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ABSTRACT

In the JET tokamak the perpendicular velocity distribution function of lon Cyclotron Resonance
Frequency (ICRF) heated ions is inferred in the energy rardg&(MeV)x1.5 from Neutral

Particle Analyser (NPA) measurements of the emitted high energy atomic flux. The measure-
ment is integrated along a vertical line-of-sight through the plasma centre, with a finite viewing
solid angle. We present a method to deduce the ICRF heated minority ion density in the plasma
centre taking into full consideration the geometry of the measurement. We verify our results
against independent measurements of the fast ion density and perpendicular energy content, and
we obtain quantitative agreement. Our results further validate the model of impurity-induced
neutralisation, which was developed to interpret the high energy atomic flux measurements in
JET. They give access to a fundamental property of the ICRF-heated ion distribution function,
and provide improved tools for understanding the behaviour of fast ion populations in forthcom-
ing fusion experiments.

1. INTRODUCTION

Neutral Particle Analysis (NPA) is a well-known technique for measuring the flux of atoms
escaping from the plasma and thus deducing the energy distribution function of plasma ions
[1,2]. High energy NPA measurements have become well established in JET for determining the
energy distribution function of lon Cyclotron Resonance Frequency (ICRF) heated ions [3,4,5,6]
and of charged fusion products [7]. The measurements are non-perturbing and rely on passive
neutralisation of the ions by one and two-electron species of the main intrinsic plasma impuri-
ties [8]. In this Impurity Induced Neutralisation (IIN) model the population of partially ionised
impurity ions is sustained in high temperature thermonuclear plasmas by hydrogen isotope at-
oms due to recycling at the first wall or Neutral Beam Injection (NBI).

For the high power densities and long slowing-down times achieved in present-days ex-
periments, the distribution function of ICRF heated ions becomes strongly anisotropic, with
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 [3,4,9,10].
Measurements of ICRF heated ion distribution function are required for several reasons, such as
to provide experimental testing and validation of theories on ICRF heating of fusion plasmas,
and to quantify the observed link between fast ions and MHD instabilities.

Purpose of our work is to infer the energy distribution function of ICRF-heated ions and
extend the analysis given [B]. In this previous work it was shown how to deduce the peak
perpendicular temperature of ICRF-heated protons from the NPA measurements: to this end,
only the energy dependence of the emitted atomic flux is required. However, to infer the density
in the plasma centre of such ions, also the absolute calibration of the NPA is needed, which is



given by fully considering the geometry of its line-of-sight. In this paper we derive a general
analytic expression for the absolute calibration of the atomic flux detected by the NPA during
ICRF heating of JET plasmas. For these experiments the distribution function of such ions can
be well approximated with a bi-Maxwellian, with perpendicular temperdtgneuch greater

than the parallel temperatufg[5,6]. Thus we are able to deduce the fast ion dengityfrom

the absolute calibration of the NPA whEryandT,/T/7are both known. We use fér7andT,/

Tjthe expressions given |B,6].

In this work we analyse JET experiments with central ICRF heating of deuterium plasmas
containing minority protons and high energy deuterons due to NBI. The ICRF system is tuned to
deuterium 2 cyclotron harmonic heating in the plasma centre, which coincides with'the 1
harmonic of the protons. We verify our results against independent measurements of fast ion
density and magnetic measurement of the total fast ion perpendicular energy content. We obtain
guantitative agreement within the accuracy of the measurements. Our results further validate the
[IN model [8], which was developed to interpret the high energy atomic flux measurements in
JET.

This paper is organised as follows. Section 2 gives a brief description of the high energy
NPA used for the measurements of the fast ion perpendicular velocity distribution function.
Section 3 presents the method used to infer the minority ICRF-heated ion density using the NPA
measurements. In Section 4 we compare our results with independent measurements of the fast
ion density and perpendicular energy content. In Section 5 we present our conclusions.

2. THE HIGH ENERGY NPA

The NPA is of the convention&l||B type, and is located on the torus with its vertical line-of-

sight intersecting the plasma at a major raus=3.07m The projection area of the collima-

tor on the plasma mid-plane Agp.=3x10°n7, and the viewing solid angle igps=1.18x10

®sterad The line-of-sight geometry determines that only ions withy >200can be detected by

the NPA. Herey, is the velocity in the toroidal mid-plane, which is very close to the velocity
parallel to the toroidal magnetic field, ands the vertical velocity, perpendicular to the toroidal
mid-plane. The NPA can detect time resolved atomic fluxes of hydrogen (H), deuterium (D),
tritium (T), helium3 fHe) and alpha particle?i—(e) in the energy randge2<E(MeV)x3.5. There

are eight energy channels with common charge and mass selection, thus only one ion species
can be measured at a time. Further details of the measurement technique and experimental set-
up are given i1i6,8,11.

3. INTERPRETATION OF THE NPA MEASUREMENTS

The quantity measured by the NPA is the flux of atds.dE,) escaping the plasma perpen-
dicularly to the toroidal magnetic field per unit time per unit area per unit energy. It is propor-
tional to the line integral of the local energy distribution funck¢,,z) weighted with respect

to the local neutralisation probabiliBy(E,z)
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HereE is the energy of the atonwis the vertical co-ordinate atds the plasma height
along the line-of-sigh®y depends on neutralisation cross-sections, is a complicated function of
plasma parameters, and has a scale length of the otdér @épends on ICRF wave dispersion,
with a scale length of the order of the Doppler width of the reson@rde. Thus we approxi-
matePy(E,z=Py(E,0) and define a line integrated distribution functigfEadE,)
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In the energy range of the measurements it is possible to adopt [5,6] a bi-Maxwellian model for
the local velocity distribution function of the ICRF-heated it§og vy, u,;1,2)
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Heren andm are density and mass of the measured ion spdgiasdT/;are the parallel and
perpendicular temperature, theo-ordinate is along the toroidal magnetic field ytla@dz-co-
ordinates define the poloidal plane ark*+y )1’2 is the radial co-ordinate in the toroidal mid-
plane. Because the velocity vector of an ion is not significantly affected by electron capture due
to the ion-electron mass ratio, the velocity distribution funcifopr,z) of the ions which, if
neutralised, are detected by the NPA, is given by
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Hereu¢:(uxz+ vy)"“is the toroidal velocityp=arctg(u,/v,) is the toroidal angle and the condi-
tion onuzis set by the viewing solid angle. Using now eq.[5] in eq.[4] to perform the integral

over(ugp@ and expand(u,r,z) in terms of the pitch angle/ugp we have [6]

1/2
)

12
nr,2a(r,28 m i 0 mu2 E"

f(u,;r,2) = ex
(Vz:1.2) 417 nT”(r,z)E pg—ZTD(r 2)Q

(6)

& 4g+)riq+1/2) a(rz 3.
« 5 (~1)d e 2P Gy L 5g 4 3 =
2 (D F(2q+3/2)r (q+1)I PP Eﬁ a pD



HereM are Confluent Hypergeometric functioisare Gamma functions, and we used
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HereJy are Bessel functions of'kind andP, Legendre Polynomials. In eq.[6FT/(T/+T))

defines the anisotropy of the fast ion distribution function ,adqd.25x105muzzlaTg is the
expansion parameter. From eq.[6] we notice that the geometrical constraints imposed on the
measured atomic flux by the finite aperture of the vertical viewing solid angle translate into
physical constraints on the velocity phase-space of the deduced line-integrated distribution func-
tion, which is no more Maxwellian in the vertical velocity. For JET plasmas in the energy range
of the measurements we have<E,=mu,’/2<10°TJ, thus we analytically approximéi@.;r,z)

by considering only the first two terms in eq.[6]. Using phase-space conservation
f(u,rz)du=F(E,r,z)dE, and v:6.25x106(1+TUT”)<1O'4 for JET experiments, we obtain the
energy distribution function [6]
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To obtain eq.[7], we used the following relations, wheisethe incomplete Gamma function:
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The spatial profile of the ICRF-heated distribution function was taken in [5] to depend only on
zbut not orr. This approach corresponds to neglecting the finite viewing area of the NPA in the



toroidal mid-plane, thus assuming that the measured neutral flux comes only from a single line.
However, it can be shown [1,2,6] that both the density and temperature spatial profiles of ICRF-
heated ions can be well modelled by gaussian expressions such as

- B O (2 _ZZD _T“(I’,Z) B 0O (2 _ZZD
TR T ey YT 2Tl

Hereé(r,z) defines the ratio between parallel and perpendicular temperature, and in most cases
we can assume a constg(rz)=¢£,, taken in the plasma centre. The finite aperture of the view-

ing solid angle allows ions with the proper pitch-angle to enter the NPA only if they are neutral-
ised at a radial positigR-Rypa <ro. Herery=5.5cmis the projection of the vertical viewing solid

angle in the mid-plane. Therefore the line integral of the surface aver&dg,mfz) corre-

sponds to the measured distribution function

_ 1 . _
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Here the step functio®ry-r) selects only ions neutralised in the viewing solid adgjg to be
detected by the NPAAyp is the viewed mid-plane area and can be calculated considering that
the NPA is measuring in one octant of the JET torus,AQs(2 1iRy) (2a)/8=maRy/2, whereR,

is the plasma geometric centre anig horizontal minor radius. Replacing no,z) with its

value in the plasma centvg=6.25x106(1+1/50), eq.[8] becomes
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The normalisation consta@y, the function(vo,,&,) and the coefficients3(e,,&,) are
2 /2 t0
_ nold e, 0 _ [ put? 2 20
= (v, ,B,s)—J'dtexp Be' —et=A-vBe =,
o 2(200)* ToAvip P npa HeTo o o . . ? % M
2 2 2
E,e* ~de 3 | 3 _1n b
= L E T —5—— , &= —— , X =5 ,tg=—.

In JET the vertical minor radids=2.1m for typical plasmak=A=0.3mso that,=7: thus we can
replace the finite interval of integrationli{vy,3,£,) by a semi-infinite one. Moreover, for large
values off3, corresponding to supra-thermal energig8,>3, it has been shown [5] thaead E,)/
(E/To)Y?=exp(-E/Ty). Expandingxp(f)=1+tt*/2in I(vy,B3.&,), the integral is analytically trac-
table and reads [6]
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Herez,=1+ &,/ B3, z=1+(&-1)I3, K14 are modified Bessel functions of second kind and
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Using the asymptotic expansion for large argumenKiarin I(vy,3,£,), €q9.[10] reads
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HereT=(E /2To)"%, wy=( &1+ 1/2+ P12)IT, Wo=( &+3/2+ T12)IT, We=( £,-1/2+T12)IT andH,
are Hermite Polynomials, and we kept only first order terms from eq.[10]. To deduce eq.[11] we
used the definition of the error functierf(z)and expanded it to first order in term of its Taylor

. (11)
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For typical JET plasmad~=d=0.3mand the expansion parameter in the series defining
eq.[11] isx’1/2=8x10%(E,/To) *<<1. Considering the first two terms in eq.[11], the measured
line integrated surface average ICRF-heated ion distribution function reads [6]
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This distribution function shows the usual Maxwellian behaviour in the leading order
term. It has been derived using the fact that the energy range of the measurements is well above
the peak fast ion temperature. We considered first order corrections for the pitch-angle spread-
ing in the measured flux (terms containiwg), for the viewing solid angle finite apertung)(
and for the line-of-sight integratioifE,). Due to the expansion criteria used in the derivation,
eq.[12] is valid for typical JET plasmas fBy/To<3.5x1G when all corrections to the leading
order term are vanishingly small. From inspection of eq.[11] it can be shown that the larger
correction is given bf(x0/2)(Ez/T0):1.7x102(Ez/To), which sets the limits of validity of eq.[12]
to 3<E,/Ty<60. This condition is satisfied in JET ICRF heating experiments since the typical
peak fast ion temperature is in the rad@®<Ty(keV)<600and for the NPA measurements
considered in this paper we ha¥8<E,(MeV)<1.5

In [5] a different form was given fdfyead E;), which neglects surface average on the
toroidal mid-plane and first order corrections in pitch-angle, and the normalSgfariycadE,)
was not explicitly computed. Doing so shows that it would have Bgehyp/ TTo>=500times
greater than that computed here, giving a peak fast ion degsi90 times smaller than the
correct one. Conversely, no appreciable difference is found for the peak fast ion tempgrature
since the leading order term is still Maxwellian and pitch-angle corrections are vanishingly
small. These results can be understood considering that the aperture of the viewing solid angle
allows atoms coming from a finite region in the toroidal mid-plane to enter the NPA, thus affect-
ing the intensity of the measurement but not its energy distribution.

The surface average of the line-integrated ICRF-heated energy distribution function
Fuead E;) is given, with the proper normalisation constant, in terms of the unknown peak fast
ion densityny and perpendicular temperatdig whereas all other parameters in eq.[12] can be
determined from independent measurements and calculations. BEgangE,) is not a sim-
ple Maxwellian in its energy distribution, the peak fast ion temperature can be defined as an



energy dependent quantity and calculated at the median energy in the measurel fartge;
usingG(E,)=F vead E,)/VE, by writing [5]

Ty = —T(ED)EH'S(GE('?Z) @@ L =E). (13)

HereT(E) is the temperature deduced from the leading order Maxwellian term of eq.[12].
At first order inT(E/)/E- eq.[13] reduces to the same results given in [5]

T(E)D
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Using eq.[14] and the geometrical factors entering the definitiegoi{E,), eq.[12], we
deduce the peak fast ion densigby numerically computing the integrallefieadE,), €9.[12],
over the energy range of the measurement [6], and we obtain

1
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We verify the approximation used to obtain eq.[12] by solving eq.[6] to different orders in
its series expansion. It is worthwhile noticing that the accuracy of our computational approach
has to be compared with the uncertainty in the NPA measurements of the absolute atomic flux,
estimated to be30% [6]. Fig.1 shows the comparison between three different estimates of the
fast deuteron densitypasrinferred from the NPA measurements during combined ICRF+NBI
heating obtained: (a) by solving eq.[12], (b) by solving eq.[6] to the @d®d, and (c) by
solving eq.[6] to the order=200. We notice that no appreciable difference in the infamgedt
Is obtained within the uncertainties of the NPA measurements using (a) and (b). We attribute this
result to the very peaked gaussian profile typical of ICRF-driven ions, which in turn validates
the approximations used to derive eq.[12]. Conversely, we notice a larger discrepancy between
the results obtained solving eq.[12] and eq.[6] to the @200 nevertheless this difference is
still within the uncertainty of the NPA measurement. However, the numerical solution of eq.[6]
to the ordery=10 andq=200 requires respectively 8 and 187 more computational time than
eq.[12], therefore for practical purposes we have discarded these two methods in our further
analysis.

4. VALIDATION OF THE NPA MEASUREMENTS OF N (AND Ty

Having inferred the peak fast ion dengityand temperaturg, from KF1 measurements, it is
now important to compare these results with other independent measurements and theories on
ICRF heating to validate the method employed.

The simplest theoretical approach to model the distribution function of ICRF-driven mi-
nority high energy ions has been given by Stix [12] in 1975. He considered the balance between
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the resonant coercive force of the ICRF wave field and ion-electron collisional drag at energies
such that ion-ion collisions are ineffective in changing the momentum of the ions. This occurs
for ions at energieE>>E crr, Ecri=14.8ATd Sn,Z%nA] *~8.77T; hereT, andn, are the elec-

tron temperature and densifyandZ are the ion atomic number and nuclear charge, the sub-
scripti andj refer respectively to resonant and non-resonant ion species, and the sum is intended
over the latter. For typical JET ICRF heating experimégt$OkeVand the energy range of the

NPA measurements lies abdigz . In this situation the fast ion distribution function is aniso-
tropic, with T>>T ;, and slowing down acts as the only sink of perpendicular energy, since
pitch-angle scattering is negligible. When steady-state conditions are reached, the fast ion en-
ergy density iSNpas= ZN(T#T/2)=Zpasdst/2=2NT[]. Herepagsis the ICRF power density
absorbed by fast minority ionsgsp is the ion-electron slowing-down time and the sum is in-
tended over resonant ion species. The Stix model does not necessarily imply #etuld



increase linearly with the ICRF input powRggr, since the fraction of ICRF power, and hence
Pass Which is coupled to the resonant ions is itself a non-linear functiBggf[13,14]. How-
ever, one would expect thBt~(P,crr) Y v=1, if this non-linear dependence is weak. McClements
et al. analysed in [5] ICRF heating of minority protons in deuterium plasmas: by using eq.[14] to
obtain a set of values fdp they showed tha'fo:(PmF)o'ggi'o'oe. The scaling is almost exactly
linear, and in this respect there is good agreement between the measurements and the Stix model.

Purpose of the present work is to extend the analysis of McClements et al. [5] by validat-
ing the absolute measurement of the ICRF-heated ion density. We consider ICRF heating of JET
deuterium plasmas in the presence of two minority resonant ion species, background protons
and high energy deuterons due to NBI. WeTys#s given in eq.[14] and verify our result fgr
against spectroscopic and low-energy NPA measurements of the fast ion density. Finally, we
compute the fast ion perpendicular energy content using the apewel Ty and verify this
results against independent magnetic measurements. In [15] and [16] we have shown how the
measurements ok andT, provide self-consistent interpretation of the ICRF-heated ion distri-
bution functions in term of wave propagation and absorption during multispecies ICRF heating
of JET deuterium plasmas.

During hydrogen minority ICRF heating of thermal low temperature deuterium plasmas,
itis reasonable to assume [12] that a single bi-Maxwellian distribution functioywi>T ),
describes the whole hydrogen population, since hydrogen heating occurs Atgudofron
harmonic and ¥ harmonic deuterium heating 4o
is negligible in a thermal plasma with bulk ion
temperaturdp<20keV[16]. Thus we can com-
pare the proton density inferred from the high 3.0
energy NPAIn the rande3<E(MeVK1.5 nypa
eq.[15], with those inferred from the low en-
ergy NPA,now, for E<160(keV) and from
spectroscopic measurements of the thekigél
Dg line intensity rationspecs TO this aim, we
have computechyps N ow andngpecrfor a
number of ICRF-heating only plasma pulses, o5
covering a wide range in plasma parameters, 05 10 15 20 25 30 35
such as electron density and temperature, _ Mhen GO _

; L Fig.2: Comparison between the proton densjtyneas-

plasma current and toroidal magnetic field. eq by the high energy NPA the low energy NPA,
Then we have averaged these results over thmg,w (symbolD), and the H/D line intensity ratio for

different plasma pulses to obtain meaningful ©RF heating plasma pulses;fcy(symbob). The di-
agonal line indicatesyp=n, ow=Nspect FOr clarity, the

statistics. In fig.2 we present the results Oferror bars on the measurements are indicated just for
this analysis by showing the comparisonone data point. We notice that these three measurements

b d in th are very well correlated with each other in the entire
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OLow energy NPA Data
© Spectroscopic Data n

3.5~

n
wn

=
&)

18 -3
NLow, Nspect (10°° m~3)
N
o

1.0

'C) JG99.271/6¢

IN

10



O.GSnp(lolgm's)ﬁ.S. It must be pointed out at this moment that these three measurements are
not exactly equivalent: the energy range is different, the low energy NPA is a line-integrated
measurement on the plasma mid-plane across the minor radius, ahgihemeasurement is
taken at the plasma edge. However, a strong correlation between the low energy NPA and the
spectroscopic measurements has been previously established in JET [17]. We expect this to
remain valid for the high energy NPA measurements unless the procedure we are using to infer
the proton density is not correct. From fig.2 we notice a clear consistency betwgenow
andnspecy With the larger discrepancy being within their typical uncertainties, estimated to be
of the order=30%. Therefore we consider validated our method to infer the absolute proton
density in the plasma centre from the NPA measurements.

Injection of high energy deuterium atoms,Eat80keVand E=140keV into a thermal
plasma is used in JET experiments to increase the bulk ion temperature through ion-ion colli-
sions and to provide the source of donors required for active CX spectroscopy measurements.
When ICRF heating is used together with beam injection, a fraction of ICRF power is absorbed
by the beam deuterons throudﬂ Rarmonic cyclotron heating. Using the intensity of the meas-
ured radiation it is possible to compute the den-
sity of the injected deuterons. In fig.3 we com- o O CX Data oo
pare the fast deuteron densifyeastinferred 3.5
from the high energy NPApa With that in-
ferred from CX spectroscopycy, using the
same procedure as for determining the proto§ 2.5
density. Good gquantitative agreement is founé% 201
within the uncertainties of the measurements’”
However, we notice thai.y is systematically
larger thamypa We attribute this result to the 14
fact that not the entire population of injected o

1.5

deuterons undergoes ICRF diffusion in veloc- 05 10 15 20 25 30 35

© G827

IN

: . Nea (1018 M)
ity space. Therefore the fast deuteron densit _ e _
1g.3: Comparison between the fast deuteron density

in the energy range of the NPA measurements, measured by the high energy NPAsnand by
E>287keVis lower than the total NBI-deuteronCX spectroscopyh, during combined ICRF+NBI heat-
density. ing experiments. The diagonal line indicatggsAncx.

For clarity, the error bars on the measurements are in-
Finally, it is possible to estimate thegicated just for one data point. We notice that these two

perpendicular energy content of ICRF-heatetieasurements are very well correlated with each other

fast i lati b . binati qlfl the entire range of the measurements,
astion populations Dy using a combinalion §f g, = 10"m%<3.5. However, g is systematically

magnetic measurements that put differemirger than pe. we attribute this result to the fact that

weights on the parallel and perpendiculaﬁOt the entirg populgtion of i.njected deuter.ons .under—
goes ICRF diffusion in velocity space and is driven to

energy of the particles. We compute thgigher energies than those at which they are injected.
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perpendicular fast ion energy density during combined ICRF+NBI heating plasma pulses at the
2" deuterium cyclotron harmonic, following the method described in [15] and [16].

In [15] we have presented a method to solve the evolution equation for slowing-down NBI
ions under the combined effects of collisions with electrons and diffusion due to the ICRF wave
fields. We then computed the total fast ion energy content using a collisional energy balance,
which includes only losses due to ion-electron collisions as in [5,6,12,15,16]

Weast = FAZsr dVp asvia %‘TD%JF ;T”DED =Wuag - (16)
AST
Here the sum is intended over the resonant ion specie8parghais the plasma volume.
We then compare the total energy content of the measured distribution fuli¢tignwith the
magnetic measuremewy,c. A more difficult problem is related to the basic fact tHS thar-
monic deuterium heating coincides witthHarmonic proton heating: thus we have two fast ion
species, whereas the high energy NPA measures only one ion species at a time. For combined
ICRF+NBI heating experiments we routinely measure the fast deuteron distribution function:
thus we model the proton population with a bi-Maxwellian distribution function using inde-
pendent measurementsmgfny, and energy equi-partition for the proton parallel and perpen-
dicular temperatures. Therefore we obtain as in [6,15,16]
— k2

'm
. Ve Toprast » Tjjp =k—ngp :
0

Top = ToBuLK +\ mMp WoguLk +Wbrast

HereW,, WpeuLk andWpeast are respectively the electron, bulk and fast deuteron energy
density,k; andk7are the ICRF wave parallel and perpendicular wavenumbers. We computed
WrastandWyag, for the above combined heating experiments, and the results are shown respec-
tively in fig.4a for #40305, in fig.4b for #40474 and in fig.4c for #40554, together with the
applied beam () and ICRF (Rgg) heating power. We notice that the time evolutioWwgi{st
andWyac follows closely the additional heating, confirming the assumptions made in our calcu-
lation, and there is an excellent quantitative agreement betWggr and Wy ac within the
uncertainties of the NPA and magnetic measurements.

5. CONCLUSIONS

High energy NPA measurements are routinely used in JET to deduce the energy distribution
functions of different ions in the ran@e3<sE(MeV)3.5. Previous work [5] demonstrated that
the perpendicular temperature of ICRF heated protons deduced from NPA measurements is in
good accord with the well-established Stix theory [12,14] and the magnetic measurements of the
fast ion energy content when the proton density is taken from independent measurements.

In this paper we have extended the previous work of McClements et al. [5] to determine
the density of resonant ion species, with the aim to provide self-consistent interpretation of the
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absolute magnitude of the fast ion distribution function during combined ICRF+NBI heating
experiments. We have developed an analytic calculation to infer the absolute fast ion density in
the plasma centre by unfolding the NPA measurement, which is line-integrated along the line-
of-sight and volume-averaged in the observation solid angle.

Applying to combined ICRF+NBI heating experiments where two minority resonant ion
species, hydrogen and beam deuterons, are present, we have shown that (a) the absolute fast ion
density measured by the NPA agrees well with independent spectroscopic and low energy NPA
measurements of the two species, and that (b) the energy content of the resonant ions deter-
mined self-consistently using the NPA measurements is in agreement with independent mag-
netic measurements of the total fast ion energy content.

These results further contribute to validating the 1IN model [8], which forms the basis for
the interpretation of these NPA measurements. In addition to that, we have successfully applied
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the analytic tools developed in this paper to the interpretation of measurements of hydrogen
isotope ion distribution functions during multispecies minority ICRF heating experiments in the
JET tokamak [15,16].
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