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ABSTRACT

A synthetic diagnostic model for the simulation of energy gitch angle resolved measurements
of fast ion losses obtained by 2D scintillation-type detesis presented and subsequently tested
on a JET discharge with fishbones (previously documentedanelz von Thun Gt al Nucl.
Fusion 50 (2010) 084009]). The simulated energy and pitch angleilligions at the detector are
found to be in excellent agreement with the measurements.

INTRODUCTION

To achieve ignition (or high Q-values) in a D-T operated negnconfinement fusion device and
prevent damage to plasma facing wall elements [1], it is s&@g that the fast (i.e. suprathermal)
ions generated through auxiliary heating and fusion bgrhaparticles remain confined until they
transfer their energy to the plasma. Electromagnetic fieltlypbations generated by the presence
of instabilities in the plasma can lead to a premature losisefast alphas, either through resonant
or non-resonant wave-particle interaction processes|[2r8tokamaks one such instability are
fishbone oscillations [4,5]. Resonant fishbone losses areamsidered to be a source of concern
for burning plasmas because they are predicted to invollyerelatively low energy (few hundred
keV) alphas [6]. However, in [6] it was also pointed out thahrresonant losses of fusion prod-
ucts by fishbones may become an issue, as they could affdutier energy part of the fast alpha
population. These fast ion losses are predicted to ariséodihe loss of toroidal symmetry of the
magnetic field configuration in the presence of the mode.dddmcreased fusion product losses
in the MeV range have been reported on a number of machinks présence of fishbones, includ-
ing JET [7-10]. In the case of [10], the losses were charaetmwith the help a 2-D scintillator
diagnostic for lost ions [11], shown in figure 1, assessingdrticular the energy and pitch angle
distribution of the losses, their scaling with the fishbormghtude as well as the losses’ temporal
evolution during a fishbone cycle. Also in [10], results fraonmerical simulations were presented
which, using a number of simplifying assumptions, aimedeateducing the experimental mea-
surements. The simulation results were mostly in broadesgeat with experiment, but some of
the predictions could not be reconciled with experimemagshis model. This article is a contin-
uation of that work. Compared to [10], an improved numerinaldel has been used through the
development of a synthetic diagnostic model for the s¢atal probe which has been incorporated
into the HAGIS (v10.04) orbit following code and replicatestter the actual working principle of
the diagnostic. The paper is structured as follows. Secpoesents the numerical model used,
with emphasis on the synthetic diagnostic module whichicefds the scintillator probe inside
HAGIS. In section this model is applied to a test case digghand the outcome compared with
experiment. In the final section a summary of results is gled] the conclusions are drawn and
an outlook for future work is given.



NUMERICAL MODEL

A time dependent 3-D magnetic configuration is constructeduperimposing the perturbation
field of an internal kink mode (whose radial eigenfunctiomigood approximation for the fish-

bone) to the axisymmetric equilibrium. Here, the radiakeilginctions are computed by the linear
MHD code MISHKA-1, which solves the ideal incompressible Blldquations. To reproduce a
typical fishbone cycle, the obtained eigenfunctions aréedcanalytically with a time dependent
amplitude and rotation frequency [12]. The amplitude iscHje through a third order polynomial

as follows. Fort < t.;:
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whereA = 5BT/BO is the radial perturbation amplitude (normalised to the medig field on axis),
tsat IS the time at which the maximum fishbone amplitude,, is reached, ant,.i.q is the total
duration of the fishbone. The waveform appearance is ifitestrin figure 2. The perturbation
frequency is chosen to decrease linearly in time over thédisé period.

The drift-orbit following code HAGIS [13, 14] follows an eesble of fast particles in the time
dependent magnetic field configuration throughout the duraif a fishbone cycle, where the
initial fast particle ensemble is computed externally byokker-Planck Monte Carlo solver (for
the example presented in section this code is SELFO). Irr ¢odg&mulate the scintillator probe
measurements, a synthetic diagnostic model has been anl#d2lS, whose layout is shown in
figure 3. Each time a guiding center crosses a pre-defineddmdal planeZ = Z,oh., HAGIS
computes the ion’s Larmor radius and checks by how much tliggucenter distance to the probe
entrance slit (centered &t,,one, Zprone) deviates from the Larmor radius. If this deviation is less
than a given tolerance value (this value determines theteféeradial width of the probe slit in
the simulation), the ion is pre-selected. In reality, theiacwidth of the probe slitis 0.6 mm, but
the tolerance value used here was set to 1 cm in order to iraghevsimulation statistics. For
the same reason, in the model the probe slit is chosen to lhemoadally localised (so we assume
toroidal symmetry of the losses), whereas in reality theittal extension of the probe slit is a few
mm only. Furthermore, it is ensured that each ion can be tdet@nly once (recurrent detections
are ignored). In practice some of the ions would have beeactit also in the absence of a
perturbation. These ions are discarded through compangbra reference simulation for which
the perturbation field has been switched off. The collimafane real scintillator probe is designed
in such a way that only ions whose gyroradius and pitch angheithin a certain range (3-13 cm
and 35-85 degrees, respectively), can actually hit thetiBator plate, so ions which fall outside
this range are discarded in the synthetic diagnostic. Foceessful detection the ions also need to
be reaching the slit within an allowable range of gyrophdsesincidence angle must not deviate



by more than approximately 25 degrees from the slit planenar This is ensured by requesting
that the guiding center does not deviate by more thai2 from Z,,,,. for detection (shaded area
in figure 3). In practice AZ is not an explicit parameter, but its value has been fixedaatly
by adjusting the numerical stepsize when computing the trdjectory. Here, the value af7/2
was approximately 1 cm. An important approximation that tatte made concerns the probe
location. As for the discharge analysed here the actualepesitrance is away from the plasma
boundary by more than a gyroradius, and since with the HA@ISign available for our studies
it was not possible to compute orbit trajectories outsidesttparatrix, it became necessary to shift
the probe position radially inwards by 7 cm. The impact o$ thitificial shift on the simulation
results will be assessed later. It is finally noted that tleisrgetric description is different to the
one used previously in [10] (there, the criterium used féec@n was that particles had to cross
the separatrix within a range of poloidal angles in the vigiof the probe0° < ¢ < 60°), and
that the new model replicates better the actual workingcgple of the scintillator diagnostic.

APPLICATION TO JET DISCHARGE

We have repeated an earlier analysis done for JET disch@df#g6documented in detail in [10],
with the improved numerical model. A brief review of the diacge characteristics and main ex-
perimental findings is given here for convenience.

Discharge 69100 is an ELMy H-mode discharge with conveali(fully relaxed)q-profile. During

its flat top ¢ = 21.0 — 23.4 s) the discharge parameters are as folloffig= 2.7 T, I, = 1.2 MA,
edge safety factayy; ~ 6.5, normalised betgy = 2.6, poloidal betas,, = 1.8, Greenwald frac-
tionn./ngw = 0.77, triangularityd ~ 0.4. The plasma is composed of 95 percent deuterium and 5
percent hydrogen (inferred from visible spectroscopy mesasents at the plasma boundary). The
auxiliary heating consists of 15 MW of NBI (deuterium, maxX30lkeV injection energy) and 6
MW of coupled ICRH (42 MHz, giving for the hydrogen minoritycantral resonance position 28
cm inboard of the magnetic axis). The neutral particle as&lyNPA) diagnostics show negligible
second harmonic deuterium acceleration, which is in agee¢mith PION [15] and SELFO [16]
simulations. Fishbone bursts are repeatedly observeddhout the flat-top phase. Their occur-
rence is accompanied by a temporary increase in fast ioesadstected by the scintillator probe
(figure 4). Neutron emission traces and also ICRH-free eefez discharges demonstrate that the
fishbones are driven unstable by neutral beam injected este However, any neutral beam
deuterons lost from the plasma (e.g. due to resonant ink@naweith the fishbone wave field) will
not be detected by the scintillator diagnostic as deutevatis F, < 200 keV are blocked by a
gold foil with 1 zm thickness mounted at the probe entrance. Instead, thfaktsses seen on
the scintillator probe are identified as ICRH-acceleratemtgns in the megaelectronvolt energy
range, which become lost due to non-resonant wave-pantiteeaction [10].

For the simulations, the proton distribution of ICRH-aecated protons in the plasma has been
computed with the SELFO code for this discharge. The resuliistribution has been validated



against NPA measurements by comparing the perpendiciiléertgerature (mean energy in the
perpendicular degrees of freedom) of the simulated digioh along the NPA's line of sight with
the actual NPA measurement. Within the measurement umtgrtaxcellent agreement is found
between the two tail temperatures (249 keV by SELFO, 2485 keV by NPA).

The magnetic perturbation field computed by MISHKA (intérkiak mode including poloidal
harmonics—2 < m < +4) is superimposed to the 2D equilibrium using the followirsggmeters:
tsat = 1.8 MS, tperioa = 11.0 MS, foary = 7 KHZ, fona = 2 kHz, whereasA,,; has been varied
betweer).25 — 1.50 x 10~2 to cover the full range of fishbone amplitude values obseiwvelis-
charge 69100. Here, the first two parameters have beenadfdmrectly from magnetic fluctuation
traces, the third and fourth parameters are the fishboneifitioh frequencies after deduction of
the core plasma rotation near the= 1 rational surface (from charge exchange recombination
spectroscopy). Finally, the value df,; = 53«7%/30 has been obtained by matching the mag-
nitude of magnetic flux surface displacements ingjde 1 (visualized through Poincare plots
of magnetic field lines in the 3-D perturbed equilibrium) teatron temperature profile displace-
ments at the time of maximum fishbone amplitude measuredamtarray of ECE radiometers.
The electron temperature profile displacements are in tio@imeed using the expression

T,
VT

§ (3)

which neglects plasma compressibility [17]. It is notedt thee distortion of the total magnetic
field (ECE measurement position) as a result of the fishborterpation is negligible, and that
the plasma is optically thick at the location of interesttls® ECE signal responds indeed only to
electron temperature variations.

The simulation results are as follows. As in the earlier $atians (cf also [10], figures 12 and 13),
two orbit types are the main contributors to the detectegdss(a) trapped protons whose outer
orbit leg runs close to the plasma boundary (and thus weea@yrpassing by in the vicinity of
scintillator diagnostic), and (b) from counter-passingtpns deep inside the plasma which transit
into a trapped orbit similar to (a). In both cases the orlstattions are found to originate from
non-resonant wave particle interaction. Figure 5 comptregneasured and simulated energy
distributions of lost protons for one of the fishbones in fegdr It can be seen that the agreement
between the two is excellent. The simulated losses follavgadly the measured curve almost
over the entire energy range. Only at the highest energi@sMeV) the losses are somewhat
underestimated. Compared to the old simulation resultsytitcch good agreement was only found
if the core losses were artificially omitted, this consgtuié major improvement. The earlier results
suggested that the core losses were being overestimatetthose have in fact not diminished in
the new model. Hence, the improvement must come from the acangrate geometrical treatment
for the losses selection.

The analogous comparison for the distribution of detectetbps as a function of the pitch angle
related orbit invarianf = p,,, Bo/E = By(1 — cos*9,)/B (wherep,, is the magnetic moment



is the proton energy3, andB are the magnetic field on axis and at the probe location, ctspgy,
andd, is the pitch angle) is shown in figure 6a. The plot includesddition the initial SELFO
distribution of protons in the plasma. Once more, the agesgrhetween the measured and the
detected losses distribution is excellent. Not only haeesimulated losses the right shape (except
for the regions far away from the maxima, where HAGIS undereges the losses), but even the
slight shift (AA ~ 0.08) seen on the measured losses towards lowgalues when comparing
with the distribution inside the plasma can be reproducedhi& point, however, it is important to
remember that the synthetic diagnostic position had badicilly shifted by a few cm towards
the plasma. To assess the shift's impact, separate rungp@doemed in which the position of the
probe was scanned radially, moving it further towards tlaesmpla in small steps of about 2 cm. It
turns out that while for the other results shown in this ét{e.g. the energy distribution) the probe
position adjustments have a negligible effect on the ptixuhis, for the pitch angle distribution
it is not negligible. What is observed is that the detectestés distribution remains Gaussian-
like, but its shift with respect to the initial proton didiution varies. This is further illustrated in
figure 6b, where the position of the Gaussian peak is plotj@ihatR,.... The trend is that the
further outboard the probe is, the bigger the shift. Lineartrapolating the simulation results to
Ryone = 3.821 m, we obtain a good match with the actually measured valuga(gg, to within

A = 0.01. Overall, it is concluded that both for the energy and thetpéngle distributions, the
simulations are in very good agreement with experiment.

A comparison of measured and predicted proton losses péofighas a function of the fishbone
amplitude parameted,,; is shown in figure 7. The experimental data in this plot wasiolet
from a sample of 26 fishbones in discharge 69%06 ¢2.170 — 23.110 s), for which the obtained
amplitudes range from.3 — 1.2 - 10-2. A polynomial fit to the experimental data with linear and
guadratic components yields essentially a purely quadimatrease of the losses with amplitude
over the entire amplitude range. For the simulation datajadgtic dependence of the losses
is found as well at amplitudesB, ,,../By > 0.75 - 10-2. However, ford B, nax/Bo < 0.75 -
102 the simulations predict a linear dependence (highlightethe dash-dotted line) which is
not corroborated by the experiment. The change from linegueadratic losses with increasing
mode amplitude can be understood in terms of a transition frear-boundary losses to stochastic
(diffusive) losses, as described in [18] (see also [13] d®)[ but keeping in mind that the wave-
particle interaction is here non-resonant. The amplitieteliour shown in figure 7a is essentially
the same as the one reported with the previous model [10]dtihe difference being that the
absolute number of detected losses predicted by HAGIS hasmmoeased by about a factor 4; for
this comparison, however, the absolute level of lossesimportant as the scintillator diagnostic
is not absolutely calibrated and the experimental data irdiy is scaled in a.u.). It has been
argued in [10] that a mismatch between the simulated andxperienentally inferred values of
Asat, €.9. through neglecting the parallel plasma compredsikig unlikely to be the cause for
this discrepancy.



Another unresolved discrepancy that persists despite tdtkehimprovement and that we mention
here for completeness is related to the temporal evolutidosses during a fishbone cycle. As
had been reported in [10] (figure 14), the simulated lossek peforet = t., i.e. before the
maximum magnetic perturbation is reached, whereas expatatly the scintillator signal tends to
peak at the time when, or slightly after, the maximum magngdrturbation is reached. Clearly,
despite now being able to predict correctly the energy atch@ngle spectra of the losses, the
improved geometrical treatment has not been able to reslobse latter discrepancies, pointing
towards a deeper physics element which is still missing énsiimulation codes, or, alternatively,
to an unidentified hardware source. For the latter, one plessandidate would be the scintillator
material itself (P56, or YOs;:Eu**), which has a relatively long phosphorescence decay tin2e of
ms. This may lead to distortions of the overall light outpelhaviour for fast events which however
wouldn’t show up on the energy and pitch angle distributiczasurements [20, 21]. Efforts are
underway to install a new faster scintillator material (Beeen, or SrGi#5,:Eu?*), previously
deployed on ASDEX Upgrade [22, 23], which should yield ferthlarification.

SUMMARY AND CONCLUSIONS

A model for the simulation of pitch angle and energy resoliged ion loss measurements from
a 2D scintillator probe has been presented and successfgtiyd against fishbones on JET. The
improved geometrical description of scintillator probeasgrements through the implementation
of a synthetic diagnostic module in HAGIS has proven to betkeire correct reproduction of the
two primary deliverables of the diagnostic, namely the gp@nd the pitch angle distribution of
losses. Lacking an absolute calibration of the diagnostechave not attempted to compare the
absolute number of losses, but at least their relative tianiavith the fishbone amplitude has been
assessed, yielding more subtle differences between experand simulation for lower amplitude
modes (i.e. quadratic versus linear increase with fishbomgliaude, respectively) which will
require further investigation.

One of the limitations encountered (which could only be oware through a small shift of the
synthetic probe location towards the plasma boundary) tvasniability to trace guiding centers
beyond the separatrix. In the future, this could be overcuiitie the help of a recent extension
to HAGIS by Bruedganet al [24], which has been tested on ASDEX Upgrade but has stileto b
implemented for JET.

With only minor modifications this simulation technique danapplied to the study of other, more
complex, instabilities, such as Alfven Eigenmodes or Alf@ascades, against scintillator probe
measurements. Dedicated JET experiments have been ygeeridrmed to study the influence of
these instabilities on the fast ion confinement deteriornaéind loss [25], which are envisaged for
future work.
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Figure 1: (a) Scintillator probe layout inside the JET vesgb) Cross-cut through the probe head showing the collonand the
2-D scintillator plate. (c) Measuring principle: The logah at which incoming ions hit the scintillator depends oa gyroradius
and the pitchangle of the velocity vector with respect todlcal magnetic field.
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Figure 2: Waveform of the = 1 kink amplitude used in HAGIS, including the definitions ef duantitieSsat, tperiod and Agat .
A= 6Br/Bo is the perturbed radial magnetic field normalised to the n&grfield on axis .
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Figure 3: Synthetic diagnostic model used in HAGIS to seeicttillator probe detected ions.
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JET Pulse No: 69100
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Figure 4: Time interval of discharge 69100 with four fishbeng): Neutron emission (two traces are shown: are a slovbcaied
signal and a faster signal which is uncalibrated), (b): meatia fluctuation spectrogram, (c): magnetic fluctuationditrace (the
much smaller bursts visible on this trace are due to ELMS), fdintillator probe signal.
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JET Pulse No: 69100

1.0 :
(@) -

—1
o [ ] HAGIS
LI —— Scint.Probe
0.8 l' '
- !
! 1
] \
\
3_ _
\
L ! h
e :
[ - ) )
o —1 1 ~
o] 04— , \
2 : \
(&)
9 ,I, \
o : :
o ml v
- \
0.2|— \' N
4 RN
/ N, SN)
4 MRS 2
\y 3
0 | | dNomo=a |8

0 1 2 3 4

&)

Energy (MeV)

Figure 5: Energy distribution of losses measured by thetalgtor probe diagnostic for the first fishbone shown in figut, for
which a saturation amplitude valud.,, = 0.96 x 10~2 (with 20-30% uncertainty) has been inferred from ECE measents,
and simulated energy distribution from HAGI8:(: = 1.0 x 10~2) using the synthetic diagnostic module. The varying widith o
the energy bins for the hagis data matches the measuremeettaimty for the lost ion energy (the energy resolutionhef &ctual
scintillator probe decreases with increasing energy, whsrthe pitch angle resolution does not vary). To keep thmalisation

(area of bars relative to each other) correct, the number afkears falling into each energy bin is divided by the widthlwdt
energy bin. The integral over all the bars equals the intégfahe measured curve.
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JET Pulse No: 69100
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Figure 6: (a) Distribution of proton losses measured by tties
tillator probe diagnostic = 3.821 m) as a function of the
pitch-angle related parameteY = p.,, Bo/E for the same fish-
bone as in figure 5, and distribution predicted by HAGIS using
the synthetic diagnostic module. Here, the synthetic diago

is located atR = 3.751 m. Also shown is tha distribution

of the total fast proton population inside the plasma. Not t
all three distributions are here normalised to their resipee
maxima (only a tiny fraction of the original proton populati

in the plasma reaches the detector). The measured losgés dis
bution (solid curve) peaks at = 0.874, which corresponds to

a pitch angle of 58.0. A Gaussian fitted to the SELFO distribu-
tion (dotted curve) peaks at = 0.926, which corresponds to

a pitch angle of 61.0. (b) Influence of the synthetic diagnostic
radial position on the predicted distribution. The y-axis de-
notes the\ value at which a Gaussian function fitted to the sim-
ulated losses has its maximum. The circles are obtained from
the simulations, whereas the square is the actual measmteme
(fitted Gaussian to the solid curve in (a)). The error barsegiv
the 95% confidence bounds of the fit. The linearly extrapdlate
value of the position of the Gaussian maximum predicted éy th
simulations forR = 3.821 m is in fairly good agreement (to
within A = 0.01 or, equivalently, 0.%in pitch angle) with the
measurement.
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