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Abstract. The Fusion Advanced Study Torus (FAST) has beepgsed as a possible European satellite facility to
study in deuterium plasmas fast ion physics in @@ relevant to a burning plasma. Energdtle particles, with
dimensionless parameters close to those of therfusirn alphas in ITER, can be produced in FAST30aMW
power ICRH minority heating. This work providesiest assessment of the extent to which¥e fast ion popula-
tion can be diagnosed in FAST with a set of dedit@bnfined fast particle diagnostics. Neutron Eiois Spectros-
copy (NES), Gamma-Ray Spectroscopy (GRS) and Géedhomson Scattering (CTS) diagnostics have lveen
viewed with a description of the state-of-the-aatdware and a preliminary analysis of the requinegls of sight.
The results of the analysis, based on numericallaiions of the spatial and energetic particleriigtion function
of the ICRH-accelerated ions for the standard FABMode scenario, suggest that NES and GRS measuisnan
provide an information on the anisotropy of the fae population and a | measurement of its effedtiltempera-
ture, with time resolutions in the range 20-100 fiise proposed CTS diagnostic can measure thedagparallel
and perpendicular temperature with a spatial réieolwf 5-10 cm and a time resolution of 10 ms. Ppaper provide
a scientific basis for the predictions of FAST daipty in the production and diagnosis of energétias.

1. Introduction

The Fusion Advanced Studies Torus (FAST) has beepoged as a possible European satellite
facility with the aim of supporting the ITER prognaand investigating physical and technological
issues relevant to DEMO [1]. FAST is a compact Toék (R=1.82 m, a=0.64 m) with high tor-
oidal magnetic field (up to 8.5 T) and plasma aotr(@p to 8 MA), equipped with 30 MW of ad-
ditional heating in the form of lon Cyclotron Resmge Heating (ICRH) [2]. Plasma edge/ELMs
characteristics similar to those of ITER and adosyain of up to 1.5 are foreseen in the FAST H-
mode scenario [1]. One of the main objective of FASthe study, in deuterium plasmas, of fast
ion physics in conditions relevant to a burningspia. FastHe particles with dimensionless pa-
rameters (normalized Larmor radiys;, and plasma pressuigy) close to those of the fusion-
born alphas in ITER can be produced in FAST viaHQRinority heating [1,2]. This paper inves-
tigates the possibility of diagnosifigle fast ion populations in FAST with a set of dedkd di-
agnostics of confined fast particles: Neutron EmissSpectroscopy (NES), Gamma-Ray Spec-
troscopy (GRS) and Collective Thomson Scattering)C Other diagnostics techniques of the
fast ion population, like charge exchange recontlmnaspectroscopy and lost fast ions probes,
are also envisaged in FAST but they are not digclgs the present work. Taking as input nu-
merical simulations of the spatial and energetambpbility distribution function of the ICRH-
accelerated particles [2], the corresponding speatiserved by the set of diagnostics have been
simulated and the observables related to the ¢astdils have been analyzed, with the achiev-
able spatial and temporal resolution.

2. Energeticion population produced by ICRH

The FAST operating scenario considered for thislysia the H-mode reference (Table 1, [1]).
This scenario reaches the L to H mode power thidshibanks to a large ICRH power which
heats the minority (1 to 3%He specie. Simulations of the plasma/IC wave intésa and of the
collisional slowing down of the created minorityitail have been performed in [2] considering
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30 MW of ICRH coupled power and 67 MHz of resonafreguency. Results for thiéle Prob-
ability Distribution Functions (PDF) indicate that such conditions the resonance layer is cen-
tred atp=0.28cm p being the square root of the normalized poloidak flunction) and that a
large fraction £50%) of the minority’He ions can be accelerated up to temperatures aheve
critical energy, thus making electron heating tt@menergy transfer mechanism [2]. By using a
bi-Maxwellian parameterization of tfele PDF in terms of Jand Ty, it is found that the perpen-
dicular temperature of the heat#de population reaches about=I700 keV after 9s of applied
ICRH power, with a parallel temperature of aboutké®, as shown in Fig. 1. The ICRH power
deposition profile is rather peaked, as indicatgdh® narrow effective temperature profile of
Fig. 1. As often happens in the fast ion populatoopelerated by ICRH, the PDF is strongly ani-
sotropic. This effect is evident from Fig. 2 where can see that the high energy tail of the PDF
changes strongly with the pitch an@lebeing higher fob close to 98 The simulated spatial and
energetic’He PDF has been used as input to predict the spebserved by the set of selected
fast ion diagnostics.

Oy

Hmode Hmode __ eo:
reference extreme g so:
I, (MA) 6.5 8.0 5 %
Jos 3 2.6 g 30; =
B (T) 7.5 85 £
Hgg 1 1 800‘5 3
Pnu (MW)  14-18  22-35 <} <.
1e(S) 0.4 0.65 %600: = .
To (keV) 13 9.5 g r it 1
0.65 1.5 2% 4 1 °
touise (s) 20 13 %_ 200 1 -7
tra (S) 13 20 B N e e e e
PAUX (MW) 30 40 00 02 04 06 0.8 1 Energy (keV)
Table 1: FAST H-mode plasma scenarios [1]. Fig. 2: (colour on line) Simulated steady

Fig. 1: (colour on line) Time evolution of the ptes  State°He PDF p=0.28 for FAST H-mode
(top) and perpendicular (bottom) effectiiée tempera-  reference plasma scenario. The distribu-
ture versus the normalized radial positipnfor the SH  tion function is shown at different pitch
reference plasma. Also shown is the bulk ion teatpee ~ @ngles ¢) together with a Maxwellian dis-
(dotted dashed line). tribution of bulk D ions.

3. Diagnosis of fast *He population

For the diagnosis of the fa$te population, the role of possible Line Of SighD8) have been
investigated. Two combined LOS for GRS and NES mhatjics have been studied: i) a vertical
LOS (looking the plasma from an upper vertical pait a distance of about 3.5 m from the
plasma core, with a 1m long/40mm inner diametelimator; ii) LOS parallel to the magnetic
field, which should be regarded as a limit caseafpossible LOS to be inserted on an equatorial
port. Three LOS on the equatorial plane are inspeagosed for the CTS. In the case of the GRS
and NES, the’He population is modelled with a “cut” anisotropitaxwellian population of
temperature Je and a Gaussian pitch angle distribution centre@faf3]. The observables are
thus the effective tail temperaturesuf for NES and GRS diagnostics, and,(T)) for the
CTS.

3.1 Gamma ray spectroscopy of *Heions
In fusion plasmas gamma ray emission comes frowctiozs between fast ions and impurities of
the type a(A, b)B where a indicates the fast ion, A the impurity and B* the excited nucleus
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Level Energy (keV) 1lB

L1 2125 = 1 T T T T

L2 4445 22mlev 5

L3 5020 ——— 13 =

L4 6743 Eoc &

L5 6792 283? ;eV aasskev L2

L6 7286 6743 kev s (00 =

L7 7978 0% . 4 . Do

L8 8560 2125 keV 'g

L9 8920 (100%) 1 2 3 4 5 6

S =t__vi3_
Table 2: List of the first eleven  Fig.3 Level scheme for the first Fig.4 Differential cross section
B energetic levels. four excited levels of'B with  dold@(6=90°) for populating

branching ratios ang’energies. the third excited state o1B.

produced by the reaction [4]. Different kinds ofomnmation can be extracted from the measured
spectrum. For instance, the identification of cheastic gamma ray peaks is a footprint of fast
ions exceeding the threshold energies of the @astiwhile peak intensities contain a combined
information on both the fast ion density and terapge, beside the impurity concentration. The
most detailed level of information is obtained by tDoppler broadened shape of the observed
emission lines, since it can provide an independesasurement of the fast ion temperature.
Doppler Broadening measurement of fast ions has pegposed about 20 years ago [4], but the
observation and interpretation on a fusion plassrmacent [5]. The analysis carried out in [5] has
shown that changes in the peak shape strongly depethe detailed differential cross section of
the underlying nuclear reaction.

A study of the cross sections involving energ@tle ions andBe has indicated that reactions of
the kind®He(Be, xy)Y can be used for diagnosing tfide population of FAST. The reactions
among®He and'“C impurities, which have been measured at JET in[5eand can provide a
measurement ofsfie, have been discarded since FAST has a Tungstémeathus™“C impuri-
ties are not present. Also beryllium is not presentmpurity in FAST, but it can be evaporated
from the walls as done for instance at JET [4]pémticular, the®He(Be, p))*'B reaction, has
been selected for the present study for the readestibed below. Thi#He(Be, py)*'B reaction

is exothermic and its Q value (10.32 MeV) excedgsanergy of the first 14 excited states &
nucleus. Due to the high Q value sevétBl excited states can be populated by the reactidn a
yield gamma rays through cascade transitions tasvérel ground state (See Table 2 and Fig. 3).
Despite the high Q value, the Coulombian repulsietween’He and’Be ions makes the cross
section for this reaction negligible fordg>1 MeV. This means thaHe ions in the tail of the
energy distribution are main responsible for thenge ray emission.

Cross section data for this reaction based on e@tel measurements are available in the litera-
ture [6] for severafHe laboratory energies. Measurements include Hathekcitation function
do/dQ(8..»=90°) over the laboratory ranges&=1-6 MeV and the differential cross section
do/dQ(Esne0). Cross section data are available f* levels up to the 8 excited state, except
for gaps in the data for the first two states i thnge B4e<3 MeV. Such lack of data for the first
two excited states, which are important due toctieacteristics cascagiemission, preclude the
study of the diagnostic information provided by tiedative intensities of the differegtpeaks.
Therefore, in the present study, fane Doppler broadening has been chosen as the diag-
nostic observable to evaluateyd They ray line at 5.020 MeV (L3 to ground state tramsi)ihas
been chosen as the main diagnostic observableatoate the effective tail temperature®sie
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at p=0.28 for two viewing angles
relative to the magnetic field.

ions (Tsne). This transition offers the advantage of a nelglgycontribution from higher excited
states (less than 1%), good availability of difféi@ cross section and a higher absolute spectral
broadening compared to loweray energies. A feature of thiHe(Be, p)*'B excitation func-
tion for the L3 state (see Fig. 4) is its mild aion for Bre>2.5 MeV, after a sharp rise between
1 and 2 MeV. This is in contrast with reactions ethare instead dominated by strong resonances
in the cross section, which is a feature identifesda limitation to the possibility of measuring
temperature in wide ranges from the Doppler broadgreak shape [5].

A set of simulations have been performed to cateullaey emission spectrum produced by ani-
sotropic Maxwellian populations 8He ions with different 3. values and a Gaussian pitch an-
gle distribution centred at 8@ith FWHM=10°, for a 1%’Be concentration. Results shown in
Fig. 6 indicate that thesfiedependence of ttspectrum broadening (&2.355¢ with o standard
deviation of they peak) can be heuristically described by the cilke25(Tsne) ** (here both
W, and e expressed in keV). Asfie increase from 100 to 600 keV corresponds to agdham
Wy from 70 to 105 keV. Note that the weak variatidni\g, with Tspe at higher temperature re-
quires that the GRS measurement should be comptethday other type of tail temperature
measurements (e.g. NES, see Section Sijulations have been performed using#ie PDF
for the FAST H-mode reference scenariopaf.28. The 5.02 Me\y spectral shape depends on
the relative angle between the LOS and the magfiet; as is shown in Fig. 7. The observed
difference in they peak shape reflects the anisotropy of #e distribution created by the ICRH
acceleration mechanism, which provides a prefakatiergy transfer to the particle perpendicu-
lar motion. An additional LOS looking at the plasmigh some inclination with respect to B field
would be useful to study of the anisotropy of tHe population.

The measurement of JWith the needed accuracy (<10%) is challengingraqdires a high en-
ergy resolution gamma ray spectrometer togethdn wigood stability of the spectrometer re-
sponse function. It is proposed to use Lafiintillation detectors equipped with a digitatjarsi-
tion system. Such choice combines a good energyutesn (R=50-75 keV at 5 MeV) [7] with
low sensitivity to neutron background, good detectefficiency and high count rate capability
(>MHz) [8]. The 5.02 MeV flux at the detector pasit along the vertical LOS has been esti-
mated to be about MY yiSém?, which provides a time resolution for the measieenof Tein

the range 25-100 ms with statistical uncertainireshe range 5-10%. The above estimate is
based on an upper limit of the detector count cafability of 2 MHz [8], a detection efficiency
of 30% at 5 MeV and assuming the ratigs ¢Cywot [0.1, Where G o2 and Gyt are the recorded
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5.02 MeV and total count rate in the energy randel0 MeV, respectively. The statistical un-
certainty on the determination o Eis due to the uncertainty in the determinationhaf $pec-
trum broadening, i.e.ATzndTane= 4.4 -4AW,/W,; for a Gaussian spectrum the relation
AW, /W, = (2N)2.(1+R/WP) holds [9], whereV is integral number of counts in the 5.02 MeV
peak andR is the spectrometer energy resolution.

3.2 Neutron emission from ®He knock-on reactions

In D plasmas neutron emission comes from the fustaation d+e>n (2.45 MeV)+He (0.82
MeV) and the neutron energy spectrum reflects tiergy distribution of the deuteron popula-
tion. Besides the thermal Maxwellian distributidhe deuteron PDF can present suprathermal
populations (d’), caused for instance by exterrestimg. As a result, the neutron spectrum is
made of a Gaussian shaped thermal region centr2d@&tMeV and a suprathermal component,
extending to higher neutron energies and resuftomm the reactions d’+d and d'+d’ [10]. In D
plasmas with’He ions present as minority species and ICRH tuatadse fast®He ions can
transfer energy to d ions through knock-on collisidHKN, see Fig. 5) [11]. These events,
though rare, are effective in transferriagergy to the deuterons and generate an anisottopic
population that resembles the anisotropy of e source (see Fig. 8). Simulations of the neu-
tron emission at the centre of tfide resonance ([11]) have been performed for the TFAS
mode reference scenario for angles of 0° and 9@five to the magnetic field (Fig.9a). The re-
sults indicate the presence of a suprathermal H&Nponent with intensity (above 3 MeV) ~8%
of the thermal emission and an energy tail extemdmto 6-8 MeV. As expected the high energy
neutron tail becomes wider when passing from BQbdue to the anisotropy of the d' popula-
tion that has been preferentially accelerated peligalarly to the magnetic field.

From the broadening of the thermal component thle Duon temperature jTcan be inferred via
the well known relation: \W82.5(T;)">. The slope and intensity of the HKN part of theitnen
spectrum is instead related tend It is interesting to note that the HKN measurets@an well
complement GRS measurements fgr.>600 keV, since the HKN signal increases (higher i
tensity and wider tails) with increasing4E as shown in Fig.9b for the case of single Maxwalli
*He PDF. A more detailed study of the dependenddeHKN component with e is still in
progress.
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Several neutron spectrometers have been develop&ES measurements on D fusion plasmas.
For Ti measurements time-dlight (TOF) neutron spectrometer and compact spaatters can
be used. An estimate of the 2.5 MeV neutron fluthatproposed NES detector position in the
vertical port yields a value of ~1.8%10-s-crif; with such flux, a time resolution on Th the
range 20-40 ms with statistical uncertaifgBfb is expected (TOF case [12]). For the detectfon o
the HKN component, neutron spectrometers featuomger detection efficiency but an higher
sensitivity to weak components are needed, sudbrasstance those based on thin foil neutron
to proton converter [13]. From the predicted HKNxfland given the spectrometer efficiencies
(010%) a preliminary estimate of time resolution ogudof 25-100 ms with 5-10% statistical
accuracy is expected.

3.3 Collective Thomson scattering

The Collective Thomson Scattering (CTS) is an &ctliagnostic in which the high-power beam
generated by a mm-wave gyrotron is injected ineoglasma and the scattered ‘beam’ propagat-
ing along one or more LOSs is collected. The infation on the ion velocity distribution comes
from the Doppler broadening of the scattered ‘beddTS diagnostic will provide space- and
time- resolved information on the dynamics of thstfion population generated by ICRH. The
configuration proposed for FAST is similar to theedoreseen for ITER [14] and basically con-
sists in a backscattering geometry (transmitting) i@ceiving antennas accommodated in a single
port) with propagation below the fundamental Elect€yclotron (EC) resonance. The CTS spec-
tra broadening depends on both the scattering amgléhe unidimensional ion velocity distribu-
tion along the scattering vector direction, defitgdthe difference of wave-vectors of the scat-
tered and incident beams. Two different receivi@SLwill be used to characterize the paral-
lel/perpendicular components of the anisotropic RiDEhe fast ion tails. The spatial profile of
the ion tails will be also obtainable thanks toidenscanning capability of the receiving antennas.
The proposed geometry has been studied in vielWweoplasma accessibility, the sensitivity to re-
fraction and low level of background EC emissidrfeatures three LOS from an equatorial port
for the millimetric-beam antennas. The one forghebe is directed from the port extreme (right)
edge near the equatorial plane aiming at the plasmize with a toroidal angle around 20° (to the
left). In Fig.10 the side and top views of the FA®cuum vessel shows the projection of the
probe beam and the lines for receiving the scattexgiation from the centre and from the plasma
periphery (the projections, in two shades of greesults superimposed in side view). The beam
trajectories have been evaluated with ray tracisiggithe code SPECE [15] for different fre-
guencies (see Figs.11 and 12) and are not verytiserte the frequency, as required for collect-
ing a scattered radiation over a spectrum a few ®lde, avoiding spectral distortions. The tor-
oidal angle of -20° is aimed at avoiding the cutfotind already for an angle of 30° (see Fig.13).
The first receiving antenna is vertically displacedth a scanning capability in the toroidal and
poloidal directions in order to keep the alignmetien moved along the probe beam. In such a
way the spatial distribution of scattered radiattan be analyzed with a scattering vector forming
angles with respect to the magnetic field directibmround 125°. For a given magnetic field di-
rection, the sign of the toroidal angle of the reed beam influences the sensitivity of refraction
to frequency and ECE background level. As seenignlE, while oblique rays at different fre-
quencies, chosen between 100 and 120 GHz in stepgpexhibit almost the same trajectory
for -20° (red lines in Fig.10) they show a wideresggl e for the +20° (blue lines). Moreover, as
will be shown below, the level of scattered radiatthat is much lower for —20°. The second of
the two receiving antennas will be placed at thgeeaf the port that is toroidally opposite to the
first one. When scanning spatially the probe baamangles described by the scattering vector

-6 -
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with respect to the magnetic field span from 11l®about 95° (from the center to the plasma
edge). Propagation in the direction perpendicwdathe magnetic field, where the spectra might
be affected by modulations, is in this way avoidegrthermore, sufficient margins are available
to recognise anisotropies of the velocity distribnitof the fast ions by comparison with results
provided by the first receiving antenna (see Fig.Ibe frequency of the source and the power
level required to optimize the Signal to Noise (Bratio have been investigated and compared to
the background EC emission, the main source ofenmisCTS. Estimates performed with the
same SPECE code [15] for the X mode required toatpeCTS at the very high densities of
FAST plasmas, indicate that a source frequency@ldi®® GHz will be needed to avoid strong
refraction. In Fig.14 the ECE background leveltfoe plasma parameters of interest to the FAST
H-mode reference scenario [2] is shown as a funatibfrequency, for LOSs respectively per-
pendicular, oriented at £20° in the equatorial plamd oblique (up-directed). As already antici-
pated, a significant difference is seen in term&GE background between the propagation at
+20° and that at—20°. This lower background levasthe main motivation for the choice of the
minus direction for the toroidal receiving line.

The ECE background level has to be compared wehwo components of the scattered signal
associated respectively to the bulk ions and tee’fée ions. While much stronger, the signal due
to the bulk ions is limited to a (double-sided) thaidth of +1.5 GHz about the probe frequency.
The weaker signal due to the fast ions insteadnéstéo a (single-sided) bandwidth of 8 GHz,
above which the electron feature becomes domimatitel spectrum. A bandwidth as wide as 6.5
GHz is therefore available for the CTS measurem@itaulations of the CTS spectra and esti-
mates of the S/N have been made accounting for ipl@wels of 1 MW, as presently deliverable
by mm-wave gyrotrons, and assuming optimized cbtiacof the scattered radiation. As shown
in Fig. 15, while the bulk ion spectrum is expectedvercome the ECE background for probe
frequencies up to 115 GHz, above 100 GHz, the mimnfrequency for avoiding cut-offs, the
fast-ion feature is always below the ECE backgro@igen that the ECE emission cannot be re-
garded as constant over the required spectral rangiehus cannot be easily subtracted, modula-
tion of the probe power in connection with synclumes detection has to be used to discriminate
the scattering signal from the background. The B/M representative channel is readily esti-
mated using the formul®/N=Ts/( Ts+ Tr¢ + Tece)-(B)"? [16] where Tn is the noise equivalent
power of the receiver (Tn~1e\),is the heterodyne efficiency (~0.5)cE is the ECE radiation
background temperature, B is the bandwidth of tlenoel of the filter bank, is the integration

-7 -
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different toroidal angles in FASTespect to the radial directionPDF with T=700 keV and T=350
conditions. and oblique, up-directed). keV, respectively.

time of about 10 ms, a S/N above unity is foun@ady for frequencies between 100 GHz and
120 GHz. A standard mm-wave gyrotron with 1 MW moah power and a frequency of 110
GHz should therefore be suited to the requiremehEAST, offering the possibility to carry out
detailed studies of the fast ion dynamics with atispresolution in the range 5-10 cm.

4. Conclusions

A first assessment of the extent to which fast populations can be diagnosed in FAST with
Neutron Emission Spectroscopy, Gamma-Ray Spectgsaond Collective Thomson Scattering
has been presented in the present paper. Startingrfumerical simulations of the spatial and
energetic distribution function of the ICRH-acceted minority°He ions, the corresponding

spectra observed by the set of diagnostics have sierilated and their sensitivity to the fast ion
tail discussed. Results suggest that with suitidedeof sights and combining the information pro-
vided by the three diagnostics, the temperatuteefHe population can be diagnosed with time
resolution in the range 10-100 ms and 5-10 cm alpasolution.
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