understanding the assessment of
the problem of the spectral gap in LHCD, which isperformed inthe present work. Since the operating
plasmadensity definesthe different scenarios (for the given operating frequency), we will indicate
the aforementioned experiments simply as LH experiments, thus neglecting their different goals
and considering only that in these experiments the same LH wave is launched.

The Pl phenomenology (see further details in the Sec.2 and Appendix 1) was observed for the
first time in tokamaks during LH experiments aimed at heating the bulk ions [24]. The RF probe
spectraexhibited several sidebands and abroadening around the operating linefrequency [20,25,21].
We indicate such frequency line broadening observed in the RF probe spectra as pump broadening



(seetheFig.1(a) of Sec 2). Modelling and experimentsindicated that the multi-sideband spectraare
originated by a non-linear interaction occurring at the plasma edge of the launched RF power
[18,20,25,21]. The pump broadening was interpreted in terms of linear scattering by density
fluctuations[26]. However, such model expectsabroadening more sensitiveto the plasmaparameters
of the bulk than of the very periphery, which is not consistent with the experimental observations
indicating that the spectral broadening isaphenomenon originating mainly at the plasmaedge [22].
In addition, thelinear scattering model isnot able providing an interpretation of the phenomenol ogy
of the RF probe and the microwave reflectometry of the plasma edge observed during the LHCD
experiment on ASDEX, in which the non-linear origin of the pump broadening phenomenon was
revealed [22].

In LH experiments operating at relatively high densities (in the range o j = ®g), the RF probe
spectra showed both a high sideband level, often with atypical nonmonotonic envel ope, and strong
pump broadening (see the Fig.1 in Sec.2). In these conditions, no effect of the coupled RF power
penetration in the bulk was ever observed as well. Analogously, at the relatively low operating
densities proper for LHCD experiments (coIoe 2 Wy, Oy << mg), a weak sideband activity was
generally measured, but however a residual but significant pump broadening [20,25,21,27-29],
non-linearly dependent on the coupled LH power [22], still persisted in the spectra. All the LH
experiments treated the problem of the poor access of the coupled LH power in dense plasmas
caused by strong Pl activity at the edge by utilising higher operating frequencies. The highest
frequency was utilised on FT, which was increased from 2.45GHz to 8GHz [30]. The access to
regimes of LH interaction with the bulk plasma electrons, accompanied by RF probe spectra not
exhibiting the Pl cyclotron-frequencyshifted sidebands, was successfully achieved in dense plasmas,
which resulted instead opaque for the LH power at same operating conditions, but lower LH
frequency. However, asignificant pump broadening still persisted in these experiments; in addition,
it appeared stronger during experiments exhibiting a weaker effect of the coupled LH power in
heating the core electrons [31]. Anyway, in al LHCD experiments equipped with RF probes, a
strongly reduced Pl activity accompanied the clear evidences of interactions of the LH power with
the plasmaelectrons of the bulk. Consequently, the hypothesisthat every non-linear waveinteraction
eventually still occurring at the plasma edge was too wesak for affecting significantly the LH power
propagation and deposition in the bulk wasvirtually, but widely, accepted. However, such hypothesis
was neglecting that, in LHCD, the problemsof the origin of the spectral gap and the pump broadening,
as well, were still present. The present work shows that such problems are linked together much
more strongly than considered in the past.

A further problem was presented by the LH experiments operating at intermediate regimes of
plasma density, with respect to aforementioned regimes of bulk ion heating (not achieved) and
current drive. At intermediate densities, the wave interaction with electrons disappeared and fast
ion tails were observed [24]. However, no clear evidence of the LH power deposition in the bulk,
comparably robust asthose availablein the LHCD regime, was produced. Conversely, the observed



effects on the plasmaresult consistent with the hypothesis of an LH deposition occurring more and
more off-axis at relatively high operating density regimes, as the present paper shows.

The link between the physics of the edge of the spectral broadening and the spectral gap in
LHCD wasinvoked for interpreting experimentsof LHCD sustained I TBsin JET by meansof aproperly
modelled LH deposition profile[9]. Following Ref [9], the present work provides further support to the
occurrence of such link inthe LH experiments. The consideration of the Pl-induced spectral broadening
in modelling the LH deposition profile isimportant for interpreting the aforementioned links of the LH
physics of the edge and in the main plasma observed in the different LH regimes[32].

The pump broadening appearsto be apeculiar feature that accompaniesthe launch of el ectrostatic
wavesin tokamak plasmas, asoccursinthe LHCD scheme of operation. Indeed, inthe other schemes
utilising additional radiofrequency power (ion and electron cyclotron and resonant heating) utilising
el ectromagnetic waves, no significant broadening of the operating frequency line was observed.

The interpretation of the LH pump broadening regards the main scope of the present paper.
Following the model of the parametric instability available in the literature [13-23], extending to
the LHCD operating regimes the Pl analysis, which was widely performed for the early LH
experiments [20-23], and analysing in details the Pl phenomenon occurring in the realistic scrape-
off geometries, the present paper showsthat the Pl provides a cause of broadening of the launched
LH spectrum, which isintrinsic to the coupling of the LH power to tokamak plasmas.

The main focus of the preset paper, in summary, is that the occurrence of the Pl mode coupling
in the cold and overdense ((‘)pe > o) scrape-off plasmaof an LH experiment, as natural feature of
the electrostatic and slow waves (launched spectra with pump N/peak > 1.5), produces a spectral
broadening in the LHCD experiments consisting in the depletion of a small fraction of the pump
power (=10%). The mode coupling is driven by ion-sound quasi mode; [13], which are modes of
plasmathat exist only in presence of a pump mode with finite amplitude. The quasimodes do not
obey to a dispersion relation like the one of the normal modes involved in the PI, but only to the
general conditions of the mode coupling (e.g., energy and momentum conservations). The relevant
guasimodes have frequencies (in the range of 0.1MHz - 1M HZz) consistent with the results of edge
diagnostics performed in LHCD experiments (see Sec. |1 for the LHCD and the Appendix | for the
different LH scenarios). For the routinely coupled LH power densities (*10M W/mz), the growth
rateis sufficiently high for balancing the strong energy flux losses of con\N/ective nature, which are
intrinsic to the parametric instability ininhomogeneous plasmas. The Pl manifests by the growth of
LH sidebands with frequencies within a small shift of the pump frequency, and parallel refractive
index spectrum slightly broader than the pump spectrum. The important result for the occurrence of
the spectral broadening is that a higher convective loss occurs for sidebands with higher n;, shift
from the launched n;, peak. Increasing such shift, the depletion of pump power vanishes above a
certain ny, threshold of sideband (n,g4.cut-off)- Higher operating plasmadensities generally enhance
the value of n,qq.cutof: thus enhancing the spectral broadening. The LH experiments meet, in
every regime, the conditions necessary for the occurrence of the Pl-induced spectral broadening,
since such conditions practically coincide with those requested for performing the LH antenna



coupling, and the LH power islaunched in scrape-off layersthat have similar parametersin tokamaks.
These conditionsare: i) layerswith Wpe™ 00 arelocated near the effective antenna-plasmainterface;
i) the scrape-off kinetic profiles have electron temperatures ranging from a few €V to a hundred
eV, and plasma densities determined, given the other parameters, mainly by the operating averaged
density (roughly: N cpms ™ 0-1Neayerager LCM Smeans: last closed magnetic surface); iii) the scrape-
off layers have typically similar radial extensionsin standard tokamak experiments (= 3 — 6¢cm).

Operations at very high plasmadensities, as those utilised in the early LH experiments aimed at
heating the ion heating (o, j = ®g), generally enhance the growth rates of PIs driven by both ion-
sound and ion-cyclotron quasimodes. At therelatively low plasmadensities of the LHCD experiments
(Wpe ~ g, Oy << ), the growth rates generally decrease, but those of the ion-sound driven PIs
remain however significant. Such behaviour of the PI growth rates with the plasma density is
consi Stent with the af orementioned phenomenol ogy of the RF probe spectraobtained at the different
LH regimes. Consequently, the link between the wave physics at the edge and in the main plasma,
indicated by the LH operations at different densities, might be generally provided by the Landau
damping on the plasma species, viathe spectral broadening that is produced by the PIs, besides the
effects of ray propagations [4]. By considering the cooperation of both the aforementioned effects
in producing the spectral broadening, amore precise LH deposition profile is modelled, especialy
in plasmas with high central electron temperatures with broad profile, in which the LH deposition
fully occurs at the first half pass[9].

The paper isorganised asfollows. In Sec.2, the phenomenol ogy of the pump broadening observed
on JET by RF probe and microwave reflectometry of the plasma edge is summarised. Further
details on the phenomenology and the interpretation of the LH physics of the edge are given in the
Appendix |. The model of parametric instability considering the parameters of an important
experiment of JET [10], in which an I TB phase is sustained by performing LHCD) is summarised
in the Sec.3. The PI analysis is performed: i) considering the homogeneous plasma limit for
identifying frequencies and growth rate of the coupled modes; ii) performing an original calculation
of the convective losses relevant to LH-induced Pl driven by quasi-modes; iii) calculating the
gpatial amplification of the instability, the pump depletion and, finally, the spectral broadening. In
the Appendix I, some details relevant to the plasmainhomogeneityinduced convective losses are
given. In Sec.4 the operating conditions necessary for producing the spectral broadening in different
LHCD experiments are identified and discussed. The Sec.5 is dedicated to the conclusions.

2. PUMPBROADENING OBSERVED DURING THE EXPERIMENT OF LOWER
HYBRID CURRENT DRIVE OF JET

The RF probe measurements performed in the LH experiments operating at different regimes of

plasma densities indicated that the wave physics at the edge and in the main plasma are linked via

the phenomenon of the spectral broadening. In the present paper, we consider the broadening around

the operating frequency observed in the probe spectra, which is referred as pump broadening. We

will correlate in the next section the pump broadening to the broadening in n,, and in frequency as



well, which isexpected to occur for the launched LH spectrum, and which isrefereed in the present
paper as spectral broadening (i.e., both in frequency and in ny)).

As general feature of the different LH operating regimes, the spectra of the RF probes, which
carry the signatures of wave interactions with the plasma, show the occurrence of a significant
pump broadening, as observed e.g., on Alcator C, FT, Asdex, JT60, JET, and FTU
[20,21,22,25,28,29,31].

An example of pump broadening observed during LH experiments aimed at heating the bulk
ions on the FT tokamak [21] is shown in Fig.1(a). The pump broadening is measured 10dB below
the power peak. Generally, in evaluating the pump broadening, the line width of the RF power
generator, which is approximately of 10kHz should be excluded. The pump broadening is much
bigger than such linewidthintrinsic to the utilised RF power sources. Theratio between theintensities
of the sidebands, which appear around the operating frequency, and operating LH peak providesan
equivalent evaluation of the pump broadening. The pump broadening resulted strongly enhanced
operating at higher plasma densities and lower currents, which indicates that the pump broadening
is directly dependent on the plasma density in the scrape-off-layer, being stronger when operating
with higher scrape-off plasma densities [33,34]. As common feature of the LH ion heating
experiments, which required very high plasma density of operation (copi = (g), NO penetration of
the coupled LH power in the bulk occurred. In addition, besides the pump broadening, several Pl
sidebands shifted by the ion-cyclotron frequency of the plasma edge, exhibiting a typical non
monotonic peak envelop, were observed in RF probe spectra, asshowninthe Fig.1(b). A correlation
was assessed between pump broadening and the typical behaviour of the Pl sideband, which explained
thetypical shape of the peaksobserved in such LH experiments. Indeed, by the modelling performed
in Ref [21], the sideband behaviour occurring in the LH ion heating experimentsis explained only
by assuming that the LH pump that excitesthose sidebands has an n;; spectrum significantly broader
than the spectrum launched by the antenna. Such hypothesis of spectral broadening, necessary for
explaining effects of LH power interactions with the plasma, can aso explain the absence of RF
penetration in the bulk due to strong Landau damping at the edge of the coupled LH power on the
plasma particles. Thus the spectral broadening expected to occur in the LH experiments aimed at
heating the bulk ions presents an interesting anal ogy with the problem of the spectral gapin LHCD,
whichisimportant for the present work. These circumstances indicate that the physics of edge and
bulk are linked together despite of the differences of the LH operating regimes, regarding mainly
the operating plasma densities and frequencies.

A further evidence of the occurrence of wave interactions with the plasma edge during LHCD
experiments was obtained in ASDEX [22]. In this experiment, concomitant to the occurrence of
spectral broadening in the RF frequency range, a broadening of the spectrum in the low frequency
range of the density fluctuations was measured by microwave reflectometry of the edge.

Following, we focus on the evidences of the occurrence of frequency broadening of signals of
diagnostics measurements, relevant to the edge physicsin LHCD experiments performed in JET,



performed by RF probes [28] and microwave reflectometry of the edge. An RF probe, located
inside the main vessel for collecting radiofrequency power at frequencies around the operating
frequency (3.7GHz), showed the occurrence of a pump broadening of about 0.2MHz (measured
10dB below the power peak) during typical LHCD experiments (operating with <n>=1 10% m"3,
By =3T, Ip=3MA), see Fig.2. Accordingly with the typical trend of pump broadening observed in
different LHCD experiments[20,31,25,21,22,28,29], the pump broadening observed during LHCD
experiments of JET increased up to about 1M Hz when the operating with averaged plasmadensity
was increase of about a factor two higher with respect to the case of Fig.2.

Asobserved in Asdex [22], asimilar broadening of the spectrum in the low frequency range of
the density fluctuations is observed during an LHCD experiment of JET. In this experiment, the
upgraded X-mode reflectometry has been utilised [35]. One of the reflectometer systems worksin
the frequency range 76-78GHz, which is generally suitable to probe the plasma edge region. A
proper detection alows getting the complex signal o(t).exp[i(t)] where o(t) andaw(t) are the
amplitude and phase of thereflected signal respectively. The spectrum of the complex reflectometry
signal is sensitive mainly to the turbulence (and then the density fluctuation) characteristicsin the
cut-off layer region [36]. For the considered plasma discharge performed with a magnetic field of
3.2T, the cut-off layer for the probing wave at 76GHz is located in the outer region of the plasma
(around 3.8-3.9m, which correspondsto aflux radial coordinate p = 0.98). A fast-acquisition system
is used to acquire the reflectometry signal from t=5.0s up to 6.5s with a sampling frequency of
1IMHz. The considered experiment of JET utilises 2MW of LHCD power in combination of the
main heating power, which is performed by Neutral Beam Injection (NBI) and lon Cyclotron
Resonant Heating (ICRH). No significant change is expected to occur in the scrape-off plasma
parameters as effect of the coupling of these latter powers, which interact mainly with the plasma
core. A similar broadening of the density fluctuation spectrum is observed operating in different
conditions of plasmas utilising LHCD.

During this discharge, the LHCD is switched on at t=5.7s. A comparison of the spectra of the
reflectometry signal before (5.0 - 5.7s) and during (5.7 - 6.4s) the LHCD phase is depicted in the
Fig.3. An enhancement of the plasma density fluctuation spectrum is produced during the phase of
injection of LHCD power, in the plasma edge over a wide frequency range up to the maximum
detectable limit value (the Nyquist frequency is equal to 0.5MHz). This result is similar to that
observed by microwave reflectometry diagnostics of the edge on ASDEX [22].

Asobserved during LHCD experiments on Asdex [22], the occurrencein the RF probe spectrum
and microwave reflectometry measurements of a similar phenomenon of spectral broadening
indicates that a non linear plasma wave interaction is produced at the edge during the LH power
coupling. Such interaction is reasonably characterised by a mutual energy transfer from plasma
waves at high and low frequencies. As shown in the next section, the frequency range of both the
enhanced plasmadensity fluctuations and the pump broadening, isthe same frequency range of the
guasimodes driving the PI, which is relevant for the LH spectral broadening.



3. MODEL OF THE PARAMETRIC INSTABILITY FOR LOWER HYBRID CURRENT

DRIVE EXPERIMENTS
Thetoolsutilised for performing the analysis of the parametric instability (PI) relevant to the LHCD
scheme for tokamak plasmas are summarised in the subsections, which isaimed at: i) identifying
the frequencies and growth rates of the coupled modes in the limit of homogeneous plasma; ii)
calculating the amplification factor of the parametric instability, taking into account the convective
losses due to effects of both finite extent of the pump and plasma inhomogeneity, and the pump
depletion which determines the broadening in the n;, spectrum launched by the antenna (Sec.3.2).
The Pl model relevant to the LHCD scheme described in the classical References[15,17] has been
considered for performing the analysis of theinstability in the homogeneous and unbounded plasma
limits. Such work has been carried out utilising the numerical tool described in Ref.[21], which
achieved an interpretation consistent with the Pl model for the RF-probe spectra relevant to LH
experiments aimed at heating the ions. The summary of the utilised PI model and the growth rate
resultsare shown in the Sec.3.1. The convective losses have been taken into account by performing
an origina analysis relevant to the Pl-driven by quasi-modes (in the Sec.3.2), by utilising the
formalism for Pl-driven resonant modes that is available in Ref. [19]. The pump depletion and the
consequent spectral broadening has been calculated (in the Sec.3.3) considering the classical work
of L. Chen[16].

It isimportant nothing that for identifying the Pl channel producing the LH spectral broadening,
the search has been performed for the maximum growth rate of LH sidebands occurring in the same
range of the operating frequency, imposing energy and momentum conservations of coupled modes.
For agiven set of plasmavalues, the concomitant behaviour on the growth rate has been considered
of the following two important parameters: the magnetic field perpendicular component of the low
frequency mode wavevector (k) that maximises the growth rate, and the angle between the
perpendicular wavevectors of sideband and pump (8=£[k |, kq;]), which determines the group
velocity direction of pump and sideband and, consequently, maximisesthe convective amplification
factor (seethe next subsection). Moreover, the search has been repeated in similar way for afurther
set of parameters, considering the plasma gradients.

3.1IDENTIFICATION OF THE MODE-COUPLED FREQUENCIESAND
COMPUTATION OF THE GROWTH RATE

Sincethe LH wavesare electrostatic, the dispersion relation relevant for el ectrostatic coupled modes
has been considered [15,19]. The PI is determined by the non-linear coupling of LH waves with
low frequency modes (w<<wy) of the density fluctuation background. The parametric instability of
alower hybrid pump wave @[ -i(ogt—Kger)] isdriven by alow frequency mode @[ -i(wt—ker)] and
growths by two sideband waves @, ,[-i(®q ,t—Kq ,°r)], where k, 1=ktk, ®, 1= 02 0. (selection
rules). We assumek g=Kg, X+Kg,Z, K1 5=Kq o X+Kq 2,y +Kq 5,2, and utilisetherel ation n=kc/wg between
refractive indexes and wavevectors. The plasmais modelled as a slab including the region of the



edge close to the antenna mouth. The x direction coincides with the (radial) direction of the plasma
gradients, andy, z correspond to the poloidal and thetoroidal directions, respectively. The Pl analysis
is based on the solution of the Vlasov and Poisson equations for coupled el ectrostatic modes up to
the second order. The following ordering is considered: the Maxwellian distribution function
corresponds to the zero order, the variation produced by the pump wave to the first order, and the
perturbation of the low frequency modes to the second order (®p>> @, @, ,). The parametric
dispersion relation of electrostatic coupled modesis:
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The solutions of the parametric dispersion relation, Eq.1, are the complex frequency w+iy and.
where opep 1 = WRet © and yisthe growth rate. In Eq.1, € isthe dielectric function, y, , are the
coupling coefficients referring to the lower and the upper
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sidebands respectively, and are calculated considering the ion magnetised. The expression of the
coupling coefficientsis[17]:

The expression of the coupling coefficient is derived in the limit for w<k, vy, Whichis satisfied
by all the solutions of Eq.1 obtained considering typical parameters of the plasma edge of LHCD
experiments performed in tokamak plasmas. In Eq.2, y. isthe electron suscectivity, ¢4 isthe sound
speed, Z is the plasma function which retains, in the performed calculations, a sum over many
(=100) ion-cyclotron frequency harmonic termsfor achieving an accurate evaluation of the growth
rate[14]. 3, , are the angles which the perpendicular wavevector of the lower and upper sidebands
make with the perpendicular wavevector of the pump, i.e, 8; , = £(Kq 5, Ko, ), and u=ekydy/m,
0 Theangled, ,isoneof the aforementioned important parametersfor determining the strongest
PI channels, since it affects the convective loss (see subsection I11.2). For the geometry relevant to
the wavevector components of the coupled mode, see the Fig.4, in which the only lower sideband
is considered for sake of simplicity.

Considering the selections rules of the couple modes, the solutions of the parametric dispersion
relation, Eq.1, are the complex frequency, w+iy and the wavevector component k; of the low
frequency mode that drives the instability. Such solutions are determined considering all the
parameters which determine the instability channel, which are: k), Koy, 81 2, @, Bg, N, T

Dueto such ahigh number of parameters, it isevident that performing acomplete analysis of the
Pl relevant to arealistic experiment is a difficult task. We have performed such work by solving
numerically Eq.1 and have considered different parameters of LHCD experiments. Asgeneral result,



the obtai ned solutions exhibit common featuresin the parameter ranges of LH experiments operatingina
wide range of frequencies (from about 0.5GHz to 8GHz) and plasmadensities (<n>=0.2 - 1x10%° m'S).
Consequently, a substantialy smilar effect of Pl-induced spectra broadening is expected to occur in the
LHCD experiments. This general aspect will be discussed in the Sec. 4.

In the present section we focus to the Pl analysis performed considering the aforementioned
experiment producing LHCD-sustained ITBs performed on JET [10-12,9]. For a same LHCD
experiment, the considered parameters of main plasmaand scrape-off are shownintheTab. | andin
Fig.5, respectively. Inthisway, we can identify therole of the single plasma parametersin determining
the Pl physics, and better understand the origin of the spectral broadeningin an LHCD regime. The
profiles of the plasma density and the electron temperature in the scrape-off layer, in Fig.5, are
obtained utilising the edge spectroscopy and the Langmuir probe measurements for the parameters
of Tab. I. These profile can be considered typical for the scrape-off for operationsin LHCD regime
of JET, which utilise averaged line plasma densities of about 2x10%°m™3, For higher operating
plasma densities, it is worth nothing that, correspondently, in the scrape-off the plasma density
increases, with profile becoming aimost flat, and the temperature decreases.

TABLE |

Plasma parameters of the Pulse No: 53429 at a time point t=6.5s (during the main heating phase)
which are considered for performing the model analysis. By= 3.4T, |5=2.3MA, <ne>z2><1019m'3;
LH power P\, = 2MW, frequency f; = 3.7GHz, the n;, spectrum has a peak at n,;= 1.84 and a
width of 0.43.

Antenna dimensions: a, = 0.864m, o, = 0.288 m, effective radiating area: 0.816m>x0.16m local
toroidal magnetic field By = 2.6 T.

The scrape-off has adepth sy = 5cm, with density and temperaturesin the range (from Langmuir
probes), Ngyi, = 0.2:0.4x10™%m ™3, neMax = 2:4x10™m ™3, T i, = 5+106V, Ty = 20+508V,
electron-ion temperatureratio T/T; = 1+0.5.

The solutions of the parametric dispersion relation, Eq.1, obtained for aset of plasmaparameters
typical of the middle of the scrape-off layer (see Tab. | and Fig.5), are shown in Fig.6. Thisfigure
represents frequencies and growth rates of the low frequency modes (w<<w) that drivethe PIs, and
that occur in the ranges of the ionsound (w=k,vy,)) and the ion-cyclotron harmonic (o—Nmg =K, Vi)
frequencies, plotted versusthe perpendicular wavenumber of such modes. The highest growth occurs
in theion-sound frequency range. The following general behaviour has been found considering the
different local parametersin the scrape-off. i) Theion-sound Pl channel exhibits growth rates much
higher than these of the ion-cyclotron harmonic Pl channel when considering plasma parameters of
layers located more in periphery (i.e., for lower plasmadensities and/or electron temperatures). ii)
The low frequency modes driving all the channels of the PIs induced by a LH pump wave in a
tokamak plasma are not propagating modes, since the following condition holds:|eg (®,K)[>>1.
Therefore, the Pls are driven only by low frequency electrostatic quasimodes, heavily damped on
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the plasma particles by non-linear Landau damping, due to the occurrence in tokamaks of T, =T;.

The Pl channel driven by ion sound quasi-mode is identified, in the present work, as the most
important for its implications in the LHCD experiments. Indeed, such channel involves both the
lower and the upper sidebands, which are all lower hybrid waves, i.e., ezg 1 o= 0, and exhibitsvery
high growth rates. The presence of both sidebands is consequence of the small frequency shift of
sideband and pump waves (0<<a,;), due to the very low frequency of the quasi-mode that drives
the instability. Conversely, for theion-cyclotron quasi-mode driven channel (which however hasa
lower growth rate in the considered LHCD parameter regime), only the lower sidebands are
propagating LH waves (i.e., [egeol>>1).

Focusing now only on theion-sound-driven PIs, thetrend of the growth rate maximawith respect
to k, of the driving quasimode has been determined considering different local parameters within
the scrape-off layer (see Fig.5). The effect of the plasma gradient in the scrape-off on the growth
rates is shown the Fig.7, where the growth rate is plotted against the local plasma density keeping
in one case the electron temperature as fixed parameters, and in the other accordingly with the
plasmagradient (asin the Fig.5). It isevident the effect of reduction of the growth rates increasing
thelocal electron temperature (T,>0.1keV). Such reduction becomesvery strong inthelayerslocated
inside the separatrix due to the building of the T, step gradient. The strongest Pl (Y/wq = 0.02)
occurs in the layer with low temperature (T, < 10eV) and density (n, = 2><1017m'3) closethe LH
cut-off density ((‘ope = mg), Which is reasonably located near the launcher-plasma interface. The
trend of the real frequency of the quasimode (frequency shift from the pump) and the growth rate
with the major radius is summarised in the Fig.8. The error bars in the growth rates take into
account the experimental uncertainties due to the measured scrape-off profiles (afactor two on the
plasma density and temperature in a given layer), and reveal arelatively small dependence of the
growth rate on the input parameters, e.g.: Ay/y=-5% for T, increased of afactor 2). We understand
such behaviour considering that aquasimode with proper parameters (wavenumber and frequency)
Is however available in agiven layer for producing a strong mode coupling (see also Sec.3.2). As
shown in Sec.4, profiles of maximum growth rates of ion-sound-driven PIs similar than the one
shown in Fig.8 represent a common feature of the LHCD experiments.

Regarding the PI channelsdriven by theion-cyclotron quasi-modes (not shown in the Fig.8), for
LHCD plasma parameters, they have growth rate lower than that of the ion-sound driven channel,
especially in the very periphery, and require a much higher operating plasma densities (so that
o y/og, = 0.03) for becoming of significance (y/wg = 10"2). Such high densities regimes of are
generally not achieved inthe LHCD operations, since not significant current fractions are obtained.

Now, we can focus on the spectral features of the LH sidebands growing in the PI, since they
might produce the searched broadened LH spectrum that penetratesin the bulk. At this regard, the
behaviour of the growth rate with respect to the n;, of the lower sideband isplotted in Fig.9, assuming
as parameters two values of plasma densities typical of the scrape-off (the others parameters have
been kept fixed). A similar trend (not shown here) is found considering the upper sideband. This
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figureindicatesthat theinstability might grow in LH sidebands (which haveasmall shift in frequency with
respect to the operating frequency, Re(w)/ my =5 10 andas gnificant growth rete, Yoy = 2 10_3) overa
wide range of sideband n;, (up to the maximum considered value, corresponding to about two times
the pump n,)).

Therefore, the PI phenomenon can in principle broaden both the frequency and n;, spectracoupled
by the launcher. For ascertaining if the phenomenon can actually take place, the convective nature
of the instability must be now properly considered.

3.2 CONVECTIVE LOSSAND SPATIAL AMPLIFICATION OF THE PARAMETRIC
INSTABILITY

In the present subsection weidentify the conditionsthat determine the occurrence of the parametric

instability considering itsnature of convectiveinstability, intherealistic case of an LHCD experiment.

We focus here on the determination of the amplification factor of the parametric instability, which

is necessary for the computation of the fraction of pump power going to the sidebands. The results

of the consequent spectral broadening will be presented in the next subsection.

The approximations of unbounded and uniform plasma, utilised in the growth rate homogeneous
analysis of Sec 3.1 should be removed for taking into account the convective losses. In afirst step,
the LH wave energy flux contained in well defined resonant cones in a magnetised plasma[14,37]
is considered for obtaining the PI amplification factor in the limit of finite extent of the pump
(Aeep) [19]. The characteristic scalelength of the Pl is thus determined, and the effect of the plasma
inhomogeneity can be included. As main result, we will show that the plasma in homogeneity
inhibits the growth of the sidebands, especially for those with ahigher n;, shift from the pump.

The present analysis has been performed following Ref [19] and is organised asfollows: i) the
finite extent of the pump region is considered in slab geometry for evaluating the threshold of the
pump power density and theradia extension of theregion of P, ii) the effect of plasmainhomogeneity
producing a phase mismatching between coupled modes is considered. In the analysis, only the
lower sideband is considered for the sake of simplicity; however, the extension of the analysis to
the upper sideband is straightforward.

We consider the slab geometry, shown in Fig.10, which indicates the group vel ocities of pump
and sideband (for smplicity only the lower sideband), and the propagating regions of their energy
fluxes. The § direction is that perpendicular to the pump group velocity, and x, zindicate, as used,
the directions of the plasma gradients and confinement magnetic field, respectively. The wave
potential can be considered uniform in the region illuminated by the antenna, &, = Pyfor 0< £ < L
and @, =0 otherwise. At the boundary, ®, =P, for 0<z<2aand ®,=0 otherwise 2aisthedimension
of the antenna in the toroidal direction. The sideband potential, which corresponds to thermal
fluctuations, is @, = P, for al z The onset of the convective instability is conditioned by the
occurrence of a positive balance between the rate of energy gained by the sideband from the pump
and theonelost in convection. The exponential amplification factor characterising the spatial growth
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of the parametric instability considering the effect of the finite extension of the pump regioniis:

Appe= YKy, By 0 @)L
Vgl&

©)

where vy is the growth rate, L is the width of the pump region in the x, z plane, Vgie is the group
velocity component of the sideband in the direction perpendicular to that of the pump [15,19]. The
occurrence of significant Pl requiresthat theampilification factor isA>1, which producesthethreshold
in the electric field of the pump. As general feature of the PI, the homogeneous growth rate is
maximised by valuesof theangle 6,=£(k{ |, kg, ) = m/2; conversely, small anglesthat make almost
aligned the pump and sideband group velocities reduce the convective loss. The trend of the Pl
amplification factor, cal culated considering the homogeneous growth rate obtained in the previous
subsection, is plotted against the angle 6, in the Fig.11, and allows determining the optimum angle
for higher amplification factor. The maximum amplification factor occurs for small angles of the
pump and sideband k-vectors (6, = 10°). Inthis conditionswe have obtained, referring to the geometry
inFig.9: qge/c~1 1073 (with, typically: Vgo,1x/€ =0.15, Vg 1,/C = 0.4). Therefore, for determining
the amplification factor A-pz We have solved Eq.3 assuming 8, =10°, and repeated the calculation
for plasmaparametersrelevant to different radial positionsin the scrape-off. Someindicative values
obtained in the middle of the scrape-off and utilised for calculating the PI amplification factor, by
solving Eq.3, are: y/wy =1.5 1073, which give Agpe = 9.

Itisinteresting determine the radial size Ax of the Pl interaction layer, in which Agpe >1 holds,
and convective loss due to pump finite extent thus should allow the growth of the PIs. Considering
the dependence of the growth rate on the kinetic plasma profiles, we have found: A x = 5cm, i.e.,
which Ax has roughly the same dimension of the scrape-off layer. It means that the growth of the
PIscan occur only inthe scrape-off layer, asreasonable since the temperature step gradient occurring
insidethe LCM Sstrongly reducesthe growth rates of the Pl interaction layer, in which the condition
Arpe>1issatisfied, has been determined. Asresult, Ax coincides roughly with the dimension of the
scrape-off layer, i.e. AX = 5cm.

The contribution of weak plasma inhomogeneity to the convective loss can be now determined
following Refs. [19,23]. The WKB analysis has been performed considering the origin at the
interaction point x=0 (see Fig.9), in which the k-matching condition of the coupled modes holds:
M” ak-Kk 5-k 1=0. Away fromthis point, the phase mismatching M=0 dueto the plasmainhomogeneity
determinesthe convectiveloss. Expanding away from x=0 and considering that the plasma parameters
change only in the x direction, M,=M,=0, and the component M,= k, -Kq,-K;, can be expressed as:

— dM,

M o x=00X (4)
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For determining M, and, consequently, the convective loss due to the plasma inhomogeneity, we
consider thefollowing arguments. i) A lower limit holdsfor M, (M = AX = 0.2cm ™) imposed
by the scalelength of the instability; ii) The condition of frequency matching o - wy - ®; =0
occurring at theinteraction layer should be maintained also away from the point x = 0. For satisfying
this condition we consider the features of the coupled modes. About pump and sideband, we know
that they are LH waves propagating radially inwards in regions with higher densities, and that the
expression of the”x” component of the wavevector can be obtained utilising the lower hybrid
dispersion relationship

(O] m.
o —tHk i

k
0,11 0,1/ m
(’OO e

(%)

Conversely, no limitation (like one imposed by a dispersion relation) occurs for the low frequency
guasi-mode (the only limitation being that it can exist only in presence of a pump with finite
amplitude). iii) The aforementioned minimum phase mismatching, My, ii, occurs for a sideband
with spectral characteristics similar then the pump, i.e., with k;, = ky,. Consequently, for the radial
component of the quasi-mode wavevector, the condition k, = 2k, holds, and the expression
M, = Koy -K1y, for thek-matching condition, isobtained for performing thefollowing WK B analysis.
We note that all the af orementioned solutions of Eq.1 have the wavenumbers of the coupled modes
consistent with such condition (see also the Appendix 2), which indicates consistency between the
homogeneous and inhomogeneous anal yses.
The coupled equations of the sideband wave and of the quasi-mode potentials are:

(x il
(l+v T, 1“1) Sl @ @ M

i
oo T 1€ 1
To | (6)
e 1 5% T - j M dx
8+|‘|T_oa T | 1 ‘ﬂx)q) od,€e (7)

where: a=e®/®D, o,y = €,P4 /P, T’y isthelinear damping of the sideband wave and the subscript R
indicates the real part. Utilising the expressions[19]:

d = pe‘i%xf (8)
AV, x*
q)l = ple' dx 4 (9)

Egs. 9 and 10 can be integrated obtaining the spatial evolution of the sideband:
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; (10)
1 feg dM,

P = pee” ™ &

The amplification factor due to plasmainhomogeneity is.

AINHOM ~ 1fegdM
ER UVly
& T o Vg (11)

where the subscript | indicates the real part. Utilising the relation M, = kg, -kq,, the amplification
factor containing the effect of plasmainhomogeneity can be expressed interm of parallel refractive
index shift of the sideband and pump:

- %
AinHom 1
EI% Vo D ¥ (N, = 1) (12)

where D is afactor depending on the plasma density profile.
Therefore, considering both the convective losses due to the effects of finite pump extent and
plasma inhomogeneity, the amplification factor of the parametric instability is given by:

A= min(Aeep, Ainrom) (13)

Considering the related behaviour of the growth rate and the plasma density profile in the scarpe-
off:

> %

ng(x) " nge (14)

where ny, isthedensity at the layer Ope= D, the amplification factor isplotted in Fig.12 versusthe
parallel refractiveindex of sideband. Thetrends of Acpe and Ajyom are alsoindicated. In addition,
the ray-tracing has been utilised for determining more accurately the radial size of the interaction
region and, consequently the convective loss due to plasmainhomogeneity. The result isindicated
by theterm A\yHom+RT-

Therefore, astronger convective loss occurs for sidebands with a higher ny, gap from the pump,
since both a stronger phase mismatching and areduced overlap of the respective resonant conesare
produced.
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[1.3. PUMP DEPLETION
In order to evaluate the amount of the RF power coupled by the antennathat istransferred by the Pl
to the sidebands, the non-linearly coupled WKB equations of pump

T. oy |mg
3 . Al
AA5e Oy \| M

2
15 = (15)

and sideband should be considered. Following Ref. [16], for sideband wave originated by thethermal
noise with electric field amplitude E;,

— Elzs kJ_O A

2E5K,, (16)
the fraction of pump power going to the sideband depends exponentially on the amplification factor
and can be estimated by the following expression

As result, the amplification factor has a value A=15 for sidebands with n//=2.1+2.3,

which corresponds to about 10% of pump power depletion. Since the inhomogeneity convective
loss increase by increasing the n;, gap of sideband and pump, atrend of monotonically decreasing
pump depletion occurs at high ny, (the is reduced to 0.1% for n, = 3). Exceeding a certain n,
threshold value (N5 4.cut-off = 3-5) the sidebands cease depl eting the pump, sinceits power density
Is insufficient for exceeding the threshold imposed by the convective losses (A>1). Finally, the
trend of the fraction of the pump power transferred to the sidebands is plotted against the sideband
ny in Fig.13, where also the respective trend of the amplification factor is shown. The error bar in
the amplification factor depends on the uncertainty of the measured plasma parameters, which
reflect in the determination of the growth rate (about 5%, from the data shown in Fig.7) and of the
pump depletion (about 20%).

Theresults of both the frequency shift (=afew hundred kHz) and the correlated pump depletion
(=10%) are consistent with the spectrum obtained by RF probe measurements shown in Fig.2.

Finally, the spectralaunched by the antennaand broadened by Plsareshownin Fig.14. Therefore,
due to the occurrence of the Pl in the scrape-off plasma, we expect that the LH power spectrum
penetrating in the bulk is significantly broader than the launched antenna spectrum. Such spectral
broadening is important for determining the LH power deposition profile by the quasi-linear
interaction with the electron distribution function. This aspect as been considered in Ref. [9,32].

16



V. CONDITIONS FOR PRODUCING PI-INDUCED SPECTRAL BROADENING IN
LOWER HYBRID CURRENT DRIVE EXPERIMENTS

In the previous section, the operating conditions have been determined for the occurrence at the

plasmaedge of a Pl-induced spectral broadening in an important LHCD experiment of JET, which

produced high electron temperatures, with broad profile, inthe bulk [10-12,9]. In the present section,

we discuss the general conditions for the occurrence of the spectral broadening in typical LHCD

experiments. Such conditions have been obtained by means of analyses performed in asimilar way

asin Sec 3, which consider the operating parameters of different LHCD experiments (e.g.,

frequency, operating plasma density, antenna geometry, RF power density, confinement

magnetic field, etc.).

Assummary of thegenera results, thegrowth rate of theion-sound-driven Pl issignificant (intherange
Yoy = 1072 - 10'3) by considering the whole range of operating frequencies (f = 0.4GHz — 8GH2),
coupled RF power densities (P ,; = 15M W/m? — 80M W/mz), and operating line averaged plasma
densities (fromn,=0.1 10 m3t0110% m'3, which roughly correspond, respectively, to values
ten times lower in the scrapeoff). The considered confinement magnetic field values are in the
range: 1 —6T.

In all the considered cases, the typical parameters relevant to the Pl-driving quasimode are:
k,=10- 15cm ™%, w/2r ~ 0.2 — IMHz. Such common behaviour is determined by the circumstance
that all the LHCD experiments meet similar operating conditions, in the operating frequencies and
scrape-off parameters, which determine mainly the growth rates and the launcher coupling
performance as well. These conditions are: ny, in the range 1.5 - 3, and layers with o, /my ~1 are
located near the effective antenna-plasma interface (as necessary for launching the slow electron
plasmawave); (Dpe/(DO of the order of ten, or more, in the layers close to the last closed magnetic
surface, astypically obtained in JET and in other tokamaksaswell [33,34]; the electron temperatures
areintherange from afew eV to 100eV; the scrape-off radial dimensionslyetypically intherange
of 3-6cm.

Therefore, the Pl-induced spectral broadening presented in the previous section (Fig.14) can be
assumed as acharacteristic of LHCD experiments performed in medium and large machines. Indeed
the significant differences in the kinetic profiles (within about a factor two), which have been
reasonably assumed in the scrape-off, result to not affecting significantly the growth rates. Such
spectral broadening, besidesthe linear effects of wave propagation in toroidal geometry [7] should
be considered in modelling the LH deposition profile, as was properly performed in Ref [9]. The
modelling precision resultsto be enhanced by the fact that no cut-off occursfor ray propagationsin
the considered plasmas with high electron temperatures in the core (=7 —10keV) and broad
temperature profile (= 3keV at two third of the minor radius).

We have considered the aforementioned link between the wave physics at the edge and in the
bulk plasma, indicated by similar observations of diagnostic measurements of the edge, which are
accompanied by asimilar effect of successful or unsuccessful ingress of the coupled RF power in

17



the bulk (see Sec.2 and Appendix 1). In particular, a significant ingress in the bulk of the coupled
LH power was not compatible with the occurrence of a strong pump broadening. We have
performed the cal cul ation of the spectral broadening considering scrape-off layersdightly colder
than the one described in Tab.l and Fig.5. The range of the considered el ectron temperature goes
from T, = 3(£2) eV to 30(x15) eV (in place of the range T, = 10(x5) eV — 100(+£50) eV in the
analysisof Sec.3). It isreasonable considering appropriate such situation for early and recent LHCD
experiments as well, performed in machines smaller than JET, and with electron temperatures in
the core of the order of 1keV. However, the af orementioned considered conditions might apply also
for experimentssimilar than JET (e.g., with similar parameters closeto those of Tab.1), but operating
with lower plasma currents and/or higher averaged densities. In this case, the obtained trend
of LH spectral broadening is similar than the one shown in Fig.14, but with a slightly higher
cut-off, at Nyycuroff = 4 — 7, (the upper limit corresponds to the lowest considered electron
temperature). This behaviour is determined by the higher growth rates that allow further sidebands
exceeding the convective threshold. The quasimode frequenciesremain, instead, lying in the range
of 0.2MHz —1MHz. The electron dynamics appears playing a dominant role in determining both
the wellknown linear physics (i.e. the antenna coupling of the electron plasmawaves, etc.) and the
non-linear physics (i.e., the mode coupling producing PIs) relevant to the LHCD experiments.
Indeed, in al cases, relevant to the scrape-off parameters of LH experiments, the condition of
adiabatic electrons, m=k; vy, has been satisfied in solving the parametric dispersionrelation, Eq.1.
Such circumstance explains the growth rate behaviour, which results strongly dependent on the
local electron temperature, as shownin Fig. 7 (and weakly dependent on the ion temperature). The
higher growth rates that are produced by considering lower temperatures can be also explained in
terms of the weak turbulence condition, which can be more easily met at relatively lower RF power
densities and lower plasma energy contents.

Considering LHCD regimes at high operating plasma densities (so that the layers with
Wpe Z g and o, << o are localised in the bulk), afurther colder and overdense scrape-off
layer is produced. Taking into account the aforementioned effect of the electron temperature
on the growth rate, amore pronounced L H spectral broadening is produced. In these conditions,
the effective LH spectrum penetrating in the bulk should be considered for modelling the LH
deposition profile by the quasi-linear model. The results of such analysis are contained in afurther
work [32]. Due to the more pronounced spectral broadening expected to occur operating at higher
plasma densities, the expected LH deposition profile occurs mostly more and more off-axis. In
LHCD experiments operating at relatively high plasma densities, the obtained pretty low current
drive efficiencies, accompanied by slightly stronger pump broadening of the RF probe spectra as
well [31,28], are consistent with the related behaviour of the Plinduced spectral broadening.

For further higher operating plasmadensities, so that O = 0.5m, the occurrence of theion tails
observed in the early LH experiments can be interpreted as a phenomenon that originates at the
plasma periphery, due to the enhanced Landau damping on both the electron and ion species that
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the spectral broadening produces [32]. However, no clear evidence was provided that theion tails
observed in the so-called LH regimes at intermediate densities [24] were originated in the bulk,
sincetheneutral particlediagnosticsthat were utilised for detecting theiontails, are strongly sensitive
to the physics of the scrape-off plasma. Finally, at the very high operating densities (a)pi = )
required by the early LH heating scheme of the bulk ions, the only evidence of the RF power
interaction with the plasmaresulted by the signatures in the RF probe spectra. These spectramight
be actually interpreted interms of a cascade of ion-soundquasimode- driven Pls (for the pump
broadening) and ion-cyclotron-quasimode driven Pls, which reasonably inhibit the ingress of the
coupled RF power in the bulk. Indeed, an enormous spectral broadening of the pump is produced
for avery cold and overdense scrape-off layer and, consequently the LH deposition islocalised at
the very edge. Such hypothesis, formulated in Ref [21], is confirmed by the present analysis.

4. CONCLUSIONS

The conditions necessary for the occurrence of the spectral broadening induced by parametric
instabilities are very close to those utilised for performing the LH power coupling to tokamak
plasmas. These conditions present, indeed, equivalent plasmadensities at the edge (considering the
operating frequency), and similar cold and overdense scrape-off layers, with similar depth.

The PIs driven by ion-sound quasimode in the scrape-off plasma of LHCD experiments are
expected producing, at theroutinely coupled RF power densities (~ 10M W/mz), aspectral broadening
that consistsin the depletion of asmall fraction of the launched RF power (=10%). As effect of the
convective |osses due to the plasmainhomogeneity and finite extension of the pump, by increasing
the n, shift of the sidebands with respect the launched n;, peak of the pump, the power depletion
vanishes above a certain n, threshold of sideband, which results higher considering higher plasma
densities and/or lower electron temperatures. In the LHCD experiments, which typically operate
with apeak nj, < 2, electron temperatures in the scrape-off ranging from afew eV to ahundred eV,
and plasma densities determined, given the other parameters, mainly by the operating averaged
density (roughly: g cps > 0-INeayerage)s theresulting ny, cut-off of the LH spectrum penetrating in the
bulk is about 1.5 times the launched n;, peak. The relevant quasimodes have typicaly k| = 10- 15 cm ™,
and frequenciesin therange (0.2MHz - 1IMHz) consistent with the measured spectra of the density
fluctuations at the edge, and the RF probe pump broadening as well.

The consideration of theinferred spectral broadening allows producing consistent interpretation
of thelinked phenomenol ogy of the LH physicsat the edge and in the bulk plasma, which occursin
the different tokamak scenarios utilising externally launched LH waves. Regarding the effects
produced in the plasmabulk, the consideration of the Pl-induced spectral broadening in modelling
the deposition profilein LHCD-sustained ITBsof JET [10-12,9], produced aconsistent interpretation
of the available experimental results, especially in plasmas with high central electron temperatures
(=7 —10keV) and broad temperature profile (= 3keV at two third of the minor radius) [ R Cesario,
etal., PRL 9217 (2004) 175002]. In addition, inthe LH experimentsthat were aimed at heating the
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bulk ions, which required relatively high plasmadensities of operation, the Plsare expected producing
astronger spectral broadening, which is consistent with both the more and more pronounced pump
broadening in the RF probe spectra, and the further off-axis LH deposition profile, which becomes
fully stopped at the edge for higher plasma densities.

Therefore, the aforementioned linked physics of the edge and main plasma, indicated by the
different density regimes of the LH experiments, can be provided by the Landau damping on the
plasma species, via the n;, spectral broadening produced by the PIs, besides the effects of ray
propagations. Considering the cooperation of both the effects of Pls and toroidal geometry ray
propagation in determining the spectral broadening, amore precise LH deposition profileismodelled,
especialy in plasmas with high central electron temperatures with broad profile. It is due to the
absence or negligible wave cutoff occurrences, which do not make worse the precision of the LH
deposition profile [R Cesario, et al., PRL 92 17 175002 2004, Castaldo et al. to be pub. ].

The spectral broadening results weakly dependent on the minor changes of the measured scrape-
off profiles (which havetypically T, Average = 20eV) dueto the experimental uncertainties (roughly
a factor two). Conversely, the broadening might be significantly reduced operating with warmer
scrape-off (T, Average >50eV), possibly, in Litium-coated vessel [38,39]. If verified, such circumstance
is important since the LH deposition profile might be determined by the antenna spectrum more
clearly than in the present experiments (e.g., see Ref. [40]).

Operating with warmer and less dense scrape-off layers in tokamak plasmas, a proper tailor of
the launched n;, antenna spectrum (electronically achievable) would possibly allow performing a
further control of the LH deposition and the magnetic shear profilesin the plasma.

The consideration of the proposed mechanism of spectral broadening should alow a precise
modelling of the LH-driven current density profile, which is useful for designing experimental
scenarios that require the control of the current profile by means of lower hybrid waves. This
argument is deeply discussed in a companion paper [32].

APPENDIX |
In the present Appendix, a summary of the phenomenology of the physics of the edge observed
during the LHCD experiments on ASDEX is given, as shown in Ref [22].

A broadening of the density fluctuation was detected by microwave reflectometry, in combination
of an analogous spectral broadening of the RF probe signal, was observed, see Fig A1. A more
pronounced spectral broadening occurred when a certain RF power threshold was exceeded, lower
at higher operating plasma densities, thus suggesting that a non-linear phenomenon at the plasma
edge should drive the phenomenology of the spectral broadening. Consistently with the results of
ASDEX, some spectral broadening of the plasma density fluctuations is found during coupling of
LHCD power on JET.

The study for ascertaining the origin of the pump broadening occurring in the lower hybrid
current drive experiments, was performed utilising both the RF probe and microwave reflectometry
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of the plasmaedge measurements. Asresult, atrend of the spectral broadening with the coupled LH
power was found, which indicated the occurrence of some non-linear interaction of the launched
LH waves with the plasma density fluctuations at the edge. As higher was the operating plasma
density, lower resulted the minimum RF power necessary for producing a pronounced spectral
broadening.

Therole of the parametric instability in producing the spectral broadening was excluded in the
analysis results related in Ref [22]. A deeper consideration of such analysis has shown that such
conclusioniswrong, since acomplete computation of thegrowth ratein the morerealisticinteraction
layer, which involves the whol e scrape-off layer, was not carried out. The utilised numerical tool
utilised inthework was not adequate for considering plasmalayers sufficiently closeto the antenna-
plasma interface (at Ope = ®p), in which the growth rates of the ion-sound-quasimode-driven Pls
become dominant. As consequence the absolute maximum of the growth rate was not found, and
the threshold of RF power density of parametric instability was estimated to be much higher than
the RF power densities utilised in the experiment. The recent progress performed with the tool for
the parametric instability model makes possible to determine more properly the trend of the growth
rate in the whole scrape-off, the spatial amplification factor and the pump depletion. Therefore, the
model shown in the present paper isableto interpret the common phenomenol ogy of the RF probe and the
microwave reflectometry signds utilising the same framework of the parametric ingtability, as shown in
Sec. 2 and Sec. 3. Thefreguency of the quasi-mode driving the ingtability isin the samerange (0.2MHz —
1MHz) of the spectrd broadening of both the plasma density fluctuations and the RF line broadening.

APPENDIX 11
In the present appendix, we summarise the cal cul ation performed for checking that the Pl wavevector
componentsresulting from the numerical analysis performed considering realistic plasmaparameters
of the LHCD experiment of Tab. | are consistent with the condition: Mx= kOx-k1x which has been
derived in the Sec 3.2 (Eg.4).

The plasma density radial profile as been assumed as:

— ElzskJ_O eA
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where ny, isthe density at the layer Wpe =~ M with a high growth rate (see Sec. 3.1). Such layer is
located at the interaction point x = 0, close the antenna-plasmainterface. The characteristic density
length A = 1cm can be assumed for scrape-off of tokamak plasmas. Egs.5 have been solved for
typical spectrum launched by an LHCD antenna (N pea = 1.85, Ang, = 0.2) and for a sideband
withwhich has areasonably small n;, gap from the pump (n;;, = 2.1). Asresult, aphase mismatching
M, = 0.24cm ™ Lisobtained at alayer located 1cm away from x = 0. Such mismatching islower than
the minimum mismatching of 0.2cm™t and, therefore, itisverified that the considered low frequency
perturbation produces coupled modes consistent with the instability scalelength.
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Figure 8: Growth rates of the quasi-mode-ion-sound-
driven parametric instability maximised with respect to
k, plotted versus the major radius. The scrape-off layer
between the launcher mouth and the separatrix is
indicated. Same parametersasin Fig.7.

Figure 10: Scheme of the LH resonant cone regions in
the scrape-off of the pump and LH waves.
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Figure 14: Comparison of the LH power n,, spectrum
launched by the antenna (dotted curve) and expected
penetrating in the plasma bulk by the effect of the
parametric instability (dashed curve). Same parameters

of Fig. 7.

27



http://figures.jet.efda.org/JG05.79-14c.eps
http://figures.jet.efda.org/JG05.79-15c.eps
http://figures.jet.efda.org/JG05.79-16c.eps
http://figures.jet.efda.org/JG05.79-17c.eps

28

-20

dB

-60

(a

J 940kW
550kW @
0+100kW @
Noise
| \
500 1000

Frequency (kHz)

JG05.79-18¢

Figure Al: Reflectometry of the edge during LHCD in
ASDEX, from R. Cesario, et al., Nucl. Fusion, 32, 2127
(1992).



http://figures.jet.efda.org/JG05.79-18c.eps

