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ABSTRACT

We developed an iterative method for solving the hot-plasma dispersion relation and computing
power deposition during multispecies minority lon Cyclotron Resonance Frequency (ICRF)
heating experiments. Here the distribution function of resonating ions becomes strongly aniso-
tropic and significantly hotter than that of non-resonating particles. Therefore we have consid-
ered thermal and overlapping cyclotron harmonics effects for the interpretation of the measure-
ments. We compute wave propagation and absorption for plasmas containing minority aniso-
tropic fast ions using a complex perpendicular wavenumber in cylindrical geometry. In the mi-
nority heating scheme, we find that most of the ICRF power is coupled to minority ions and
collisionless bulk ion heating is negligible wheguk<Te. However, if Touik>Te, then ICRF

power couples also to the majority ions. We have successfully applied this method to the inter-
pretation of measurements of hydrogen isotope ion distribution functions during multispecies
minority ICRF heating of deuterium plasmas in JET.

P.A.C.S. numbers: 52.50.GJ, 52.35.HR, 52.55.FA, 52.65.FF

1. INTRODUCTION

Waves in the ion cyclotron range of frequencies (ICRF) have been effectively and reliably used
to heat magnetically confined fusion plasmas. For the high power densities and long slowing-
down times achieved in present-days experiments, the distribution function of resonating ions
becomes strongly anisotropic, with a perpendicular temperature much higher than the parallel
temperature, and significantly greater than that of non-resonating plasma species. These high
energy anisotropic ion populations can significantly enhance the fusion yield above that of a
thermal isotropic plasma for the same total energy content, and may also stabilise sawteeth and
low frequency MHD modes [1,2]. Reliable measurements of the energy distribution function of
such ions have also become well established [3,4].

Wave propagation and absorption is usually analysed using approximate expressions for
the dielectric tensor and for the power deposition mechanisms [5,6,7]. Conversely, much greater
effort has been made in incorporating into the analysis the correct geometry of the confining
magnetic field. The most commonly used approximations for computing the dispersion relation
are thecold plasmalimit, which neglects thermal effects, and tharm plasmdimit, which
considers thermal corrections only to first order. The wavevector is treated as a real quantity, on
the basis that its imaginary part is vanishingly small compared to the real part. Finite gyro-radius
effects are generally considered only to second ordejar<1. Thus cyclotron heating due to
the counter-rotating componerti ) of the wave electric field may not be properly accounted
for, because the ratio between thelEp)@nd counter-rotating polarisation depends critically on

k-0 andim(kp).



In JET, a number of sophisticated codes are used for interpretation of experiments with
ICRF heating. They make use of the pertinent magnetic geometry, taking into account the D-
shaped configuration of the JET tokamak and the presence of a poloidal magnetic field, thus
allowing for a shift in the launched parallel wavenumber. Conversely, a simplified approach is
used for the solution of the dispersion relation, which neglects minority ion species and uses the
warm plasma approximation with a real perpendicular wavenumber.

These approximations may become inadequate to describe wave propagation and absorp-
tion in the presence of resonating ions since for thgor=1 andim(k)<<Re(kr) does not hold
true at the plasma edge, due to coupling of the launched fast magnetosonic waves to surface
modes, in the ion cyclotron resonance layer, due to thermal effects of the resonating ions, and
where mode conversion to Bernstein waves occurs. Thus cyclotron heating=das teell as
power absorption due to overlapping cyclotron harmonic effects can no longer be ignored. This
mechanism is important since in a non-uniform magnetic field wave-particle interaction is a
non-local process because for resonant kpps=1. The governing equations are coupled inte-
gro-differential equations for the components of the wave electric figldgj, E;}. Such a
system has been formulated and solved for ICRF waves in fusion plasmas [8], and it has been
shown [9,10] that an approximate method in which ICRF waves are described by a single sec-
ond order differential equation is adequate as long as a sufficient number of overlapping har-
monics is included in the computation. Here we follow this method.

Hot plasma theory allows us to fully analyse wave propagation and absorption for arbi-
trary ion gyro-radius, thus including implicitly the effect of overlapping cyclotron harmonics,
by using a complex perpendicular wavenumber. We have developed a method for solving the
hot plasma dispersion relation and computing power deposition in the ion cyclotron range of
frequencies for plasmas containing minority anisotropic fast ions. The method uses measured
thermal and non-thermal ion densities and temperatures and a complex wavenumber in cylindri-
cal geometry to describe wave propagation and absorption in axisymmetric plasmas with a non-
uniform magnetic field. Here we shall present details of such analysis.

For the minority ICRF heating scheme, in which resonating ions are present with different
concentrations, a larger fraction of wave power is coupled to the minority ion species, and direct
collisionless bulk ion heating is expected to be negligible for thermal plasma2ith (elec-
tron temperature greater than bulk ion temperature), sogfgtnsT  (bulk ion energy smaller
than minority fast ion perpendicular energy) [11]. Conversely, injection of fast atoms into the
plasma provides substantial collisional bulk ion heating. In this situation we show that cyclotron
heating of majority ions becomes non-negligibleTigeTe andnip Tip>n+T %, thus reducing the
ICRF power available to minority ions. These results agree quantitatively with measurements
and modelling of the minority ion distribution functions.

For ICRF heating the power absorption mechanisms and the distribution function of reso-
nant ions depend on each other, and much effort has been put into computing these two quanti-



ties self-consistently [7,12]. Fast anisotropic ions affect power deposition in two (apifse
parallel temperature determines the Doppler width of the ICRF resonance layer, modifying the
absorption profile(b) the perpendicular temperature determines the absorption strength, par-
ticularly for heating at frequencies other than the fundamental. However, minority resonant ion
species have generally been neglected when computing the dispersion relation.

Our aim is to model and validate the measured minority fast ion distribution function in
the plasma centre by analytically solving its evolution equation in velocity space, to demon-
strate self-consistency between measurements and wave absorption and provide quantitative
understanding of the experiments. Therefore we use a simplified magnetic configuration to avoid
unnecessary numerical complications, however we consider the formal wave theory without
simplifying the algebra required for its treatment to fully exploit its usefulness.

We use Neutral Particle Analyser (NPA) measurements [3,4] of the perpendicular distri-
bution function of resonant ions in the energy rab@eE(MeV)1.5 as input for the calcula-
tions. We solve the hot-plasma ICRF dispersion relation in cylindrical geometry using a com-
plex wavenumber, considering hydrogen isotope ion species with their respective concentra-
tions and summing over an appropriate number of cyclotron harmonics. Using the dispersion
relation we compute collisionless power partition between electrons and ions ldaredtu
Damping(LD), Transit Time Magnetic Pumpin@ TMP) andCyclotron Damping(CD). We
compare the results of our calculations with Fokker-Planck (FP) modelling of the minority fast
ion distribution function, magnetic measurements of the fast ion energy content and with a
simple energy balance which neglects diffusion in velocity space and includes only losses due to
ion-electron collisions, thus givingi=n;(T+T);i//2)=pasId2 (absorbed power density times
lon-electron slowing down time). We obtain quantitative agreement within the uncertainties of
the measurements, usually of the ordet5sfa

This paper is organised as follows. In section 2 we discuss the dispersion relation and the
power absorption mechanisms for ICRF waves. In section 3 we present the modelling of the
velocity distribution function of ICRF heated high energy minority deuterons. In section 4 we
apply this model to JET experiments with deuterium NBI and second harmonic ICRF heating of
deuterium plasmas containing a background minority proton population. Finally, in section 5 we
discuss our results and in section 6 we summarise our conclusions.

2. DISPERSION RELATION AND POWER ABSORPTION MECHANISMS IN THE
ION CYCLOTRON RANGE OF FREQUENCIES

The ICRF dispersion relation is solved using cylindrical geometry for axisymmetric plasmas
containing majority thermal isotropic and minority non-thermal anisotropic ion species. We
consider Maxwellian distribution functions for thermal ions and electrons {y#th ~T), and
bi-Maxwellians for fast ions (witfi;<T ). The computation is carried over across the plasma
minor radius for waves propagating from the low field side. We consider the antenna parameters



(wave angular frequenaycrr, parallel wavenumbey and ICRF heating powdicrr) and
profiles for temperature, density and magnetic field as obtained in JET experiments with
ICRF+NBI heating. The main difference between toroidal and cylindrical geometry is that the
launched parallel wavenumber is kept constant across the plasma cross-section in the latter
since there is no poloidal magnetic field. Conversely, toroidal tokamak geometry gives rise to a
shiftkj (x)=kj|(launched}k(x)Bg(x)/v2B4x). HereBg andBare the poloidal and toroidal com-
ponents of the magnetic field ardr/a is the normalised minor radius, whereD corresponds
to the plasma centre ame+1 corresponds to the plasma edge at the low (+1) and high (-1)
magnetic field side.

We compute the dielectric tensgfto k) summing over contributions of hydrogen isotope
ion species and electrons. In the ion cyclotron range of frequeggies||sjj|, and a simplified
solution for the dispersion relation is obtained neglecting cross-field terms as [11,13]

2 - 2 -

O —nj |£);y ) £y +n”nmg ‘ﬁ"ﬂ] Et —n” |e);y , 0 g
—1€y Ey ~Nj| ~NO eyz O nj —ng 0

@XZ +nng —ieyz £, @ 0 0 &, né@

Using the above distribution functions the conductivity tensor elements are given by
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Heresdenotes the different plasma spedens{kgp)zlz andy;=( w1 Q)/kjjug, Iy andl’| are
modified Bessel functions of first kind and their derivative of argumgeBtandW are plasma
dispersion functions of argumeptandd; is the Kronecker’s unitary tensor. For ICRF waves
w=Qi<<{ wpe ||}, therefore neglecting cyclotron resonances and using the small Larmor ra-
dius approximatiole<<1, the electron contribution to the conductivity tensor simplifies to
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First we solve thg2x2) cold plasma dispersion relation for, Herenc is real, the
conductivity tensor is independentrgfc, and we obtain the second order equation
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Here the reactive part ef;andeyyois neglected, the sum is intended over the ion species
andZy=Z;(yk)- Including now first order corrections in the temperature, and the reactive part of
gpandéeyyo, we obtain the warm plasma dispersion relation as the fourth order equation
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HereD is treated as a perturbation to the cold plasma dispersion relation: thus using
nw=nc(1+9) the solution of the warm plasma dispersion relation is obtained as
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We obtain an initial guess for the complex hot plasma perpendicular refractivenipgdex
by computing the hot plasn{@x2) dielectric tensor usingc and solving the second order
dispersion relation
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An iterative method is applied to obtain convergence of the hot plasma solution to the
desired accuracy: for computational stability we need to sum over a number of cyclotron har-
monics proportional to the ion Larmor radimES:co(A/ZZ)Tg(keV) wherecy is a constant
depending on the numerical accuracy. For JET deuterium plasmas corresponding to typical ICRF
heating experiments containing two minority anisotropic fast ion species, protons and deuter-
ons, with central parameten@o:4x1019m'3, Teo=TpBULKO=10KEV, Np=npras=0.05r,
Troraste=150keV Tpo=300keV Tjjp,orast T rp,DFASTL0, We obtain convergence to the local
solution of the hot-plasma dispersion relation with relative accm“mf)% usingcp=0.5 for ions
andcg=0.2 for electrons. Our approach corresponds to considering one cyclotron harmonic per
2keVof ion temperature ariskeVof electron temperature, consistent with the method proposed
in [10].

Using the hot plasma dispersion relation we compute the fraction of power absorbed through
LD+TTMP for electrons and ions using t{8x3) dielectric tensor, whereas to compute CD to
ions it is again sufficient to retain only t(#x2) dielectric tensor. Thgcomponent of the wave
electric fieldEy(x) is computed locally [9,10] using the WKB approach to describe the propaga-
tion of a wave from the low field side to the plasma centrexfieection, whereas the mag-
netic field lies in the-direction, corresponding to the toroidal axis)
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The normalisation constaBy is defined using the Poynting fli8(x)at the plasma edge,
close to the antenna Iocati@(,’l):c|ru(l)Ey2(1)|/8n:P|CR|:/A, whereAis the area of the poloidal
surface intercepted by the wave beams. X lzgleft (E+) and right E.) handed polarised com-
ponents of the electric field are computed figprusing the dispersion relations
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CD occurs with absorption of energy by particles that, in their own frame of reference, feel the
wave electric field at their cyclotron frequency: the resonance conditiekyjisy, =1 2. LD and



TTMP involve energy absorption by particles moving along the direction of the magnetic field
with the parallel phase velocity of the wave: therefore the resonance condid) tg,|=0.

For LD the force acting on the particlegyis, for TTMP is-u[};B, u being the particle’s mag-

netic moment. The power density absorbed due to collisionless wave-particle interaction is gen-
erally given as [13p=wm(E**&*E)/87T the superscriptt denotes complex conjugation. The
power densities for LD+TTMP (cross terms must be retained because the two effects are coher-
ent) and CD are [13]

Pcp =%{| Ex 12 Im(e )+ | Ey |2 Im(eyy)—ZIn(EEEy)lm(exy)} , [6]
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A very interesting result is obtained for the ion populations using the small Larmor radius
approximationj<<1: in this limit the ion LD+TTMP is given in term of the ion CD as [13]

pE%H-rMP = 4/\ipg,)D << pg,)D. An important consequence of this method is that we only need to
normalise the wave electric field using the Poynting flux at the plasma edge to compute the
power absorbed by different plasma species. This is due to the fact that allowimgkfgr
intrinsically gives rise to power dissipation, for instance due to coupling of the launched fast
wave to surface modes in the low density region at the plasma edge. Conversely, usual model-
ling of ICRF experiments in JET uses a real perpendicular wavenumber [12,14]. With this ap-
proach power dissipation occurs only due to the reactive part of the dielectric tensor computed
for a real wavevector: parasitic losses at the plasma edge was incladedagsfactoto match
experimental observations [7]. This procedure is no longer required Iwifkr) is explicitly
considered in the analysis. For fast evaluation of the resonating ion distribution function, these
conventional modelling use power deposition profiles tabulated from full-wave and ray-tracing
calculations performed considering the actual D-shaped toroidal geometry of JET. With our
approach, and although using a much simplified magnetic geometry, we obtain quantitative
agreement with these much more sophisticated codes on power deposition profiles for ions and
electrons.

3. MODELLING THE VELOCITY DISTRIBUTION FUNCTION OF ICRF HEATED
HIGH ENERGY MINORITY DEUTERONS

High energy deuterium NBI combined with ICRF tuned to {ifeharmonic of the deuterium
cyclotron frequencydicre=2Qp) is routinely used in JET to heat the plasma. Following Stix,
these NBI deuterons undergo ICRF-driven diffusion in velocity space, and a very significant



enhancement of the non-Maxwellian tail on their slowing down distribution function can be
produced with energy well in excess of the injection energy [11,13].

The distribution function of NBI deuterons under the combined effects of Coulomb scat-
tering on bulk deuterons and electrons and the resonant interaction with the ICRF wave field is
described by a FP equation with quasi-linear diffusion operators. However, because ICRF diffu-
sion acts preferentially on the perpendicular component of the velocity, the resulting tail is highly
anisotropic. Thus a complete solution of the FP equation requires a full 2D velocity space ap-
proach and is not readily amenable to an analytic treatment. A number of numerical codes have
been developed to solve the FP equation and other related problems: the PION code is used in
JET for this purpose [7,12,14]. However, to compute the ICRF power absorbed by NBI deuter-
ons, the energy transfer to the background plasma species, the fusion reactivity, and to interpret
the measured resonant ion distribution functions only the lowest order or isotropic part of the
solution is required.

We solve analytically the FP equation for NBI deuterons to lowest order using the cyclo-
tron wave field characteristics given by the hot plasma dispersion relation, section 2. Finite
Larmor radius effects and, when tiiéand 2 cyclotron harmonic are both active, the effect of
other resonating ions within the plasma are included. This is particularly important for deute-
rium NBI into a deuterium plasma with a minority proton concentration $dge@ Qp. In this
situation, due to finite Larmor radius e1‘fect§‘;j Rarmonic ICRF heating of bulk plasma deuter-
ons is not expected to play a role in the heating of NBI deuterons and will be neglected.

The FP equation describing the collisional relaxation and the resonant interaction of the
NBI ions with the ICRF wave field is given as [11,13]
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Heref is the pitch-angle averaged distribution functiggthe Spitzer slowing-down time,
T the effective plasma temperatuve,the critical velocity at which the ion-ion and ion electron
collision frequencies are equéi(t) the NBI ion birth rateyg the NBI ion injection velocity:

[8]
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Here{=cos(u/v) is the pitch angle variabld,is the Coulomb scattering coefficient [15],
¢ is the Stix parameter for1harmonic heating of the minority protons [11], which also de-
scribes the increase in electron temperature due to the presence of the high energy proton tail
within the plasmapy is the surface averaged ICRF power density absorbed by the prgfons;
andne are the proton and electron densitym,, andme are the NBI ion, proton and electron
mass,Te andT; are the electron and bulk ion temperature,@rgis the electron thermal speed.
The pitch-angle averaged ICRF diffusion coefficient is [11,13]

o 1
Dicre(0) = 5 K Ié'C(l— CZ)
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HereE, andE. are the left and right-handed polarised components of the wave electric
field atwcrE=2Qp, K| is a constant determined from energy balance considerations. Using the
ICRF power density absorbed by the resonant ions &Pﬂhwmonicp'ABs, K| is obtained from

Phbs = m'gde(U’t)%[UBDICRF(U)] : [10]

The procedure for solving the FP equation for the resonant ion distribution function, eq.[8],
is well known. First we use the Laplace transform technique, defined by

C+loo
f(u,t) = o Jdpf (v, p)exp(pt) ,
C—ioo
whereRe(c)>Q to effect a reduction to a second order equation in the velocity variable which,
with suitable initial conditions, is most conveniently solved using the Green function method.
For the situation of NBI heating switched on before ICRF heating, the equation is solved with
the initial condition of a slowing down NBI ion distribution function. Thus we obtaiijfor

2.2
K, = TZ e

=_ce 11
8|1 m*Qp 1]

Considering now the NBI heating to be switched on at tyx@, thel CRF heating at time
t=0 and neglecting energy diffusion, the initial NBI ion distribution function is
Cug +ug

1 0 T
f(u,t=0)= Sty ——2In
( ) TRTchE 073 5103

[12]

Using the above procedure and the WKB method [16] to determine the Green functions,
the NBI ion distribution function is obtained for subsequent tim@sTherefore in the velocity
rangeu<ug, below the NBI injection energy, we have
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In the velocity rang@=>ug, above the beam injection energy, we have
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Hereu1>u- are respectively the solution of the equations

2
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The superscriptand” denote derivative and double derivative with respect to the argu-
ment. Eqgs.[13] and [14] with the subsidiary egs.[15] and [16] define the general solution for the
problem satisfying the initial condition of eq.[12]. To increase analytical tractability, we con-
sider only heating at thdharmonic: thus in the limifE./E, [k<1 the ICRF diffusion coeffi-
cient is

U [
tdt 2 kDU tE. [17]

Dicre = 2K,|E,| I N

—t2 ICRF

Now using the small Larmor radius approximauh(x)z(x/2)2 and the definition of the
Beta functionB(x,y)=I(x)I(y)/[(x+y) we obtain

ZD kDU ﬁ ZD kDU

D = K,|E B(31/2)——K E = D,v? [18]
ICRF 2| | m% 2| | m% 2
Now the integrals occurring in egs.[15] and [16] are elementary and reagdfas

g R 4D,Tg)U3, + Ug S: 0
3[1+4D,rs) HL+4D,rg)ud+0d

Therefore in this approximation the effective NBI ion slowing down time is

0 an
tEF = IS ng+1+4D,r5) 2. [19]
3(1 4D,t S) (3:D
We can now relate this pitch-angle averaged distribution function to its bi-Maxwellian
form, corresponding to the NPA measurements discussed in [3,4,17], by noting that in the above

derivationu=(u)+ Ug)ll2 and{=cos(u}/v). Thus we obtain

11
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Now we can perform a straightforward integration over the pitch-angle vafiaisieg
the definition of the error functioerf(x) and obtain foil || T 5
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It is important to note here that the eqs.[12], [13] and [14] defining the NBI ion distribu-
tion function are no more Maxwellian in their energy dependence. Thus, in the applications of
the above procedure we will use the NBI ion density as measured by the NPA [17] and introduce
an effective tail temperature given at the mean energy of the measur&mientgl]

= InF(E)/VE]
B

Terr = -

%@E:Ej. [21]
H

4. ANALYSIS OF 2NP HARMONIC ICRF DEUTERIUM HEATING IN JET

As application of the results of the previous sections we consider the case of deuterium NBI into
deuterium plasmas containing background minority protons. The ICRF system is tuned to deu-
terium 2'Y harmonic heating in the plasma centre. This process is more effective for ions with
larger Larmor radius, thus NBI deuterons are predominantly heated. The presence of a second
resonant species, the minority protons, causes part of the ICRF power to be absorbed by the
protons at thesicyclotron harmonic. Direct coupling of ICRF power to majority bulk deuterons
is observed to be negligible fdpguLk<Te, but becomes significant fdpguk>Te. Thus bulk
ion heating predominantly occurs due to collisions with the NBI deuterons. Typical parameters
for the experiments are central electron and bulk ion temperatgres 10keVandTpgu ko=5-
30keV central electron densit)é0:3-5><1019m'3, thermal and NBI deuterium and proton con-
centratiomppuLk/Ne=0.8-0.9,nppas¥Ne=0.01-0.1andny/ne=0.03-0.15 ICRF powelP|crF=3-
5MW, NBI power Pygi=10-20MW, beam injection energlfg=80/140keV toroidal magnetic
field on axisBgp=2-3.4T, plasma currert=2-4MA. NBI heating is usually switched @b5-1s
before ICRF heating.

The system of eqs.[12]-[16] and [20] is solved using the JET ICRF antenna parameters
and the measured ion and electron distribution functions as input quantities for the calculations
of the dispersion relation and power absorption. Thus we dbtaind the ICRF power coupled
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to different plasma species, which enables us to conipgtg- and thud(v) and the effective
perpendicular tail temperatuferr. We then compute the total fast ion energy content using a
collisional energy balance, which includes only losses due to ion-electron collisions [4,17]

T U T,
Weasr = z I dVeL aswa pAE;S 2= z I dVpLasva Hﬂh%"‘#% =Wyag - [22]
FAST FAST O U FasT

Here the sum is intended over all reso-

. . _ + k.= (25,i5)m™
nant ion speciespass=Pco+ PLD+TTMP and ) P cor__—Trey
VpLasmals the plasma volume. We compare (@) Poe=3MW,T_ = 129keV

WErasT With the total energy content of the
measured distribution functions and the mag- 1.0
netic measuremei¥yac, Terr With the tem-
peratureTrasT inferred fromWgasTt and
Wwag using the measured fast ion densities an?zl
with the NPA measurements dfpnpa in the |
energy rang8.3<E(MeVx1.5, which typically
lies 2-5 times above the typicihnpa for the
ICRF heating experiments reported here. 0 05 1.0 12
In fig.1 we show the effect of wave in- _ V/VO_ o o
duced diffusion on NBI deuserons for a moad]3 - The NEL seuterym daviouion uncton n
situation: we usk/j=(25,i5)m'1 and the ICRF ihjectio_nhveloq?)éiiall\lge consider he/re %gngiel si;[ua—
power coupled to protons and NBI deuteron} :’:0%';: e T ke e 1kew:
Pp=0.5MWandPpras=3MW. We obtain a hot Eo=140keV, Rg=10MW, Ropas0-3MW, using the
tail in the deuterium distribution function: theigll;;g%)g;l.tmemhﬁ gt’ilr?; T;asvei'tiﬁgésgn1?@';2
effective temperatur€gpr=<m v’/2> of NBI  ICRF heaging. ‘The effective tail temperature
deuterons increases frofiepp=77keV for ;E:;zg‘t‘;/T2E>FF':f2rgEjﬁ;%?gg;;xevxt;oar
Ppras=0 to TEpp=129keVfor Pppas=3MW,  significant enhancement of the total energy content of
with a energy enhancement factatE>=~0.68 the NBI deuterons, 4&>~0.68.

defined by

<TEFF(PDFAST = 3MW)> - <TEFF (Porast = 0)>
{Terr (Popast =0))

Our calculations contaify| for NBI deuterons as a free parameter. Using wave dispersion,
we obtain energy equi-partition aﬁlTﬁk”/kg)z: Tis directly measured by the NPR, is
given by the antenna atg is the solution of the dispersion relation, which implicitly depends
onT andT. We determind)| for NBI deuterons through self-consistent solution of the disper-
sion relation: we use the above initial guessTigrsolve the dispersion relation, obt&in
updateT||, and iterate until we find convergence with the prescribed residke. fdfe typically

(a

)

—
o

S

=

D

P yc8.446/1c

=

(DE) = = 0.68 . [23]

13



need 2-3 iterations to obtain theue T with a residue<10® and |Tj|(Quess)-T(true)|/
Tj|(true)<5%.

A more difficult problem is related to the basic fact t2g+2 Qp, and 29 harmonic deu-
terium heating coincides with>harmonic proton heating. We model the proton population
with a bi-Maxwellian distribution function using independent measuremenigngf, and en-
ergy equi-partition for the proton parallel and perpendicular temperatures. Thus we obtain [17]

Tp =T, + /m7D Ve T Tip= k—|2|T
Op ~ 'pBULK | Mp Woguik +Worasr ODFAST » |p ké Op -

HereW, is the electron energy density. These results are critical for our calculations, since
the magnetic measuremamac of the fast ion perpendicular energy content gives the sum
over ion species. Thus we have a very important test of this procedure by coraasingith
Wrp+tWprast a discrepancy indicates lack of accuracy in our modelling of the proton popula-
tion.

We neither use a-priori power deposition profiles, as in conventional JET modelling [12,14],
nor ad-hoc factors to normalise the total absorbed power to the ICRF power. We determine
power tunnelling through the low-density region at the plasma edge, local power absorption and
power partition between ions and electrons using the species contribution to the hot plasma
conductivity tensor and ton(k). Thus we have two more important tests of our procegaye:
the power computed must not exceed the input power{ldn@D must occur in the ICRF
resonance layer, as determined by the wave frequency and Doppler width.

We present results for three pulses, illustrating typical experiments with deuterium NBI
and central ICRF heating @icrr= Qp=2 Qp. Pulse #40305 exemplifigelychromaticheating:
the antennae are used at different frequencies with dipole plisgingto give a spreading in
the resonance position of the order of the Doppler widtrkpﬂl‘n'l. This scheme gives broader
power deposition profiles, to reduce the minority resonant ion tail temperature and increase bulk
ion and electron heating. Pulse #40474 is an exampigabchromaticheating with dipole
phasing: a single frequency is used, to give centrally localised minority ion heating. Pulse #40554
is an example ahonochromatitieating with mixed phasing2-0r0, to givek||z(3-7)m'1. This
scheme aims at producing non-inductive electron current drive to modify the plasma current
profile, since now the launched wave spectrum is toroidally asymmetric.

Figs.2, 3 and 4 show the main central parameters for the above pulses: the magnetic field
and plasma current are constant during the ICRF+NBI additional heating phase. The electron
density increases due to NBI fuelling and the bulk deuterium temperature becomes larger than
the electron temperature due to collisions with NBI deuterons. The measured NBI deuterium
density and temperature are constant after the initial transient phase of the heating for #40305
and #40474, and are slowly changing in time for #40554. Therefore we consider satisfied the
steady-state approximation used for modelling the NBI deuterium distribution function.
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Pulse No: 40305 (B = 3.5T, = 4MA)

r?\ P Pulse No: 40474 (Bw = 3.4T, |<p= 4AMA)
O,E 3r neo ‘E skn
N oL g,o i e0
%1 3 3
- = .
3 2 S 2k AN NEN Tauiko
2 () Prii S VNN
= 1 < 1Ty a—
e L & 0 =
€
g 2r . E a4
S T DFASTO S 2r NbFASTO
= = =1
X OF
S —
g2 m a7 e\
~ 0O = o=
,\; 2 II, T Tt TS N, N PNBI 9 ? [ ’I, ————— T \s_\\ PNB| 8
% r ,’I Picre . g g 100 i Picre [ §
~ - AN AT D8 = I B 8
0 : ‘ L | s 0 I | | Mttt 1=
12.0 13.0 14.0 12.0 13.0 14.0
Time (s) Time (s)

Fig.2: Main central parameters for JET pulse #40305Fig.3: Main central parameters for JET pulse #40474:
the toroidal magnetic field § and the plasma current the toroidal magnetic field g and plasma currenty)

| pare constant during the additional heating phase. Thare constant during the NBI+ICRF heating phase. The
background plasma is slowly varying: therefore we corbackground plasma is slowly varying with time: there-
sider satisfied the steady-state approximation for modere we consider satisfied the steady-state approxima-
elling the NBI deuterium distribution function. The bulkion for modelling the NBI deuterium distribution func-
ion temperature increases over the electron temperatutien. The bulk ion temperature increases ovgdde to

due to NBI heating. The NBI deuterium temperature NBI heating. The NBI deuterium temperature is sustained
sustained after termination of ICRF heating fef.4s., after termination of ICRF heating far=0.4s.: this is

consistent with the slowing-down timg=1.1s. consistent with the measured slowing-down time
1p=1.0s.
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Fig.4: Main central parameters for JET pulse #40554Fig.5: Central NBI deuterium and proton density for the
the toroidal magnetic field B and plasma current) pulses analysed here as function of normalised time:
are constant during the additional heating phase. Thieeating starts at=0 and ends at=1. NBI fuelling sus-
background plasma is slowly changing with time aftetains rbpasto and after the initial transient phasgn
the initial transient phase: therefore we consider satissteadily increases overppastodue to recycling from
fied the steady-state approximation for modelling théhe walls, particularly relevant when NBI heating is
NBI deuterium distribution function. The bulk ion temswitched-on or off. For #40305 and #40554 the fast deu-
perature increases oveg @ue to NBI heating. The NBI teron and proton densities are comparable during the
deuterium temperature slowly decreases following renain heating phase, whereas for #4048 1¢>n po
duction of ICRF power from 6MW to 2MW at t=6: thisdue to higher ICRF power, Ere=5MW compared to

is very well related to a much longer slowing-down tim@,crRE=2MW.

p=1.8s.
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Fig.5 shows the minority protom,o and NBI deuteron densitybrasToin the plasma
centre for the pulses considered here: we use a normalised time scalersthararks the
beginning of the NBI+ICRF heating phase ard its end. NBI determinesprasto Whereas
Npo is largely sustained by recycling from the walls. Power partition between Chaati12
harmonic is determined for the same Larmor radiusgpgstdnpo: higherny, less the CD on
deuterons.

Figs.6, 7 and 8 show (for #40305, #40474 and #40554) the power deposition profiles for
CD and LD+TTMP on majority and minority ions and electrons as functisfap€omputed
using the dispersion relation. We average the measurementsOmesaind consider three dif-
ferent time-points during the heating pha&®:at the end of the initial transient phaée),
during the steady-state phaés,immediately before the final ramp-down of the heating.

Pulse No: 40305 p,gs (@t = 12.225s) Pulse No: 40305 pags (@t = 12.825s)
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Pulse No: 40305 ppgg (@t = 13.475s) . . o ) .
Cyclotron Fig.6: Direct collisionless polychromatic ICRF heating

1. Bulk deuterium for pulse #40305 as function of r/a. We compute power
2. Fast deuterium partition between plasma species and deposition pro-
i- ggé?r’;sn . files from wave dispersion. Strong influx of hydrogen

' due to recycling from the walls at the beginning and end
of the heating phase determines CD onto minority pro-
tons and deuterons. In fig.6a we present our results for
- - t=12.225, at the end of the initial transient phase; fig.6b
g . for t=12.825, during the steady-state phase; fig.6¢ for
oL R \ t=13.475, immediately before the final ramp-down of
N\ the heating. The electron heating profile broadens fol-
7 N lowing the raise in {due to collisions with injected and
ICRF-heated fast ions, and its magnitude increases due
to NBI fuelling. The first peak at #.5 can be attrib-
uted to ELD, the second peak at¥0a3 to TTMP.
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Our calculations show some general features of the heating in these experiments. lon LD
is negligible compared to cyclotron heating, since the wave phase velocity is much larger than
the ion parallel thermal speed. This is a well-known theoretical result: it further validates our
numerical procedure and verifies the assumption that parallel ion heating essentially occurs due
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to collisions and energy equi-partition. At the beginning of the heating phase power absorption
due to CD on the fast ion populations (NBI deuterons and protons) is the dominant process, but
when TppyLk=Te direct collisionless bulk ion heating appears to prevail. This result can be
misleading: power absorption increases almost linearly with density for different ion species
with same Larmor radius, being proportional to the conductivity tensor elements. Conversely,
the increase in electron heating over ion heating can be directly related to the increase in elec-
tron temperature due to collisions with injected and ICRF-heated fast ions.

(x10* W/m?)
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Fig.7: Direct collisionless monochromatic ICRF heat-
ing in pulse #40474 as function of r/a. Power partition
between plasma species and deposition profiles are com-
puted using wave dispersion. Influx of hydrogen due to
recycling from the walls at the end of the heating phase
determines CD onto the protons and NBI deuterons.
Fig.7a presents our results for t=12.225, at the end of
the initial transient phase; fig.7b for t=12.825, during
the steady-state phase; fig.7c for t=13.475, immediately
before the final ramp-down of the heating. The electron
heating profile broadens following the raise igdue to
collisions with NBI and ICRF-heated fast ions, the mag-
nitude increases due to NBI fuelling: here we do not see
two separate peaks corresponding to the position of the
maxima in ELD and TTMP. We attribute the stronger
bulk ion heating to the much higher ICRF power den-
sity in the plasma centre.

We notice that for polychromatic heating, as shown in fig.6 for #40305, the CD deposition
profile is broader than that obtained for monochromatic heating, as shown in fig.7 for #40474
and fig.8 for #40554. The peak inion CD is in the ICRF resonance layer: its location depends on
Im(&xxt eyy)|E+|2. This factor varies for different ion species: for polychromatic heating we ex-
pect the shape of the CD deposition profile for protons and deuterons to be similar but not
exactly overlapping, with a shift depending on wave frequency and ion species temperature
[12]. The electron deposition profile depends on:tl(.szz)|E|||2 and TTMP::Im(eyZ)|Ey|2: for
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Fig.8: Direct collisionless monochromatic ICRF heat-
ing in pulse #40554 as function of r/a. Power partition
between ions and electrons and deposition profiles are
computed using wave dispersion. Influx of hydrogen due

4. Electrons . .
to recycling from the walls occurs after t=6, determin-

ing the strong increase of CD onto the protons over that
onto NBI deuterons. Fig.8a presents our results for t=5.5,
at the end of the initial transient phase; fig.8b for t=6.5,
during the steady-state phase; fig.8c for t=7.5, immedi-
ately before the final ramp-down of the heating. Con-
trary to #40474, where we have a similar wave power
> density, at the beginning of the heating phase bulk ion
heating is negligible due to the lower ion temperature.
The electron heating profile shows two clear peaks, at
r/la=0.4 for ELD, and at r/&0.6 for TTMP.
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large electron temperature the position of their maxima may not be identical, although we ex-
pect a broad gaussian shape peaked near the centre of the poloidal cross-section [12]. Our results
agree with these predictions even if we use cylindrical geometry for the magnetic field, which is
much simplified with respect to the D-shaped toroidal geometry of JET. Thus we are confident

in their accuracy and ability to model the NBI deuterium distribution function.

We see for #40305 in fig.6 that CD on NBI deuterons and protons are comparable only for
the steady-state heating phase, CD on protons being larger otherwise. This result depends on the
fact that the proton density is larger than the NBI deuterium density at the beginning and end of
the heating phase due to recycling from the walls, and during the initial transient phase wave
power is coupled preferentially t6'harmonic heating. We see for #40474 in fig.7 that CD on
NBI deuterons is larger than CD on protons but at the end of the heating phase, where we
observe strong influx of hydrogen due to recycling from the walls. For #40554 (different anten-
nae phasing) we see in fig.8 that the electron absorption profile has two clear peaks, whereas for
#40305 and #40474 we see a quite broad gaussian shape. We attribute the/pe@l3ab
wave-driven current carrying electrons, localised closer to the plasma centre since in resonance
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with the fraction of the wave spectrum launched withphasing. The electrons in resonance
with the waves launched with dipole phasing produce the petd<at5-0.6

Figs.9, 10 and 11 show power partition between ions and electrons for #40305, #40474
and #40554. We notice two important resuléd:the total powePcalc (including Bernstein
wave heating) computed from wave dispersion accounts for almost exactly the ICRF input power,
the difference being10%,; (b) some poweP_osv¥Picrrsb% is lost due to coupling to surface
modes in the low-density regionrZa>0.9. We notice that CD on the protons is the dominant
absorption process for the initial transient phase of the heating: collisionless bulk ion heating is
important only fofTpgyLk>Te. Similarly, electron heating increases significantly following the
increase inle due to collisions with fast ions: at the mos25% of wave power is directly
coupled to electrons due to the combination of LD and TTMP. In PION, loss of power at the
plasma edge is used in modelling similar experiments to reconcile the calculations with global
and local measurements such as plasma energy and neutron rate, without a clear explanation
being proposed [7]. Here we show that this loss process is a typical feature of the hot-plasma
ICRF dispersion relation due to coupling of the launched fast magnetosonic wave to surface
modes in the low-density region @>0.9. Using the hot-plasma dielectric tensor, a second
solution is possible in the ion cyclotron range of frequencies with the perpendicular refractive

Pe= 0.5MW PDBULK=0.8MW PDFAST= 0.5MW Pp= 1.OMW

Pe/PicrRF= 17% PDBULK/Picrr=27% | PprasT/Picrr= 17% Po/RcrF= 33%
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Fig.9: Power partition between plasma species for JET pulse #40305. At the beginning of the heating phase CD on
protons dominates. CD on the NBI deuterons is lower than that on the protons: we attribute this result to the use of
polychromatic heating. lon LD accounts for <1% of total heating, as predicted by theory. Electron heating in-
creases following an increase igdue to collisions with fast ions, reaching a maximum absorbed pw@r/RIW.

On the average, a small fraction of powgpR=0.2MW is lost at r/a>0.9 due to coupling to low-density surface
modes. We observe negligible mode conversion in the plasma centre to ion Bernsteir®@d®RN) and at the

plasma edge to electron Bernstein waves{5MW).
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index at the plasma edge given lhéfz ezz(exx - nﬁ)/eyy. This mode is backward propagating
and highly evanescent as the density increases. Coupling to the launched fast wave is locally
effected byym(n), subtracting power to the fast wave at a rate give? B¢ vPicrr=Im(nm)/
Re(nw). From these general results, we conclude that our approach is adequate to describe
ICRF wave propagation and absorption in JET deuterium plasmas with minority protons and
NBI deuterons.
In fig.9 for #40305 we see that the proton and deuteron slowing-down timgs-@ués
andrp=1l.1s:the increase in electron heating is well related to the incredgdire to collisions
with fast ions. CD on NBI deuterons is lower than on protons: we attribute this result to use of
polychromatic heating. During the steady-state heating phase?witf=3MW, we obtain for
the fraction of wave power absorbed by electrons, bulk deuterons, NBI deuterons and protons:
In fig.10 for #40474 we see that CD on NBI deuterons is much higher than on protons but
for the initial transient phase: we attribute this result to use of monochromatic heating. The fast
ion slowing-down times arg,=0.6sandp=1.0s we relate the increase in electron heating to
collisional transfer from fast ions. For the steady-state heating phase?\uil=5MW, the
fraction of wave power coupled to electrons, bulk deuterons, NBI deuterons and protons are:

Pe= 1.1IMW PDBULK=1.0MW PDFAST= 1.6MW Pp= 1.OMW

Pe/PICRE= 22% PDBULK/Pcrr=20% | PprasT/PICRF= 32% Po/RcrF= 20%
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Fig.10: Power partition between ions and electrons for JET pulse #40474. CD on NBI deuterons is significantly
higher than on the protons but during the initial transient phase: we attribute this result to use of monochromatic
heating. lon LD accounts for <1% of total heating, as predicted by theory. Electron heating increases following the
increase in Tdue to collisions with fast ions, reaching a maximum absorbed powerdRIW. On the average, a

small fraction of power Rs1=0.3MW is lost at the plasma edge due to coupling to low-density surface modes. We
observe negligible mode conversion in the plasma centre to ion Bernstein w@\EMW) and at the plasma

edge to electron Bernstein wave.(MW).
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In fig.11 for #40554 we see that CD on protons is the main heating process during ramp-
up of ICRF power, and bulk deuterium heating is important in the steady-state ph&sé.3-or
7.8 we find mode conversion to Bernstein wave8.6«&r/a<0.8, producing predominant elec-
tron heating. The fast ion slowing-down times are longef,.sandrp=1.8s this relates well to
a slower increase in electron heating. For the steady-state heating phaBg;it@ MW, the
fraction of wave power absorbed by electrons, bulk deuterons, NBI deuterons and protons are:

Pe= 0.1IMW PDBULK=0.8MW PDFAST= 0.1IMW Pp= 0.8MW

Pe/PICRF= 5% PDBULK/Picrr=40% | PprasT/PICRF=5% Po/RcrF= 40%
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Fig.11: Power partition between plasma species for JET pulse #40554. At the beginning of the heating phase CD
on protons is the dominant absorption process, whereas for the steady-state phase we find significant CD on bulk
deuterons. For the plasma conditions of this pulse, the antennag#®itphasing (h:3m'l) produce a wave
spectrum prone to mode conversion to electron Bernstein waves in the outer region of the plasma, for 0.6<r/a<0.8.
This becomes the dominant absorption mechanism at t=7.5-7-8. On the average, a small fraction of power
PLos=0.2MW is lost at the plasma edge due to coupling to surface modes, and we observe negligible mode con-
version in the plasma centre to ion Bernstein wag86MW).

Fig.12 shows the perpendicular fast ion energy content for #40305, #40474 and #40554:
our results agree quantitatively with magnetic and NPA measurements. Proton heating domi-
nates during the initial transient phase of the heating, and CD on bulk deuterons becomes impor-
tant only for TpguLk =Te and nDBULKTDBULKz{inDp NprasTl mMrasT. We see that
WreaLcWveas we see this systematic small difference, comparable to the uncertainties of
the measurements, but for the initial transient phase of #40554. We attribute this result to the use
of a simplified energy balance, neglecting ion-ion collisions and conservation of toroidal angu-
lar momentum: thus in our calculations we tend to overestimate the fast ion energy. Inclusion of
such effects is beyond the scope of this work, since it would require a considerable effort on the
modelling of the NBI deuterium distribution function without adding significantly to its inter-
pretation.
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Fig.13 shows comparison between the perpendicular temperature of NBl deuterons meas-
ured by the NPAT npa the modelled temperatufieerr and that deduced from the fast ion
energyTprasT Using eq.[22] to interpret the magnetic measurements, we deduce a perpen-
dicular temperature using toroidal symmetry, assuming gaussian profiles for the fast ion densi-
ties and temperatures with widthandd, considering fixed /T~ a and normalisingViyac to
the fast ion density measured by the NPA. Thus we obtain

Wwac = Zsr (1+2a )(nl?oaz)ﬁerf (\/E)nFASTTDFAST = Whppasr +Whp -

FA
Herea andRy are the plasma minor radius and geometric centre Sahtb+1/A. We

obtain quantitative agreement between these results within the uncertainties of the measure-

ments, usuallyi5% This finally confirms the capability of our approach to interpret experi-

ments with ICRF+NBI heating of deuterium plasmas. We findTihat andT prasTare larger

thanT mpa Which could confirm the need for inclusion of ion-ion collisions and conservation of

toroidal angular momentum in modelling the velocity distribution function of NBI deuterons.
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5. DISCUSSION

In this paper we have shown interpretation and modelling of measurements of the distribution
function of hydrogen isotope ions during multispecies minority ICRF heating of deuterium
plasmas in JET. ICRF power is tuned to centfaharmonic heating of minority protons. The
presence of a second minority resonant species into the plasma, such as the NBI deuterons,
causes part of the ICRF power to transferfbf@armonic heating of these supra-thermal ions.

Hot plasma theory allows us to consider thermal and overlapping cyclotron harmonic
effects in the analysis of wave propagation by using a complex wavenumber in cylindrical ge-
ometry. An iterative method for computing the hot-plasma dispersion relation and power depo-
sition for ICRF waves has been developed for plasmas containing minority anisotropic fast ions
using measured thermal majority and non-thermal minority distribution functions as input for
the calculations. We solve iteratively the hot-plasma dispersion relation considering electron
and hydrogen ion species with their respective concentrations, summing over an appropriate
number of cyclotron harmonics to account for the non-local interaction of the ions with the wave
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field. We compute collisionless partition of ICRF power between electrons and ions due to CD,
LD and TTMP, mode conversion to ion and electron Bernstein waves and parasitic loss of power
due to coupling of the launched fast magnetosonic wave to low-density surface modes at the
plasma edge. During the initial transient phase of the heating CD on the protons is the dominant
absorption process. Collisionless bulk deuterium heating is negligibleyfpy k<Te, but in-
creases with the ion temperature and can become significaltgor k>Te. Direct electron
heating, due to LD+TTMP damping, accounts£@b% of ICRF power, and increases follow-

ing the increase ife due to collisions with fast ions.

The perpendicular energy content of NBI deuterons and protons deduced from the meas-
ured distribution functions and calculated using hot-plasma dispersion relation and ion-electron
collisional energy balance is compared with the magnetic measurement. We find quantitative
agreement within the uncertainties of the measurements. Finally the measured perpendicular
temperature of the NBI deuterons is compared in the plasma centre with those computed from
magnetic measurements of the fast ion energy and FP modelling of the distribution function:
guantitative agreement is again found within the uncertainties of the measurements.

The computational time required to perform these calculations on the JET IBM 3090 sys-
tem using a space resolutidr=3cmis typically=3-5 minutes of CPU time per time point with
a required numerical accuras)‘LO'8 on the iterative solution of the wave dispersion relation.
Work is now underway to optimise the algorithms used in our numerical procedures.

6. CONCLUSIONS

We have obtained quantitatively self-consistency between NPA measurements of the proton and
deuteron distribution functions and modelling of the ICRF-heated ion distribution function by
using a complex perpendicular wavenumber in cylindrical geometry for the wave dispersion
calculations. Inclusion of ion-ion collisions and conservation of toroidal angular momentum
could be required to further improve the accuracy of our model, though at the expense of a
considerable effort on the analytical modelling and numerical computation of the ICRF-heated
ion distribution function.

Despite the very significant differences between the previous calculations used in JET and
those considered here, they both appear to be able to interpret satisfactorily the experiments,
thus complementing each other. Moreover, we have demonstrated the necessity for inclusion of
power loss at the plasma edge through coupling to low-density surface modes, which was unex-
plained by the previous JET approach. We conclude that for our purposes the actual magnetic
geometry is not of primarily importance, since we are mostly interested in quantities evaluated
in the plasma centre, where the effects due to the presence of the poloidal magnetic field are
negligible. Conversely, we need to consider the full hot-plasma dispersion relation summing
over an appropriate number of cyclotron harmonics to account for the large Larmor radius of the
fast ion populations and to model in a phenomenological way the non local interaction between
the wave field and the ions.
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