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ABSTRACT

Experiments with simultaneous lower hybrid current drive and ion cyclotron resonance fre-
guency heating of minority protons in JET deuterium plasmas showed efficient coupling of LH
power to the MeV energy anisotropic protons. Such interaction represents parasitic loss of LH
power, intended for electron current drive, to the proton population, with important implications
for the efficiency of LH current drive schemes in fusion devices containing high energy charged
fusion products. We solve the hot-plasma dispersion relation in the LH range of frequencies for
plasmas containing high energy minority anisotropic protons and electrons, and find that multi-
ple solutions of the dispersion relation with perpendicular refractive inde#Mexist in the
plasma centre due to the presence of the protons. These hot-plasma mod@9%E%
damping of LH input power onto the protons by perpendicular Landau damping. Combinations
of background plasma and LH antenna parameters exist for which no solutions of the LH disper-
sion relation are found withr220, thus reducing damping of LH power to the protorsbéh-

10%. This suggests ways of reducing the parasitic loss of LH power to high energy charged
fusion products.

[. INTRODUCTION

Measurements using a Neutral Particle Analyser (NPA) have yielded the energy distribution
function of protons in the ran@e3<E(MeVk1.1in the Joint European Torus (JET) [1,2]. The
protons, a minority ion species in deuterium plasmas, are driven to MeV energies by lon Cyclo-
tron Resonance Frequency (ICRF) heating, and their distribution fufigiQms strongly ani-
sotropic for energieE>>E -1, WhereEqg,r is the critical energy at which the proton-electron

and proton-ion slowing-down time are equal [3]. The NPA measurement set-up and details of
deduction of the energy distribution function are given inf2}.E>E.g the proton distribu-

tion function may be approximated by a bi-Maxwellian. Then the perpendicular temperature
and density of the proton population in the plasma centre can be deduced from the NPA meas-
urements [4,5].

During simultaneous Lower Hybrid Current Drive (LHCD) and minority ICRF heating of
protons, the NPA measurements showed efficient coupling of LH power to the high energy
anisotropic proton population. The coupling was deduced for driven as well as for slowing-
down protons. Perpendicular Landau damping [6] enables LH waves to couple energy to ions if
the resonance conditiawy > Urhr=C/N[jax IS satisfied. Her@jax is the maximum perpen-
dicular refractive index in the LH spectrum angr is the minimum perpendicular velocity for
wave-particle resonance. The observed interaction is contrary to expectations in two respects:
(a) taking place in the whole energy range of the measurements, it suggestegthad0,
whereas conventional model calculations in JET of LH dispersion under pertinent conditions



give n[jax<20 [7,8]; and (b) from the measurements axluced that30% of applied LH
power was coupled to the protons, much exceeding the predictiors/@f0% based on
N ax<20[7,9].

This paper is organised as follows. In Section 2 we present measurements of ICRF-driven
protons during LHCD. In Section 3 we derive from the measurements the fraction of LH power
damped by the protons. In Section 4 we present numerical simulations of the perpendicular
proton distribution function, showing that an up-shifted perpendicular refractiveringgyxe40
could produce the observed absorption of LH power by the protons. In Section 5 we solve the
dispersion relation in the LH range of frequencies for plasmas containing high energy aniso-
tropic minority proton and electron populations. This shows that the required up-ghift in
takes place in the centre of JET plasmas due to the protons. Then in Section 6 we compute the
fraction of input LH powecoupled to the proton population. Section 7 summarises our conclu-
sions.

II. EXPERIMENTAL EVIDENCE OF ABSORBTION OF LH POWER BY HIGH
ENERGY PROTONS

Early observations in JET [9] showed qualitatively the possibility of interaction of LH waves
with high energy protons, but no direct measurements were mége)oflo establish experi-
mental evidence for coupling of LH wave power to the protons we and}yB¢tbr 74 plasma
pulses, 24 with ICRF and LH heating power applied simultaneously and 50 with ICRF heating
power alone. Plasma pulses with ICRF heating alone have been used to establish the compari-
son for those in which LH power was superimposed to ICRF heating. The pulses analysed here
span the range in central electron den$if§<ne0(1019m'3)<4.7, central electron temperature
3.6<Ted(keV)7.2, toroidal magnetic field on axi8.6<Bg(T)<3.4 and plasma current
1<l g(MA)<3, with ICRF and LH poweP crr<9.5MWandP, <4.6MW

Clearest evidence of interaction between the protons and LH waves is obtained when LH
waves are acting on the slowing-down proton population. Figs.1la and 1b show comparison of a
pulse with ICRF heating alone with one having ICRF and LH power applied simultaneously, the
proton-electron slowing down timep being equal in the two pulses. In Fig.1a we notice that
with ICRF heating alone the hydrogen flux to the NPA decays within the slowing-down time
scale after termination of ICRF heating. On the other hand, with simultaneous ICRF and LH
heating as in Fig.1b, the hydrogen flux is sustained for a longer time when the LH pulse extends
beyond the ICRF pulse. Thus these measurements show direct absorption of LH wave power by
the protons, sustaining flux and temperature of the proton population well above the expected
slowing-down level after termination of ICRF heating. This behaviour is seen in different plasmas
with respect to the toroidal magnetic field and current, electron density and temperature, pro-
vided a sufficient amount of LH powd?, ,=>1MW, is coupled to the plasma.



Usual simulations of LHCD in JET plasmas [7,8,9] omit the fast ion populations and
predict that only protons with perpendicular ene\r@szTHR:mpczlzﬁg\Aszl.ZMe\( would
interact with LH waves. NPA measurementd,0E) show that the proton population is sus-
tained by LH waves in the whole energy rarigg287keV Thus, in contrast texpectations, we
deduce that the energy threshold for interaction between the protons and LH waves is much
lower than that predicted by usual simulations of LHCD in JET plasmas. We attribute the ob-
served interaction to modification of the LH wave spectrum in the plasma centre due to the
presence of the proton population.
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Figure 1. Time evolution of count rat€ ) for H-atoms measured by the NPA, central electron dengiyand
temperature Tg), input power Pcrr andP, ;) during on-axis D(H) minority ICRF heating. In Fig.1a, for a pulse
with Bq=2.8T, I¢=1.25MA and central proton densiwp0:8.2xld7m'3, we notice that after switching-off ICRF
heating the high energy H-flux decays oweftsp. In Fig.1b, for a pulse witBpo=3T, I¢=3MA and
n,=2.8x13'm*, we notice that the atomic flux is constant with time and sustained by LH wawve8.5og,, after
ICRF power is terminatedg;=0.6sis equal in the two plasma pulses.

[Il. DEDUCTION OF ABSORBED LH POWER

During ICRF heating of minority protons in deuterium plasmas the proton distribution
function becomes strongly anisotropic for energi&>Ecgt [3], where
Ecr=14.8ATJ{ SnZnA]?°~8.7T, is the critical energy at which the proton-electron and
proton-ion collision frequencies are equal. The energy range of the NPA measurements lies well
aboveEcgr, andfy(E) is well described with a bi-Maxwellian of the form
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Hereu”,D:(ZT”ﬂm)l’2 are respectively the parallel and perpendicular thermal speeds and

T»>T). The total energy content of such distribution functioW#n,(T,/#T/2). For ICRF-

driven protons the perpendicular energy is determined by the balance between the coercive
force of the ICRF wave field and the collisional drag on thermal electrons, giving
WoW,o (AN, T F PicreTst/ 2, Wherepicgre is the ICRF power density coupled to the protons.
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Figure 2. Comparison of for ICRF heating alone and ICRF+LH heating. Fig.2a shows that during combined
ICRF+LH heatingg is well in excess of that for ICRF heating alone if only ICRF power is considered for proton
heating, obtaining a correlation coefficieRt0.75 Fig.2b shows that to reconcile the magnitudé foir these two
heating schemes we nee?D%of LH power added to ICRF power, obtaining a correlation coeffi¢e®t 970.01

We determine the fraction of LH power coupled to the protons by comparing ion heating
in pulses with ICRF alone with those with ICRF+LH power. In order to normalise with respect
to variations in other variables, such as proton-electron slowing-down time, proton density and
applied power, we use as a figure-of-merit for proton heating the &atdf_ /o7, Where
Pro=Peret AP, IS the total wave power density coupled to the protons. We wish to determine
a, the fraction of LH wave power directly absorbed by the protons. édemages from 0 to 1
corresponding to limiting cases of none to all LH wave power coupled to the protons. We deter-
mineé by averaging the measurements over 200ms during the steady state heating phase of the
plasma pulses. In Fig.2a we show two groups of data, pulses with ICRF power alone and those
having ICRF+LH power for the same valugopf, .. Entries in our data set have different values
of p,,, and therefore Fig.2a. shows large scatter in the data. We estimate the uncertainty in
é[20% mainly due to uncertainties in the proton density: thus we need to investigate systematic
trends in the measurements and we cannot rely simply on a pulse-to-pulse comparison. We then
iteratea to obtain the best correlation in the whole data set, as shown in Fig.2b.

We use a least-squares method with confidence level 0.95 to deduce thecbtstlii
heating facto€ comparing ICRF alone and ICRF+LH data. The correld@between two sets



of data(X,Y)is defined afk(X,Y)=Cov(X,Yxay: hereCov(X,Y)is the covariancegyx andoy

are the standard deviations. Fig.2a shows the results of arsthwhereby we obtaiR=0.75
Maximum value o0R=0.97+.0.01is obtained witlr=0.3+0.05 the corresponding result is shown

in Fig.2b. We therefore conclude that on the aver&@@é&oof LH wave power is directly damped

by the protons, over a wide range in background plasma parameters and input ICRF and LH
wave power.

V. SIMULATIONS OF PROTON DISTRIBUTION FUNCTION

To investigate the effect of LH wave power absorption on the proton distribution function we
have adopted Stix’s model for ICRF heating [3], which considers a balance between the coer-
cive force of waves and the collisional drag on the heated ions. This model has been extended in
[10] to the case of ion heating in a combined wave field of ICRF+LH. Following [10], a 1D
Fokker Planck equation in velocity space is constructed for the minority fast ion population
including the quasilinear (QL) diffusion coefficients describing ICRRHr) and LH D)

heating and collisional thermalisation with the bulk plas@sa)( The equation is derived re-
ducing the original 3D velocity co-ordinate system),¢/}¢) to a 1D problem by assuming
toroidal symmetry, expanding the distribution function in Legendre polynomials in the pitch-
angleu=uy/vjand zero-order averaging oyerThus the only velocity co-ordinate surviving is

v. This procedure gives the time-dependent QL evolution equation in velocity space for the
minority fast ion perpendicular distribution function
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Herem andT, are the majority ion mass and temperatuge(2Ecr/m)"?, Z, mandQ
are the minority ion charge, mass and cyclotron angular frequéneyd¥. are the amplitudes
of the left and right hand circularly polarised component of the ICRF wave Kiglds the



perpendicular wavenumber ah@l(n“)‘z is the LH wave energy density spectritiris the step

function andJ,+, are Bessel functions of first kind. When stationary soluti#é<0) in the
high velocity limit (U>> uc) are considered, equation 2 is integrated straightforwardly to give

Il v
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I Dicrr + DLy @

(3)

Hereu is the lowest velocity considered in the integration. This distribution function has
a temperatur@é  Fm(D,cre+D 1) Tsp, Which reduces to the result of Stix [3] in the liBjt; - 0.
The LH diffusion coefficient can be related to the LH power density absorbed by fast ions by
D y=pn/3nm wheren is the fast ion density. In the linear approximaimpn is given by

w; 2 Eesl > 0 Epesl

= . 4
PLH = n1/2 | RMS| %—E eXpE’ T E (4)

Herecw,=(4 iZ°¢’n/m)"? is the minority ion plasma frequency dtékyd is the root mean
squared average ovgy of the electric field in the LH wave spectrum. In equation 4, absorption
of LH power by fast ions reaches its maximuntgtd T/ F3/2, Ere>Erhr. SinceETHR:mpczl
2rf [uax, We obtain maximum absorption mtE17.62/T7{MeV)sn juax. In JET deuterium
plasmas, the perpendicular proton temperature in typical combined ICRF+LH heating experi-
ments is0.3<T(MeV)<0.6. Thus maximum absorption of LH wave power by ICRF-driven
protons is theoretically obtained22<n/<33<n/jyax-

To simulate LH power absorption by an ICRF-driven proton population, the above LH
operator was incorporated in the time-dependent PION code [11,12], which self-consistently
calculates the ICRF power deposition and the fast ion distribution function. Details of the proce-
dures used for these calculations are given in [11,12]. Figs.3a and 3b [13] show examples of
simulated line-integrated perpendicular proton distribution functions in the plasma centre, cor-
responding to the high energy NPA measurements, for three typical cases: (1) ICRF heating
only, |%:ud=0, (2) ICRF+LH heating| ¥;udZ0 with njax=20 and (3) ICRF+LH heating,
| Yrud 20, with njuax=40. For illustration, in cases (2) and (8)10% of input LH power is
assumed to be absorbed by ICRF-driven ions, with the LH deposition profile coinciding with
the ICRF deposition profile. In Fig.3a the cross-over between the two distribution functions
occurs aE>2MeV, whereas in Fig.3b it occursiatl.5MeV

The main effect of LH waves on the proton population is to flatten the high-energy tail of
their velocity distribution function beyond the threshold en&xgy. In Fig.3a, usingjyax=20
corresponding t&ryr=1.2MeV the perpendicular temperature of the ICRF-heated protons in-
creases foE>1.2MeVand is slightly €10%) reduced in the energy range of NPA measure-
ments. In Fig.3b, using/ juax=40 corresponding t&r1r~=0.3MeV the proton temperature is
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significantly increased>20%) during combined ICRF+LH heating. These simulations show
that a LH wave spectrum with/j,4x=40 reproduces qualitatively the main features of the
measurements.

5.5 — ICRF heating alone 5.5 — ICRF heating alone
' ——ICRF + LH heating, n_ =20 ' ——ICRF + LH heating, n_ =40
£)
-37.01 8-37.0
)
L
D
o
-
-38.51 -38.5
I i 8 f ! >~ 8
NPA measurement range % NPA measurement range %
400 | | | L8 400 | | | ik
0 0.5 1.0 1.5 2.0 0 0.5 1.0 1.5 2.0
Energy (MeV) Energy (MeV)

Figure 3. Simulations of the perpendicular proton distribution function during ICRF and LH heating [13]. In
Fig.3a, withnjyax =20corresponding t&r,r=1.2MeV, there is no significant differenceTm in the energy range

of the NPA measurements r,=0 or D, #0. In Fig.3b, withnyax=40 corresponding tder,g=0.3MeV, T
increases in qualitative agreement with the measurements.

V. MODIFICATION OF LH DISPERSION RELATION BY ANISOTROPIC HIGH
ENERGY PROTONS

These simulations suggest that a LH wave spectrumngjifax=40 could give rise to absorp-

tion by the protons as measured. We attribute such modification of the LH wave spectrum to the
presence of the protons. The dispersion relation is solved in the LH range of frequencies using
cylindrical geometry to describe wave propagation and absorption in non uniform plasmas with
parameters corresponding to the JET experiments, with toroidal magnetic field on axis
2.6sBg(T)<3.4, LH wave angular frequenay =2 mx3.7x10rad/s and parallel refractive in-
dexn;=1.8. The poloidal component of the confining magnetic field is neglected in our calcula-
tions.

We consider a thermal isotropic deuterium plasma and include explicitly minority aniso-
tropic fast protons and fast electrons in the dielectric tensor, therefore adjusting the deuterium
concentration to maintain local plasma neutrality. The fast electron population arises due to
absorption of LH waves by Landau damping onto thermal electrons, and is responsible for the
electron LH current drive. We model the fast proton and fast electron populations using a bi-
Maxwellian distribution function
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Here we use the subscrefor thermal electrongffor fast electrond) for deuterons and
p for protons. In our calculations we consi@ed5<n,/n.<0.1, 0.1<T,(MeV)<0.5, T, /T, F0.1,
Upo=0, NefNe=0.01, 2<UerfUeq<4, 3<Teq/Te<5, andTes/Te;=0.2. For such plasma the proton
perpendicular beta (the ratio of plasma to magnetic field pressure) is of the order of the total bulk
plasma beta in the plasma cenfig.~Bsu = fot Be. Radial profiles are taken as parabolic for
the background thermal ions and electrons, as gaussian for the protons and the fast electrons,
with half-width at half-maximum corresponding to the width of the ICRF and LH resonance
layers. The protons are localised close to the plasma centre [4,5], the fast electrons close to half
the minor radius [7,8]. The usual simulations of LHCD in JET [7,8,9] omit the protons and solve
the warm plasma dispersion relation, including first order corrections in the plasma temperature
and ion-electron collisions.

We consider the full hot-plasma electromagnetic dispersion relation, and solve for the
perpendicular component of the refractive indggxsumming over contributions of the particle
species mentioned. The dielectric terB¢w,K) is given by Stix [14] in the form

S 3xx i By Bt
D(w,k) = i yw — N =8 e, A (6)
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Hereg; is the Kronecker tensor and we use the Onsager symmetry relations. The subscript
srefers to the different particles’ species, the subsgtipthe cyclotron harmonic number: the
cyclotron frequency is positive for ions and negative for electrons.Ilanell, are the modi-
fied Bessel function of the first kind and its derivative, with arguMangJE/Q)zlz. The
functionsA,, B, andC, are defined for any particles species by
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HereZ, is the Fried-Conte [16] plasma dispersion function of argumetv-q<2 -k uo)/
kU, andWy=-1-y,Z,. All ion species and thermal electrons hay<0. Fast electrons hawg#0
and can reach energies at which relativistic effects are important: to account for them in a sim-
plified way we use the invariant mass= y.ime, Wherey.~[1-(u efolc)z] Y2is the Lorentz factor
andm, is the electron rest mass. Non-trivial solutions of the dispersion relation are obtained
from Det{D(w,k)}=0 or from the poles in the dispersion relation, giving the resonance condition
k[f—» 00,

The cold-plasma approximation is obtained upon neglecting the minority particles species
and taking the limiffs - O for the bulk plasma species: the only surviving elements in the dielec-
tric tensor are (now refers to bulk electrons and ions)

w2
2 2
W Wi Wps _
£ = Ey =1+ B cen, gg=Y =g, 2717 22 =8, (8)
XX Yy gQg_wZ Xy gw(Qs_w) Xy Sw
and the cold plasma dispersion relation reads
Cni +Bnd+A=0, (9)

A=g (sD—nﬁ)z—sfyo] : B:(£D+£”)(nﬁ—£u)+e)2(yo, C=¢q.

The warm plasma approximation is obtained keeping first order corrections in the tem-
perature, and the dispersion relation reads

o, T y2 Ng T, Ky Ugg o (P 3u? W
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Here the subscriptrefers to the ion species, and the coefficizig a perturbation to the
cold plasma dispersion relatigd|<<{|A[,|B|,|C]|} . The contributions from the protons and the
fast electrons have been included in the correction féctor

For the purpose of solving the dispersion relation we use the code ZERINT [15], which
was developed for the solution of general, complex algebraic equations of thie(fop)0,
whereF andz are complex ang is a set of real parameters. A number of iterative numerical
methods are provided within the program to determine the accurate location of the Eeros of
The most generally useful of these is based on Muller’'s method, where three neighbouring



points are used to fit a quadratic form derived from the local Taylor expansion of the function.

The new approximation to the required root is then calculated analytically from this interpolat-

ing expansion. The point with the highest residual is then replaced by the latest approximation

and the process repeated until a prescribed residual has been reached. In the neighbourhood of a

zero, Muller's method exhibits nearly-quadratic convergence properties, but failfufone

zero, that is when the function is very large except for a very bolalvhich contains the root.

Two further methods are provided which can prove useful in a few circumstances. The first is

similar to Muller's method except that the local functional form is taken to be bilinear, which

can be of some advantage when roots are very close to péleSexfondly, a technique involv-

ing the Cauchy residue theorem can be employed to determine the number of roots in a closed

contour. Provided no poles are present and the roots are not degenerate, an estimate of their

positions can be obtained, and this method can be used to overcome the difficultid¢sried to

zeros. There are a number of safeguards implemented in ZERINT so that divergent behaviour

can be quickly detected and corrected.

We find that the presence of the protons affects the dispersion of waves in the LH range of
frequencies by introducing an ensemble of hot-plasma wave modes [17]. For a thermal plasma
without the proton population, the slow and fast waves are founahwitki<20 using the cold
and warm plasma approximation; these solutions are continuaug i@,. For a thermal plasma
containing the proton population, solutions of the dispersion relation are founalywit=>40
in addition to the (cold and warm plasma) slow and fast waves. These hot-plasma solutions
show a discrete resonant structureuan/Q, for given background plasma angd Figs. 4a and
4b show solutions of the dispersion relation in the LH range of frequencieswtki0m?,
np/ne=0.89, ny/n:=0.1, nefn=0.01, T=Tp=5keV, T,r~0.3MeV, T, Ty=10, (Uer/Ue)*=10,
Ten=30keV, Teq/ Ter F5, m=1.8, w y=271x3.7rad/s The slow and fast wave modes, below the
dashed line, have j,x<20 and are continuous in the wave harmonic nungeg ,/Q,. Hot
plasma solutions with/jax>30 are found for givem; only in resonant bands (the three verti-
cal series above the dashed line) around discrete valugsifAq, with g,={74,86,98}and
Ag=2. The resonance wid#in//n/<0.1 of these hot-plasma modes increases Wjth Simi-
lar properties of the dispersion relation are found in the range of plasma parameters correspond-
ing to the experiments reported here.

The properties of the solutions of the LH dispersion relation are summarised as follows:
(@) for athermal deuterium plasma, using either the cold or warm plasma approximation, the

slow and the fast wave roots of the dispersion relation are founahpyjitx<18;

(b) for athermal deuterium plasma containing a minority anisotropic high energy proton popu-
lation B,/ =BguLk in the plasma centre, an ensemble of hot-plasma wave modes is found in
the plasma centre witty jax>40;

(c) hot plasma modes are found with similar properties in the range of parameters corre-
sponding to the experiments with combined ICRF+LHCD heating, reported in Section 1;

10



(d) hot-plasma modes show a discrete resonant structure with respect to the wave harmonic
numberq=w +/Q,, suggesting cyclotron-like damping of LH waves on the protons;

(e) for given background plasma, valuesupfi/ Q, andn, exist for which such hot-plasma
solutions are not found, thus significantly weakening absorption of LH waves by the
protons.

Hot plasma solutions
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Figure 4. Solutions of the LH dispersion relation with3x10°*m*, ny/n=0.89 n/n=0.1, n,yn=0.01 T=Tp=5keV,
Tp=0.3MeV, T, /T, =10, (Uer/UD)*=10, Ten=30KeV, Teq/Te =5, N=1.8 wy y=21x3.7rad/sas function of the har-
monic numbeq=w 4/Q, for 70<g<100, corresponding t@.4<B(T)<3.5. The slow and fast wave modes, below
the dashed line, havery,ax <20 and are continuous i ,/Q,. Hot plasma roots witmy,ax>30 (above the
dashed line) are found only in resonant bands around discrete values of the harmonic numberiigragragiig,
0o={74,86,98} and Aq=2 The resonance widthn/n1<0.1 of the hot plasma wave modes increases Wjth

Note that in Fig.4b for the slow and the fast wawén) is vanishingly small, whereas hot plasma wave modes
have large positivém(n[j), implying strong wave damping.

Using these results for,, we computed the slow wave accessibility to the hot-plasma
solutions across the normalised minor radiasas shown in Fig.5. Radial profiles are taken as
parabolic for background thermal ions and electrons, gaussian for minority non-thermal protons
and electrons, with half-width at half-maximum corresponding to the half width of the ICRF
and LHCD resonance layers. The sum over cyclotron harmonics is truncaigd=a(A/

Z°)T (keV) ¢, is an empirical constant depending on the desired numerical accuracy. Stability in
the iteration procedure is obtained with relative accugd @ usingc,=0.5 for ions andat =0.2
for electrons.

We obtain an initial guess for ot using the cold plasma approximation, and we iterate
the procedure until convergence is locally found for the slow wave mode: then we track this
slow wave root of the dispersion relation across the plasma cross-section. Mode conversion to
hot plasma wave modes withTot>>n [oLp iS found close to the plasma centre due to the fast
protons and close to half the minor radius due to the fast electrgris ifelow the condition for
accessibility to the slow wavey<njvc.
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Fig. 5 show the results of our calculations. For the plasma parameters of Fig.4, we find
thatnuc=1.9, and no confluence is possible between the slow and fast wave modes, since the
critical parallel refractive [14fycri1<O for such plasma. These two mode conversion regions
are very narrow, approximatelylx(r/a) and their position coincides with the peak in the fast
particle perpendicular beta. Outside these regions the slow wave root returns to its cold plasma
value, and we do not follow further the hot-plasma wave modesy Fojuc no mode conver-
sion is found and the perpendicular refractive index differs nowhere across the plasma cross-
section by more than 10% from the hot and cold plasma solutions.

Work is now underway in an attempt to develop an approximate analytic theory of the
above numerical results in order to shed further light on the role of the energetic minority pro-
tons and the fast current carrying electrons. Preliminary analysis indicates that these hot-plasma
wave modes are Bernstein-like waves: the non thermal minority populations provide the stronger
ion damping to account for the enhanced ion absorption of the LH waves. Their contribution is
effective only up to a certain valuelgf This result is in qualitative agreement with our numeri-
cal calculations and with measurements,() during combined ICRF+LH heating experi-
ments in which no coupling of LH waves to the protons seems to occur. For these cases, our
calculations indicate th& 8<nuc<1.3, well below the launched value gf so we would not
expect any mode conversion to occur.

Re (np) (n, = 1.8, B,=2.8 Tesla)
60~ —
Hot plasma 14
—— Cold plasma
50~
—~ ~ 12
3 3
S s
S Yo
Lo LL
(@] D
S 3
8
Re (np) (0 = 1.93, B, = 2.8 Tesla)
o — Hot plasma 3
2 6 —— Cold plasma é
% \ \ \ \ g
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
rla rla

Figure 5. Hot plasma slow wave root of the LH dispersion relation as a function of the normalised minor/radius
awith the same plasma parameter as in Fig.4. In Fig.5a modeswjiih>>ncop are found near the plasma

centre due to the fast protons and near half the minor radius due to the fast electrons. In Fig.5b wave modes with
NhotT™>>NCcoLp are not found becausy is now above the accessibility condition to the slow waygs=1.9.

Work is in progress on the understanding of the critical parallel refractive index below
which mode conversion is found between the slow wave and the hot-plasma modes. We obtain
numerically that the value of . is always above, .., depends strongly on the bulk plasma

density foerE/BBULK~1, increasing for larger densities, and is much less sensitive to the mag-
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netic field and bulk plasma temperaturqul,j/BB
found in the plasma centre irrespectivenlpf
Finally, following the method developed by Woods, Cairns and Lashmore-Davies [18],
we compute the dispersion relatiar a(k/) for the hot-plasma modes across the normalised
minor radius, thus avoiding ambiguities about the direction of the group velocity of these wave
modes. We considep= w,+ dw, wherecw, is the launched LH wave angular frequency (corre-
sponding to the slow wave) addv is the (complex) perturbation t, induced by the fast
protons (near the plasma centre) and the fast electrons (near half the minor radius). We compute
locally dw using a fourth order equation for low-frequency waves derived under the condition

{1 Qe ape>> w1

w<<1, no hot-plasma modes with>40 are

Whe(A+ Bw’ + Cw*) = 0= wie(w” - ) (w” - w3) , (11)

2 0 w2
(k2c2+w )(k”c +w} )+k4 4%' , C=[1+w—p2eg ,
Whe 0 QeO

2 2
SETONER

e

We considerw,=w 1<< w,=w},e, and we expand the conductivity tensor elements as the
sum of the cold bulk plasma and fast minority species contributions

£ =& +EW) Eqy = Exyo +EG) £, =0,
- (f) = o(F) - (f)
£y =€ +EN) £, =8l £, =g +eD) .

Here the superscripf) (refers to both the fast proton and electron species. We then derive
the following equation for the perturbationy c:

)
? % mw—){(fll ) G )f(”‘(fn 8)(2e0 + £y ey +
pe\*V2
+[£D(€” —n%)—n”é‘”]é’w +[ $yy EXX —n Xy]g(f) + . (12)

—(eyy - nz)(sg) + 2n||nD)£§(;) - [(sxx - n||)£§,;) + sty(sf(;) + n”nD)]eg)}

In equation (12) we note that the cold plasma conductivity tensor ele{@entsog}
represent the dominant contribution, thus we can neglect quadratic terms in the fast particles’
contribution and obtain the following linearised equation for the perturbadnm;:
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{0 ;
E%OELN - ZwEe(ijzé —(,_)12){(5“ - né)(&j - nz)efof() - 25xy0(5|| - né)g)((;) +

+[eD(£” - né) - nﬁsnleg) + [(sD - nz)(‘sD - nﬁ) - eiyoleng) + . (13)

]

The perturbation produced by the protons to the launched slow wave mode is vanishingly
small outside the ICRF resonance layer: we then compute the average vadvieyah this
region. Fig.6 shows the results of our calculations. We find that the correction is small, thus
justifying use of perturbative theory and the neglect of quadratic terms, is quite insensitive to the
value of the launched; and has a negative imaginary part, corresponding to damping by the
protons. The parallel refractive index is then crucial in determining the accessibility of the
(launched) slow wave to the hot plasma modes, but it plays little role in further determining the
properties of these hot plasma modes once they have access to the slow wave.

0.5

Re (5w)/ay,, (%) (B,=2.8T)

-1.2
Im (3w)/ 0, (%) (B, =2.8T)
1ok —ny= 1.23 3 141 —ny= 1.23 5
——ng=1. 2 ——ny=1. E
o g 16 0 g
| | \ \ \ L |8 | \ \ L 18
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g

ng

Figure 6. Real (Fig.6a) and imaginary (Fig.6b) parts of hot-plasma wave frequency induced by the protons as
perturbation to the launched LH frequency, averaged over the ICRF resonance layer, with the same plasma param-
eters as Fig.4. The correction is small, thus justifying use of perturbative theory and neglect of quadratic terms, and
is quite insensitive to the valuergf

VI. POWER ABSORPTION BY FAST PROTONS

We compute, using the hot plasma roots of the LH dispersion relation, Fig.4, the fraction of LH
power absorbed by the protons averaging over the ICRF resonance layer assuming single pass
absorptionPags=P wexp(2u 1). Herew is the imaginary part of the frequenoy w+ ow, dwis

the perturbation induced by the high energy protons computed in Section 5 using equation (13),
andr is the wave transit time across the ICRF resonance layer.
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Figure 7. LH power absorbed by the protons as functiampffor the

same plasma as in Fig.4. The full vertical linegt30 indicate the
hot-plasma wave modes induced in the plasma centre by the protons.
For clarity their resonance widthn/nj<0.1is shown only for one of
them. The dashed vertical linerat=16 indicates the cold plasma slow
wave. Note that no significant difference is found for valuegaifove

and belownyc.
Fig.7 shows the result of such a procedure. Summing over all the hot plasma wave modes,

including their resonance wid#n;, we find that=30% of the input LH power is absorbed by

the protons. For the cold-plasma slow wave mode, &5y of input LH power is damped onto

the protons. It is worthwhile noting that maximum coupling of LH waves to the protons is found
for 20sn/ <60, in good agreement with the linear approximation to the absorbed power density
computed using the QL diffusion coefficients, equation (4). This result further validates our
analytical approach to the numerical calculations.

VII.CONCLUSIONS

We have shown experimental evidence of interaction between LH waves and ICRF-heated pro-
tons in JET using NPA measurements of the proton distribution function in the range
0.XE(MeV)<1.1. The coupling was observed for driven as well as for slowing-down protons.
Energy balance considerations give larger proton heating during application of combined ICRF
and LH power than would be obtained with ICRF heating alone. We dedue8@atof LH

input power is coupled directly to the protons, with no significant dependence on background
plasma parameters. We have tested, using 1D numerical Fokker-Planck modelling, a conjecture
that this coupling is effected by modifications of LH dispersion in the plasma, and the experi-
mental observations are qualitatively reproduced usipg¥=40. We investigated reasons for

the existence of wave modes withiynx =40 by solving the hot-plasma dispersion relation in

the LH range of frequencies, including LHCD-driven electrons and ICRF-driven protons, using
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cylindrical geometry for the wave propagation and absorption. Solutions of the dispersion rela-
tion with nuax=40 are found in the LH range of frequencies in the plasma centre when the
proton population is added to a thermal deuterium plasmaByitiBgy x=Bp+Be. Such hot-
plasma wave modes are not foundjf/Bguk<<1. These modes correspond to LH waves
damping on the protons and show a discrete cyclotron-like resonant structure with respect to
w.H/Qp for given background plasma angl Ve interpret these hot-plasma wave modes as
Bernstein-like waves coupled to the protons. The protons provide the stronger ion damping to
account for the enhanced ion absorption of the LH waves up to a maximum valyeTtus k

could explain certain experiments where no absorption of LH waves by the protons was ob-
served. Cold plasma modes withax<20 damp only=5-10% of LH input power onto the
proton population, consistent with the usual simulations of LHCD in JET. Hot plasma modes
with nuax=40 damp=30% of the LH input power onto the protons, consistent with measure-
ments and simulations of the proton distribution function. Hot plasma wave modes are not found
if Bpr1<<BguLk - FOrBy1=BsuLk, hot plasma wave modes are not found on increasing the launched
parallel wavenumber above the critical value for accessibility to the slow wave or, alternatively,
by adjusting the magnetic field and the launched LH frequency. This critical parallel refractive
index shows foB,1=BsuLk @ very strong dependence on the electron density, increasing for
larger densities, and is much less sensitive to the magnetic field and bulk plasma temperature.
This result is therefore promising for maximising efficiency of LHCD in plasmas containing
high energy charged fusion products and give useful insights into the alpha-channelling scheme
proposed by Fisch [19].

Work is now in progress (a) to give a more complete physical interpretation to our numeri-
cal solution of the dispersion relation in the LH range of frequencies, and (b) to study the inter-
action of LH waves with charged fusion products in reactor relevant conditions, such as those
foreseen for ITER.
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