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Abstract . LH power modulation was recently used at JET to quantify experimentally the LH current 
drive efficiency and power deposition. A new approach was applied for the analysis of the amplitude 
and phase of electron temperature Te perturbations STg{ka>g) at different harmonics k of the modulation 
frequency w„. A solution of the Fokker-Planck equation combined with heat transport modelling was 
used to study the dependence of the ratio of the perturbation of different harmonics k and n, 
ST (kco g) I ST (nco g), and the phase shift of the harmonics Sil>(ko)g)on the plasma parameters and 
electron distribution function plateau width, which is directly connected to the current drive efficiency. 
The results of the modelling were compared with the experimental data to estimate the current drive 
efficiency. In addition, LH power deposition profiles were deduced from the radial dependence of 
Sif>(cOg). The maximum of the LH power deposition becomes more peripheral and with a reduced 
current drive efficiency at higher densities. In H-Mode plasmas, at pedestal densities above the LH 
accessibility limit, a large fraction of the power is absorbed beyond the separatrix. Finally, the 
experimental power deposition profiles are more peripheral than the calculated ones obtained from 
combined ray tracing and Fokker-Planck Plank modelling. The experimental results indicate that the 
LH power spectrum in the plasma is modified, with more power in the high N// components. 

PACS: 52.35.Hr,52.40.Db,52.50.Sw 

EXPERIMENTAL OBSERVATIONS 
LH waves at 3.7GHz were launched in JET L- and H-Mode plasmas at hne-

averaged densities between lO'V"^ and 3.5*10'V"^ at Bt = 2.2, 2.7, 3.4T. Peak 
electron density varied in these experiments between 1 and 5*10''m"^. The LH power 
was square modulated (modulation depth between 70 and 90%) at a modulation 
frequency coJ{l7t) ~42Hz. The launched spectrum of the LH waves has a maximum 
at N//=1.84 for 0° antenna phasing. The electron temperature profile Te(r) was 
measured with the ECE diagnostic in the region of large optical depth T » 1 . Figure 1 
shows the modulated LH power, the time variation of Te at different radii, the phase 
shift between the electron temperature and modulated LH power 
d<f){cOg) = <f){J^{cOg))-<f){Piij{cOg)), thc normalizcd amplitude of the first harmonic 
A(co^)= sr^{wg)/SPifj{Wg), where SP^j^ioj^) the amplitude of Pih variation and Te(r) 

and ne(r) profiles. The effect of suprathermal emission was estimated [1] as relatively 
small for a moderate to high density plasmas above 1.5 lO'̂ m" .̂ Its contribution 
becomes considerable in at the plasma periphery, where the optical depth T<1, as 

• See the Appendix of F. Romanelli et al.. Fusion Energy Conference 2008 (Proc. 22nd Int. FEC Geneva, 2008) IAEA, (2008) 
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shown in Fig. le for R>3.7m. The calculation of S^icDg) and A{(o^) is not valid in 

this region. 
The maximum of the power deposition profile correlates with the maximum of the 

profile of d<f){co^). Heat transport modelling with TRANSP and JETTO shows [2] that 

the LH power deposition profile is peaked in the vicinity of max(d<f){cô )) with a small 

possible shift (a few cm) towards the plasma core. The maximum is broad with a half 
width of the order of half the minor radius. Figure 2 shows the location of 
max((5(^(«o)) for a series of pulses at different magnetic fields and densities. 
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FIGURE 1. a) Te perturbations at different radii caused by (b) modulated LH power, (c) The phase 
shift Sif>(cOg) = if>(J^^(cOg)) - il>(Pifj(o)g)) and (d) normalized amplitude A(o) )= . e) Tj and f) Uj profiles. 

Figure 2. Position of ma^{d(f){(Og)) vs. 

line averaged density. Peak of the power 

deposition located near max((5(^(ffi'Q)) 

moves to the plasma boundary with density 
increase. There is no significant difference 
between pulses at different B. Tj in the 
pulses varied in the region of 

max((5(^(ffi'Q)) in the range of 

0.6<Te<2.keV, which may explain the 
line averaged dens (io'°m f Vertical Scattering of the points. 
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ANALYSIS OF THE DATA 

A new approach has been proposed in this work to deduce the current drive efficiency 
by analysing the spectral characteristics of the phase S^ikaJ and the amplitude 
dTe(3cDo), dTe{w ) of Te pcrturbatious. when using modulated LH power. Transport 

analysis showed that in the case of pure heat transport the maximum phase delay of 
the first harmonic max( Si/>i^{Wg)) should vary between -TT / 2 for Xe ^^ ^nd -TT 14 for 
Ze^-^ [3]- For the Xe values found in these experiments we find, again assuming 
pure heat transport that va!Oi{Sil>tr{(Og)) should change from -0.9 in case of low 
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1 g _^ 

density«g«10 m '«3*10^'^/w"^ [3]. The measured to -1.3 for high 
— 1 g _!. 

max(,5'(ii(fi)J)=-1.3 at high density «g « 3 * 10 m [2]. In the example shown in Fig 
Ic we find however vaax{{8il>{Q}J)) = -1.8, which is outside the hmiting values given 
above. The difference can be explained by the fact that the launched LH waves 
interact primarily with fast electrons. These electrons transfer power to the bulk 
electrons with some delay r oc (l/vg)(VA^th)^ increasing with the velocity of the 
electrons V, where Vg is the coUisional frequency of the thermal electrons. 

Plh.Pcoll&current vs. normalised time T7: o A I I I T TT I I I - • i 

rlgure i. Absorbed LH and collisional power 
variation during one period of the modulation in pulse 
#77609, Te=0.8keV, ne=2.2*10"m-' at R=3.63m= 
R(max( (^((^((BQ)) and Xn=2OT'g/(»Q=3350. Dependence 
on the max(Dqi) is relatively weak. The normalized 
electric field in all cases was small 0.001< 
En=eE/( Vg»j Vtji) <0.003 and did not affect visibly the 
results. The spectral characteristics of the collisional 

3 "-^V/ \\ ~''~~-—_ H power depend mainly on the maximum 'plateau' 
velocity V2. Dependence on VI is weak. It is typically 
close to 3. 

Table 1. Results of 2D relativistic Fokker-Plank modelling for pulse #77609 
V2 15 10 7 
Atp -0.86 -0.55 -0.28 

5 P c o l ( 3 « J / 5 P c o l ( « J 0.18 0.22 0.28 

81.5 35 21 

5 
-0.14 
0.32 

15.2 ilV{v,^mTJe) 

Figure 3 shows time variation of the absorbed LH power, collisional power transferred 
from the fast tail electrons to the bulk and generated current as deduced from a 
solution of the 2D relativistic Fokker- Plank equation [4]. A dependence of the phase 
delay between the first harmonic of the collisional and apphed power A(p= 
cp(Pcoi( fflo ))-cp(Pih( fflo)) and the ratio of the amplitudes of the third and the first 
harmonic of the collisional power 5Pcoi(3 fi)o)/5Pcoi (^o) are shown in Table 1. The 
measured Te perturbations are caused by SP^^/ikw^), which in turn depends on the 

input LH power Pih and the width of the plateau in the electron velocity distribution 
(localized between the lower value VI and upper value V2 in units of V/Vth) as 
demonstrated in Figure 4 and Table 1. 
Figure 4 shows the ratio 5Pcoi(3 OoVSPcoi {o}g)=G dTe(3cDo), dTe{w ) and Acp deduced 

from the measurements at R=R{max{S^{cDg)) and from the modelling. Sohd symbols 
correspond to A(p= (p(Pcoi( (Og ))-(P(Pih( (Og)) deduced from 2D relativistic Fokker-Planck 
modelling assuming that Vl=3 and V2=[c/(N//acc«Vth)], with N//acc defined by the local 
accessibility condition at the peak of the power deposition profile. The open symbols 
show S^{cDg) = ^{T^{cDg))-^{Pifj{cDg))-S^fj.{cDg), where d(f>fj.{a3g) and G are derived 

from TRANSP and JETTO modelling. The upper limit for d(f>,j.{a3g)=-Q.9 and G=3.1 

and the lower limits are -1.3 and 2.6, respectively. The triangles show the upper limit 
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for the experimental 8(j){G)g) and 5Pcoi(3 fi)o)/5Pcoi (^o) and the squares show the lower 
limit. The result of the modelhng at low density is within the range of the measured 
5Pcoi(3 fi)o)/5Pcoi (fflo) and d<f){co^). At higher Ue the measured values are well above 
the modelled ones and the discrepancy increases with increasing density. Solid green 
circles represent results of the Fokker-Planck Plank modelling for different values of 
V2 as shown in the graphs. At high density best agreement is reached at the lowest 
V2, which corresponds to the lowest current drive efficiency. 
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Figure 4. Measured (open 
symbols) and calculated 
(solid symbols) 
A{}>cOg)lA(cOg) and Atp as 

functions of Uj. Open 
triangles are the upper and 
open squares and diamonds 
are lower limits of the 
measured functions. 

Standard Ray-tracing [5] and Fokker-Planck modelling done for a number of 
experimental pulses shows that the modelled power deposition profile is shifted to the 
plasma core with respect to the measured power deposition profile. 

Conclusions. LH Power deposition profiles were deuced by analyzing the 
spectral characteristic of Te perturbations using LH power modulation. The peak of the 
profiles moves towards the periphery and current drive efficiency decreases when 
density increases as deduced from the transport and 2D relativistic Fokker-Plank 
modelling of the experiment. Power absorbed in the plasma becomes small when 
pedestal density reaches the accessibility limit. A standard ray-tracing and Fokker-
Plank modelling predict more central profiles and higher current drive efficiency than 
found in the experiment. 
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