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Abstract:

Experiments with 1 MW of on- and o -axis neutral beam injection (NB I) have been per-
formed at the TCV tokamak with high electron temperatures (3-4 keV) and low electron
densities (about 2 10'%/m 3). Fast-lon D-Alpha (FIDA) spectroscopy using two di erent op-
tical systems observe strong signals from the fast ions that are iqualitative agreement with
TRANSP/FIDASIM simulations. In addition, switching on NBI clearly re duces the loop
voltage and increases the plasma pressure. However, good quaative agreement between
the experimental data and TRANSP predictions is only found when induding additional
fast-ion losses resulting, for instance, from anomalous fast-iorransport or charge-exchange.
Strong passive FIDA radiation indicates high background neutral censities such that charge-
exchange losses could be substantial. Conversely, turbulence orHD-induced anomalous
fast-ion transport could be additionally present. In particular high frequency modes are
observed near the frequencies of the toroidicity induced Alf\en BEgnmodes (TAEs) which
might redistribute the fast particles.

1 Introduction

The behavior of fast, suprathermal particles in high temperatur@lasmas must be un-
derstood in view of future fusion reactors. Fast ions result fromhe fusion reaction and
can be generated in present day devices through neutral beameiion (NBI) or ion

cyclotron resonance heating (ICRH). The fast particles heat thbackground plasma via
collisions with ions and electrons and can, in case of an anisotropictfas velocity space
distribution, drive non-inductive toroidal currents. In the absere of plasma instabilities
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FIG. 1: Horizontal (a) and vertical (b) cuts through the TCV bkamak. The birth posi-
tions of NBI markers from a TRANSP simulation for the heatingoeam are illustrated in
(a) by gray points. In (b), a fast-ion orbit is plotted in red hat corresponds to a fast ion
with 25 keV and a pitch value of 0.9 at the low eld side in disalge #53783. The line
of sight geometry of the FIDA diagnostic is plotted in blue iboth gures.

and modes (and other anomalous transport processes), thetfes slowing down distri-
bution is neoclassical and can be modeled by solving the Fokker-Plarequation, e.g.
with the TRANSP code [1]. However, high temperature plasmas are himstability-free
and phenomena such as Alf\en eigenmodeés [2/3, 4], sawtooth bes[5/ 6] or small-scale
turbulence [7,[8] cause, so-called, anomalous transport. This ats the actual fast-ion
distribution functions and must be considered when extrapolatingotvards future devices.
The veri cation of theoretical models that describe the anomalougast-ion transport is,
therefore, essential and requires reliable experimental test eas Fast-ion experiments at
the TCV tokamak are particularly interesting as this device operatin a unique region of
parameter space. The small size of TCV, combined with powerful RH and NBI heating
systems, result in high fast-ion densities in presence of high electreemperatures and
low plasma densities.

This paper is structured as follows. Section 2 provides details on tlexperimental
setup at TCV, including a newly installed FIDA system. In section 3 themplementation
of the TRANSP code and FIDASIM at TCV are explained. Section 4 giwethe exper-
imental results using 1 MW of on-axis and o -axis NBI. Finally, a shortsummary and
discussion are provided in section 5.



2 Experimental Setup

The Tokamak a Con guration Variable (TCV) is a mid-size machine with major and
minor radii of 0.88 m and 0.25 m, respectively. Magnetic eld strengthof upto 1.5 T
and currents of up to 1 MA are applied and carbon is the dominant wathaterial. During
the experiments discussed herein, up to 1.5 MW of electron cyclotroesonance heating
(ECRH) were available from three launchers, operated in secondrh@nic X-mode at
82.7 GHz [9]. In addition, a neutral heating beam with 1 MW of nominal pger was
available, injecting deuterium atoms tangentially through the plasmavith a full energy
of 25 keV [10]. The geometry of the NBI source and an orbit of a cesponding 25 keV
ion with a pitch of p= v;=v=0:9 at the low eld side are plotted in gure [I.

lon temperature and rotation measurements employ charge exaige recombination
spectroscopy (CXRS) on carbon ions, using a separate diagnostiutral beam (DNB)
[11]. The DNB has a power of about 60 kW and injects hydrogen neats at 49 keV.
It is typically operated with 12 ms duration beam blips, separated by £ ms to obtain
accurate background subtraction for the CXRS measurement. h€ electron density and
temperature were measured by a Thomson scattering system|[i2at has 47 vertically
distributed lines of sight, focused on a laser which transits from thieottom to the top of
the machine. The system is typically operated with a temporal resdion of 17 ms and
can provide full pro les for a wide range of vertical plasma displacesnts.

For fast particle studies, TCV is equipped with a compact neutral padicle analyzer
(CNPA) [L3] that measures the ux of neutrals originating from chage exchange reactions
between fast ions and neutrals in the plasma. In addition, a newly ireted FIDA system
is available, which measures Doppler shifted Balmer alpha radiation, @md by those
neutralized fast ions (based on the principle developed by [14]). Fdne experiments
discussed here, two observation geometries are employed for KlBpectroscopy, shown
in blue in gure @l Firstly, an array of toroidal lines of sight (toroidal view) is used that
originally belonged to the CXRS systenl[15] and intersects the diagim beam (DNB).
Secondly, a new system was installed that observes the heating tmefaom above (poloidal
view). Each view is connected to a Czerny turner like spectrometénat uses two lenses
with a focal length of 200 mm, a re ection grating and an EM-CCD camra, operated
with a time resolution of 3 ms.

Measured spectra for one representative channel of each FIDi&w are shown in gure
[2. As can be seen, the toroidal system is set up to observe only @pa55 nm. This avoids
the unshifted and highly intense passive D-alpha line at 656.1 nm thaiowld cause strong
detector saturation. The poloidal view, instead, observes the mplete D-alpha spectrum
with only modest saturation of the detector at 656.1 nm since lessgmve light is collected.
In contrast to the toroidal view, the poloidal lines of sight featurea shorter path through
the plasma (80 cm instead of 130 cm) and are less tangential to thége region where
the density of cold neutrals, emitting passive radiation, is largest.
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FIG. 2. Measured spectra from a central toroidal (a) and frona central poloidal (b) line
of sight without (red) and with (black) the heating beam.

The spectra in red in gure[2 are without NBI while those in black are dung NBI.
A broad spectral component of Doppler shifted D-alpha light (FIDA is present in both
spectra with NBI. In addition, the poloidal measurement exhibits tw peaks from the
beam emission (full, half and one third energy component) near 655nIn the observed
wavelength range of the toroidal system, the beam emission canhie resolved as the
Doppler shift is small (the lines of sight are almost perpendicular to 89DNB). Even if the
Doppler shift was larger, no beam emission and also no active FIDA iiation are expected
since the presented toroidal spectrum was acquired with the DNB.olhe presence of a
broad spectral feature can, hence, only be explained by passi®k radiation, emitted
by fast ions after charge exchange reactions on background trats. The intensity of this
passive signal is stronger than the active FIDA component that @inates from charge
exchange reactions with neutrals present along the DNB path. To iltrate this, gure
shows the evolution of the integrated FIDA radiation between 658m and 654 nm
from which an o set has been subtracted (determined at 651 nm). The FIDA intensity,
measured by the toroidal view ( gureBb) in discharge #53694, inerases when the NBI is
turned on and becomes modulated slightly with the DNB power (5%). At about 1.63 s,
the heating beam is turned o for 6 ms (see gurél3a). This causesly a modest drop in
the toroidal signal, explained by its passive nature and by the relatly long slowing down
time of fast ions. In contrast, the poloidal measurement ( gureld is strongly a ected by
the beam power notch because the heating beam produces muatosgier active signals.
The direct interpretation of the poloidal measurements is therefe simpler because the
impact of passive radiation is reduced. The toroidal measuremenarg in fact, be used
since the modulation of the DNB permits an accurate background traction.

The two viewing geometries allow investigating di erent parts of thedst-ion velocity
space as illustrated by the weighting functiond [16] in guré&l4 for welengths between
653 nm and 653.1 nm. At this blue-shifted wavelength range, the mwdal view is sensitive
to co-rotating fast ions while the poloidal view is more sensitive to fagons with small
pitch values. Thus, fast-ion transport studies in di erent parts & the velocity space can
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FIG. 3: Temporal evolution of the integrated FIDA signal, masured with the toroidal

and poloidal systems. Phases when the diagnostic beam is @niradicated in red.

be performed.

For future experiments, it is even planned to add a toroidal view thaintersects the
heating beam and that will be dominated by strong active FIDA signals Due to the
better signal to noise ratio, the inference of a 2D fast-ion velocitgtistribution function
at TCV by velocity-space tomography [[17] might become possible. Fkig [ shows a
comparison between the TRANSP predicted fast-ion velocity spader discharge #53783
and a tomographic inversion from synthetic FIDA spectra. 10% of &issian noise was
added to the synthetic spectra and wavelength ranges were distged where the FIDA
light is not observable due to the much brighter thermal charge ekange and beam
emission components. For two-view FIDA systems such as the TCVWi& the use of prior
information is essential. We use the known position of the beam injéat peaks at full-,
half and one-third energy, the non-negativity of the distribution @inction, and the absence
of FIDA light to restrict the velocity space [18]. The overall shape fothe distribution
function in gure &b is well recovered from the noisy synthetic FIDAmeasurements in
the observable wavelength regions. This indicates that a secondA view on the heating
beam will permit to use velocity-space tomography on TCV for futwe studies.

3 TRANSP and FIDASIM

The TRANSP codel[[1] has been applied in its interpretative mode to cquute neoclassical
fast-ion distribution functions, as well as their impact on quantitiessuch as the loop
voltage and toroidal beta. TRANSP uses the NUBEAM[19] packag®tmodel the heating
and current drive from NBI and the TORAY [20] code for ECRH and ECD. It requires
the evolution of the kinetic pro les, plasma current, toroidal magetic eld, the shape
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FIG. 4: Weight functions showing the observed part of the fasn velocity space dis-
tribution using the toroidal view (a) and the poloidal viewh). In addition, a TRANSP

predicted fast-ion velocity distribution present along #h line of sight is shown in gray
shades.
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FIG. 5: (a) TRANSP simulation and (b) tomographic inversionfrom synthetic measure-
ments in the experimentally accessible wavelength rangéth Ww0% Gaussian noise.
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FIG. 6: Poloidal ux surfaces from TRANSP and ECRH ray geomey for discharges
#53783 (on-axis) and #53778 (o -axis). The dashed verticalines illustrate the resonance
position of the ECRH radiation (82.7 GHz).

of the last closed ux surface and an initial g-prole. TRANSP then gplies a time
dependent equilibrium solver that considers the plasma pressuregutral beam current
drive, electron cyclotron current drive and the bootstrap curnet. Herein, the NBI current
drive e ciency is calculated according to reference [21] with the bdstrap current and
the plasma resistivity determined according to reference [22].

For TORAY, each ECRH launcher at TCV is modeled from four injectionlines, each
simulated by 100 rays to account for the divergence. For the expraents discussed
here, a divergence of eight degrees is employed that is signi cantlydar than the actual
divergence but is used to account for the broadening of the ECRHeposition pro le
by radial transport of suprathermal electrons as reported by 8. If this e ect were
not considered, the equilibrium solver of TRANSP fails due to too stray and localized
currents. The geometry of the injection lines of two launchers aggotted in gure &lfor
two vertical plasma positions (on-axis NBI and o -axis NBI, see beluo).

NUBEAM calculates the NBI deposition pro le, i.e. the initial location of fast ions,
and subsequently solves the Fokker-Planck equation with a Montea€lo approach in
two spatial and two velocity space coordinates (R, Z, energy, pi. It employs the NBI
power, energy, species mix (68%,25%,7% for the full, half and one thanergy in terms of
the power) and the geometry, focus and divergence of all NBI seas. The beam species
must be speci ed, i.e. deuterium for the heating beam and hydrogdor the diagnostic
beam. We assume a rectangular shape of the heating beam evenutito the source is
circular. This is necessary as the beam divergence is di erent in thefizontal and vertical
planes (1.13 degree and 0.81 degree, respectively) which cannat,yat, be simulated
by NUBEAM. NUBEAM can either model a circular source with one divegence or a
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FIG. 7: Predicted radial neutral density pro les for dierent , values during on-axis
NBI (a) and o -axis (b) NBl at 1.39 s

rectangular source with separate divergences. Figure 1a illustest resulting deposition
positions of NBI markers for a simulation that is based on discharge58783 (discussed
in detail in section 4). The predicted poloidal fast-ion distribution is potted in gure Ib
in shades of gray. The fast-ion density peaks on axis when the plasicenter is located
around Z=0. A corresponding fast-ion velocity space distribution ishown in gure[4 that
peaks at pitch values close to one. In addition, injection peaks atlfuhalf and one third
energy can be identi ed. To calculate fast-ion orbit losses, the tsvall was approximated
in the poloidal plane by 8 lines, shown in gurd]lb in gray. Fast ion orbitshat would
intersect these lines are treated as lost.

To consider charge exchange losses with background neutralg ttackground neutral
density is modelled by FRANTIC [24], a 1D code that describes the pen&tion of neutrals
sourced at the walls into the plasma. Either the recycling and gas{va sources or the ion
con nement time , (used for this work) are required. , allows FRANTIC to calculate
the neutral density as the radial out ow of thermal ions is balancg by the ionization
of neutrals (fuelling). By varying , in the simulation, a range of radial neutral density
pro les are obtained and shown in gure¥.

The Monte Carlo code FIDASIM [25] is now used to translate fast-iodistribution
functions from NUBEAM into synthetic spectra for a given line of sighgeometry. The
code employs the same kinetic pro les used for TRANSP as well as tbquilibrium from
TRANSP. For TCV, the code was modi ed to be able to simulate hydrogn beams in
combination with a deuterium fast-ion distribution function (the diagnostic beam injects
hydrogen neutrals). Furthermore, the simulation of passive FIDAadiation was also
added due to the previously discussed strong passive FIDA radiatioFor the simulation of
passive FIDA radiation, the code uses the background neutral gty from FRANTIC and
assumes that their velocity is represented by the local ion tempé¢uae. By additionally
assuming that the neutrals are in the n=1 state, charge exchangates with fast ions can
be calculated. The neutralized fast ions are then followed throughe 3D simulation grid
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FIG. 8: Synthetic spectra of the toroidal view using the DNBa] and of the poloidal view
using the heating beam (b). The simulated spectra correspgoto a TRANSP simulation
for which , = 4:5 was assumed.

of FIDASIM and the D-alpha radiation observed along a given line of diyjis determined.

Figure [8 shows simulated spectra from FIDASIM for a central toidal line of sight
and a central poloidal line of sight. The predicted beam emission, @sting of the full,
half and one third energy components, exhibits stronger Dopplehifts in the poloidal
measurement since the LOS geometry is more tangential to the me beam. The ther-
mal charge exchange component is shown in green. Its width c@pends to the ion
temperature and it is slightly blue-shifted due to the toroidal plasmaotation. The simu-
lated active FIDA signal (red) of the poloidal view is signi cantly large than that of the
toroidal view since the NBI source is considerably stronger thanéhdiagnostic beam with
a corresponding increase in the neutralization rate. In contrasg signi cantly stronger
passive FIDA signal (blue) is expected for the toroidal view becaeighe lines of sight are
more tangential to the edge region and have a longer path within th@asma.

4  Analysis experiments with on- and o -axis NBI

Several experiments with 1 MW of NBI heating power were perforrdewnith on-axis NBI
or with a vertically shifted plasma (+10 cm) to study o -axis NBI. The discharges were
in limiter con guration with a clockwise directed magnetic eld of 1.43 T and a clockwise
directed current of 180 kA (seen from above). This correspontts co-injected NBI with
relatively small rst orbit losses. Figure[® shows time traces from tw representative
discharges (#53778 and #53783). The o -axis discharge #53778&n through, while the
on-axis discharge #53783 disrupted at 1.5 s due a problem with the rtieal control.
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FIG. 9: Representative time traces of discharges #53783 (eaxis) and #53778 (o0 -axis).
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FIG. 10: Kinetic pro les measured in discharges #53783 and #3778 with (1.5 s, black)

and without NBI (1.1 s, red) which have been tted for TRANSP #th a modi ed hyperbolic

tangent function.

The discharges were heated with 1.0 MW of centrally deposited ECRHdt additionally
drove a counter plasma current. This procedure results in at oreaversed g-pro les
and avoids sawtooth instabilities which would adversely a ect the fagon distribution
function. Between 1.2 s and 1.7 s, the heating beam was injected wiit® MW of power
(assuming 100 kW of neutral beam losses in the beam duct) that imased the central ion
temperature from 0.4 keV to 1 keV and the toroidal plasma rotation frequency from

-10 krad/s to 60 krad/s. The electron temperature almost remains una ectedwding
NBI as ion heating dominates at high electron temperature5[26].

For the interpretation of the discharges, several TRANSP simul&ins were performed
for a range of background neutral densities (i.e. charge exchanlpsses) and anomalous
fast-ion transport. The background neutral density pro les casidered here are displayed
in gure Fland correspond to di erent , values. It should be noted that the assumption
of anomalous fast-ion di usion changes the neutral density for aivgn . The higher
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FIG. 11: Electron density pro les (gray) compared with radal fast-ion density pro les
assuming 5 ms of ion-con nement time (red), 14 ms of ion con ament time (green)
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correspond to the calculated thermal Deuterium ion density

the level of anomalous fast-ion transport, the lower the fast-iofraction in the plasma,
the higher the thermal ion density, the higher the thermal ion outow across the plasma
boundary and, thus, more background neutrals are needed totalm particle balance.

In absence of the heating neutral beam, the e ective charge pl®required by TRANSP
was assumed constant over the radius and in time and was deterndnigy matching pre-
dicted and measured loop voltages during ohmic plasma conditiong.(=3). During
heating beam operation, a hollowZ, pro le is assumed g, =3 at the plasma edge and
Ze =1.6 in the center) which is in qualitative agreement with CXRS measuraents (car-
bon impurity pro les from relative intensities) and also agrees with ma&surements of the
central Z, value based on soft X-ray data. This hollowness @, is expected since the
heating beam fuels the plasma signi cantly which dilutes the impurities.

To illustrate the sensitivity of the fast-ion density prediction to , and the anomalous
fast-ion transport, gure [T shows radial fast-ion densities dimg on-axis NBI and o -axis
NBI assuming , of 5 ms and 14 ms. During on-axis NBl,, = 4:5 ms was required as with

p = 5 ms, TRANSP stops the simulation with a negative thermal deuterim ion density.
This is given by the electron density minus the impurity density and mins the fast-ion
density and is shown by dashed lines in gure11. The thermal deutam density pro le
is clearly close to zero in the center for, = 4:5 ms and also for , = 14 ms during o -axis
NBI (#53778) almost no thermal deuterium ions remain. When consgting , = 14 ms
and additionally adding anomalous fast-ion di usion of m?=s (constant in real and
velocity space), attened radial fast-ion density pro les are oldined (shown in blue).

The assumption of high neutral densities at TCV reduces the faghth density due
to charge-exchange losses. The fast NBI ions undergo a chargehange reaction and
leave the plasma as neutrals, heating the rst wall instead of the pdana. This yields
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FIG. 12: TRANSP predicted power to electrons and ions, chaggexchange losses, orbit
losses and shine through power in discharges #53783 (onsgpxand #53778 (o -axis).

a strong reduction of the heating power of the thermal backgroa plasma. When, e.g.
considering , of about 5 ms, up to 500 kW are lost by charge exchange as indicted
in gure In addition, orbit losses (about 50 kW) and shine-throgh losses (about
200 kW) are considered by TRANSP, which yields only about 150 kW ofelating power
applied on thermal ions and electrons.

This result can now be probed using the FIDA measurement. Figui€dkhows active
FIDA spectra from four lines of sight of the poloidal view (the backgund radiation
has been subtracted). In addition, predictions from FIDASIM, baed on the TRANSP
predicted fast-ion distribution functions, are shown. Unfortuntely, we could not obtain
an absolute intensity calibration of the FIDA system due access limit@ns into the TCV
vessel. However, the poloidal measurement can be calibrated bytaméng the predicted
beam emission with the data. By applying a single calibration factor tohie whole system
(1:05 10'), good agreement is found between all channels and the simulatedam
emission.

The simulation plotted in red corresponds to the neoclassical simuiah assuming |

5 ms. Apart from the on-axis case in the very center (=0.05), this assumption provides a
good match with the data. In blue, the synthetic FIDA spectra arglotted that correspond

to the TRANSP simulation with anomalous transport. Here, also, gabagreement with
the experimental spectra is obtained. In contrast, the neo-clsisal simulation for the

0 -axis case assuming , = 14 ms (green) clearly overestimates the measured signal.
This corroborates the assumption of reduced fast-ion densitiesither purely caused by
charge exchange losses or caused by weaker change exchangeslas combination with
anomalous fast-ion transport.

The presence of strong neutral densities that cause charge letge losses is also
supported by the measurement of passive FIDA radiation from thiroidal view. Figure
M4 compares an active (black) and passive (blue) spectrum with th@ediction from
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FIG. 13: a) Active FIDA spectra from four poloidal spectra dung on-axis NBI (a) and
during o -axis NBI (b). In addition, predictions from FIDAS IM are plotted that are based
on di erent TRANSP simulations.
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FIG. 15: TRANSP predicted temporal evolution of the dierem contributions to the
plasma current in discharges #53783 (on-axis) and #53778 (eaxis).

FIDASIM that represents the TRANSP simulation with , = 4:5 ms for discharge #53783.
The active emission corresponds to spectra during DNB operatioriter subtraction of
DNB-free time frames. The toroidal measurement lacks an intengitcalibration so the
data is scaled (factor 1 10%) to match the active FIDA prediction (red). In addition
to the active component, the much stronger passive radiation is pted in blue. This
large passive signal can be reproduced well by FIDASIM using the dé@round neutral
density from FRANTIC. This demonstrates that the ratio of activeto passive radiation is
consistently modeled and that large neutral densities exist in the§&CV experiments. A
factor of two would provide a better match between the measureahd synthetic passive
signals but remains within the uncertainties of the model. The neuttalensity considered
by TRANSP and FIDASIM is constant on ux surfaces which is typically not the case
in tokamak plasmas. Moreover, FIDASIM does not consider fast isroutside the plasma
boundary neglecting a possible contribution of passive FIDA radiatiofrom that region.

In addition to the FIDA measurement, the TRANSP simulation validity can also be
assessed by investigating the NBI current drive e ciency. In gue 15, the predicted
evolution of the contributions to the plasma current are displayedof , 5 ms with
no anomalous fast-ion transport. As can be seen in gure 15, thebtstrap current and
ECCD remain constant throughout the displayed time window while théast-ion current
increases to about 40 kA with NBI heating. During the NBI phase the@hmic current,
necessary to maintain the regulated total plasma current, redas accordingly.

The predicted reduction of the ohmic current is monitored experinmally by the loop
voltage, plotted in gure 16. The reduction of the measured loop Wage during NBI
is in good agreement with TRANSP for , 5 ms and for the simulations that include
anomalous fast-ion transport of ®m?=sand , 14 ms. By setting the simulated fast-
ion current to zero, the predicted loop voltages (shown in yellow) daot drop as strongly
during the NBI phase. This shows that the drop can not be solely asized to changes in
kinetic pro les and, thus, supports an e ective fast-ion currentdrive at TCV.
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FIG. 16: Measured and predicted loop voltage in discharge$#783 (on-axis) and dis-
charge #53778 (o -axis).
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FIG. 17: Measured and predicted toroidal beta in dischargetb3783 (on-axis) and
#53778 (0 -axis).
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A similar behavior can be seen in the measured toroidal beta from tleguilibrium
reconstruction, i.e. the ratio of the perpendicular contribution othe plasma pressure to
the toroidal magnetic eld pressure. Figure 17 plots the toroidal éta when switching on
NBI. The increase is caused by the fast ions and is well described hetTRANSP sim-
ulation for , 5 ms. No increase is predicted without the fast-ion contribution (yl®w
simulations). This implies that the NBI-induced increase of the therial plasma pressure
is marginal. Only the presence of the fast-ions increases the toraideta signi cantly.
As with the FIDA diagnostic, the simulation for , = 14 ms in combination with anoma-
lous fast-ion transport can also explain the experimental data. Wit , = 14 ms and
neoclassical fast-ion con nement during o -axis NBI, the loop voldige and the toroidal
beta value are overpredicted.

The particle con nement time of about 5 ms, for which we obtain a gabmatch be-
tween the measured and simulated data, is close to the global enepn nement time.
This can be estimated by dividing the thermal plasma stored energyy, (4.9 kJ (on-axis)
and 4.7 kJ (o -axis)) by the total heating power calculated by TRANSP (for , 5 ms)
(1.1 MW (on-axis) and 1.2 MW (o -axis)). This yields an energy con nenent time of
4.4 ms and 4.0 ms for on-axis and o -axis NBI, respectively. This givese lower bound-
ary of what one might expect for the particle con nement time sincesnergy transport
is typically higher than particle transport. The measured increasefov, following NBI
heating switch-on also permits an independent estimation of the NBlower coupled to
the thermal plasma. By combining the low NBI heating power predicte by TRANSP
(for , 5 ms) with the Kaye L-mode scaling [27] wheraw, / P %72 is expected, one
obtains that the ion temperature during on-axis NBI should be 50%igher than measured
and 25% higher during o -axis NBI. These values remain roughly withirthe uncertain-
ties of the ion-temperature measurement and show that the prietied fast-ion losses by
anomalous transport and/or by charge exchange losses are rdalisEven stronger losses
would be required to fully match the measured ion temperature withhie scaling.

Absolutely calibrated measurements from a compact neutral pacte analyzer (CNPA[13])
agree with the assumption of large fast-ion densities in the plasmagedregion. The CNPA
yields an edge neutral density of 8 10'°=m? for the on-axis case and 3 10=m3 for
the o -axis case which remain in the range of neutral densities fodrfrom the TRANSP
analysis. This suggests that the predicted neutral density is of ¢hright order of magni-
tude and charge exchange losses clearly play an important role intfam con nement for
low density L-mode plasmas.

It is not possible to discriminate between only charge-exchange-unmed losses and
a combination of charge-exchange losses and an anomalous fastiiansport. Possibly,
high frequency modes, present in both discharges, are respolesitor enhanced fast-ion
transport. Figure 18 shows magnetic uctuation spectrogramshit feature weak mag-
netohydrodynamic (MHD) activity with a toroidal mode number of n = 1 at 10 kHz
that disappears with NBI. In the frequency band between 50 kHznal 100 kHz modes
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FIG. 18: Magnetic spectrograms for discharges #53783 (o) and #53778 (0 -axis).
The estimated TAE frequency for a mode at the g=2.75 surface plotted in white.

appear that are also present after the disruption in discharge #5383, indicating that
this is a machine related perturbation. At even higher frequencieg,n = 2 mode is dis-
cerned that might be explained by toroidicity induced Alfven eigenmdes (TAEs). TAEs
are well known to be excited by fast ion with velocities in the range ofne third of the
Alfven velocity which refers to a fast-ion energy of about 30 keVoir these discharges.
The theoretical frequencies of (m=5,n=2) TAE modes at the g=2.7%urface are plotted
considering the formula from [28] for non-circular plasmas. Thesketoretical frequencies
agree well with the experiment and suggest that NBI heating at TC\Vimay drive TAE
modes unstable. However, the modes are weaker but also predesfore the application
of NBI and the observed band width of frequencies (30 kHz) is langthan typically ex-
pected from pure fast-ion driven TAE modes (2 kHz). Therefore, these modes could
also be driven by fast electrons or turbulence, as observed prawsty by [29]. It is, thus,
also possible that small-scale turbulence a ects the fast-ion conement at TCV, which
is expected at high electron temperatures combined with low fastAenergies [7]. This is
the case at TCV and must be probed in MHD quiescent plasmas. Fueh studies of the
fast-ion transport at TCV will therefore be the subject of future investigations.

5 Summary and discussion

Experiments with 1 MW of nominal NBI power (25 keV, deuterium) hae been performed
for L-mode plasma con gurations with very low electron densities @hhigh electron tem-
peratures. The TRANSP code has been applied to simulate the fasn slowing down
distribution and to compare predicted loop voltages and toroidal lte values with the

measurements. The best agreement with the experiment is obtathby a model includ-
ing strong fast-ion losses such that only 15% of the nominal beamvpr provides heating
of the bulk (thermal) plasma. The fast-ion losses are required evém perform TRANSP
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simulations as, otherwise, the fast-ion density becomes larger théhe total deuterium

ion density. The observed weak modi cation of the kinetic pro les als agrees with the
Kaye con nemnt scaling for L-modes for low e ective NBI heating e ciencies. In addi-
tion, synthetic spectra from FIDASIM using TRANSP predictions mach active FIDA

measurements using a poloidal spectroscopic view.

The reduction of the predicted fast-ion density is obtained by asming anomalous
fast-ion transport in the TRANSP simulations or by strong charge >xhange losses with
background neutrals. The presence of large neutral densities isedtly supported by
passive FIDA signal levels from toroidal lines of sight and from the ablute neutral
uxes measured by a compact neutral particle analyzer. This sha@ihat charge exchange
losses have a signi cant e ect on the fast-ion density and NBI heatg e ciency at TCV
when the electron density is low. This nding is important, e.g. for futire power balance
analysis at TCV but also at other devices such as ASDEX Upgrade wigecharge-exchange
losses have not yet been considered in the simulations [30].

The impact of charge exchange losses cannot, as yet, be chagdezed accurately
enough to draw clear conclusions on the level of anomalous fast-tcansport. Further in-
vestigations of of the charge-exchange loss channel are reqgliiacluding simulations us-
ing EMC3-Eirene [31] and detailed measurements of the neutral piate analyzer at TCV
[13].This will allow one to quantify the fast-ion redistribution induced byhigh frequency
MHD activity, as observed during NBI heating and tentatively attributed to toroidicity
induced Alf\en eigenmodes or by turbulence that might a ect the &st particles. This
provide a challenging target for theoretical models and provide maaceeded insight for
extrapolation to burning plasma regimes.
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