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First absolute measurements of fast-ions losses have been obtained in the ASDEX Upgrade tokamak (AUG)
by means of absolutely calibrated scintillator based fast-ion loss detectors (FILD). For this purpose, an
instrument function that includes the scintillator efficiency, collimator geometry, optical transmission and
camera efficiency has been constructed. The scintillator response to deuterium ions in the relevant energy
range of fast-ions has been characterised using a tandem accelerator. Absolute flux of Neutral Beam Injection
(NBI) prompt losses has been obtained in magnetohydrodynamic (MHD) quiescent plasmas. The temporal
evolution of the heat load measured with FILD follows that measured at the FILD entrance obtained with an
Infra-Red (IR) camera looking at the FILD detector head. ASCOT simulations are in good agreement with
the absolute heat load of NBI prompt losses measured with FILD. Ion cyclotron resonance heating (ICRH)
losses are about an order of magnitude higher than NBI prompt losses, in terms of heat load.

I. INTRODUCTION

In fusion devices, fast-ions generated by external heat-
ing systems: NBI, ICRH and fusion born alpha parti-
cles constitute an essential source of energy and momen-
tum. There are several fast-ion transport mechanisms
that can have an impact on the performance of the heat-
ing systems affecting their efficiency and even threaten-
ing the device integrity [1]. Although losses caused by
Coulomb collisions and equilibrium geometry are rather
well known and controllable, fast-ions losses induced by
MHD fluctuations are not yet fully understood [2]. Ex-
perimentally, a good understanding of the fast-ion trans-
port mechanisms can be obtained from direct measure-
ments of fast ion losses at the plasma edge using scin-
tillator based Fast-Ion Loss Detectors (FILD) [3]. FILD
systems act like magnetic spectrometers dispersing the
escaping ions onto a scintillator by means of a 3D colli-
mator with their impact points depending on their local
pitch-angle and gyroradius, see Fig.1-(a). The light emit-
ted from the scintillator is transmitted through an optical
system and imaged by a camera and an array of photo-
multipliers. Absolute measurements of the escaping ions
are, however, not available due to the complex depen-
dence of the scintillator efficiency with the impinging ion
species and energies. An estimation of the absolute losses
of fast-ions is, however, of crucial importance for the ex-
perimental validation of fast-ions transport models and
orbit following codes. In this work, we describe the pro-
cedure we have followed to calibrate the FILD systems
of the AUG tokamak.

a)Author to whom correspondence should be addressed:
mrodriguez67@us.es
b)For authors’ list, see U. Stroth et al., Nucl. Fusion 53, 104003
(Year: 2013).
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FIG. 1. Schematic of the FILD1 scintillator housing: (a) Side
view showing the collimator structure (blue), the scintillator plate
(green) and one escaping ion trajectory impinging on the scintilla-
tor (red). (b) Front view of the FILD1 head showing the collimator
(pinhole+slit) structure.

Absolute values of fast-ions losses obtained with dif-
ferent heating system (NBI and ICRH) are presented.
After an introduction given in section I, the calibration
procedure followed to obtain the instrument function is
described in section II. The scintillator efficiency to rele-
vant ions, the weighting function used to obtain absolute
values of escaping ions in velocity-space as well as to con-
struct the instrument function are presented. This paper
ends with a comparison with ASCOT NBI losses and a
summary section.



2

II. CALIBRATION

A. Characterization of scintillator efficiency in a tandem
accelerator

The characterization of the efficiency ε of the scin-
tillator material installed in the AUG FILD systems
(SrGa2S4 : Eu2+ [4]) has been carried out using the
3 MV tandem accelerator of the Spanish National Cen-
ter of Accelerators (CNA) [5]. The ion luminescent effi-
ciency of the phosphor SrGa2S4 : Eu2+ (TG-Green) was
analyzed when irradiating with 1010 − 1011 ions/s · cm2

with energies between 0.5-3 MeV at room temperature.
A spectrometer QE65000 (Ocean Optics Inc.) was used
to characterize the spectral response of the scintillator,
see Fig.2.
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FIG. 2. A schematic diagram of the experimental IBIL (ion beam
induced luminescence) setup at CNA showing the scintillator and
the photon detector as well as the incident ion beam and light
acquisition systems.

The measured spectra present a broad peak at 539
nm (2.3 eV with an emission width of 0.20 eV) and
short decay time ≈ 490 ns. The composition of the
sample and the physical thickness (around 9 µm) were
determined by Rutherford Backscattering Spectrometry
(RBS) using protons at 3 MeV [6]. The conversion be-
tween the spectrometer signal and photon yield was made
calibrating the optical acquisition system with a HL-
2000-CAL Tungsten Halogen Calibration Standard light
source. Fig.3 shows the measured absolute ionolumines-
cence yield of the material under study as a function of
the ion energy for deuterons in the energy range between
0.5 and 3.0 MeV. A good agreement with the Birk’s law
[7] is found over the entire energy range. In the AUG NBI
injection energy, the Birk’s law predicts an efficiency, ε,
between 2×103 and 8×103 photons/ion.

3
 e (·10 photons/ion)

Energy (keV)

3.53.02.52.01.51.00.50.0

Experimental

Birk’s Model

1

2

3

4

5

6

7

Energy (MeV)

8

6

4

2
40 60 80 100

e
4

 (
·1

0
 p

h
o
to

n
s/

io
n
)

FIG. 3. Experimental (black) and estimated by Birk’s model (red)
photon yield for deuterons in the SrGa2S4 : Eu2+ scintillator at
room temperature.

B. The FILD weighting function

FILD system works as magnetic spectrometer making
use of a 3D collimator and the tokamak magnetic field
to disperse the measured escaping ions on a scintillator
plate depending on their energy and pitch-angle. The de-
tector head is protected against heat load with a graphite
heat shield, see Fig.1-(b). The measurable velocity-space
range on the scintillator plate depends on the 3D ge-
ometry of the entire head, a three-dimensional structure
(pinhole + slit entrance). To estimate the ion flux im-
pinging to the head, a weighting function has been de-
veloped. The collimator factor fcol, defined as the ratio
between the number of ions reaching the collimator pin-
hole (which can be related to the losses at the first wall)
and the number of ions that hit the scintillator plate has
been calculated in the scintillator fast-ion velocity-space.
For this purpose, Monte Carlo simulations with the orbit-
tracing FILDSIM code [8] have been performed. Known
the initial distribution in velocity-space for the incom-
ing ions reaching the pinhole, FILDSIM allows us to ob-
tain the distribution generated in the scintillator plate.
FILDSIM simulates ion trajectories with different gyro-
radii and pitch angles in a constant magnetic field. The
code provides the location where each particle hits the
scintillator plate. Results show that the actual collima-
tor transmission for the AUG FILD systems is approx
1-3 % of the particles hitting the aperture, see Fig.4-(a).
Fig.4-(b) shows the efficiency of the scintillator to deu-
terium ions with a magnetic field of 1.7 T. To reproduce
the velocity-space distribution measured at the scintilla-
tor plate, using a simulated escaping ion distribution at
the pinhole, a weighting function W (E,Λ) that depends
on the energy and the pitch angle of the particles has
been constructed and is shown in Fig.4-(c).
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The lost ion flux at the scintillator can be related to
that at the pinhole (first wall) by means of the weighting
functions through the following expression:

ΓSimscintillator = ΓSimpinhole × fcol(E,Λ) × ε(E)︸ ︷︷ ︸
W (E,Λ)

(1)
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FIG. 4. (a) Collimator factor, (b) scintillator efficiency and (c)
weighting function for the AUG FILDs.

C. Characterization of the optical path and efficiency of
light acquisition systems

The light transmission of the FILD optical system has
been estimated using an integrating sphere (Labsphere

Unisource 1200) with a light source (at current 6.5 A) of
known radiance working at 15.6 mV.
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FIG. 5. Setup used to calibrate the optical path system of FILD1
detector at ASDEX Upgrade.

The detector head was replaced by the integrating
sphere, obtaining a well known and uniform light source.
The light is transmitted through a series of lenses to an
optical bundle that transfers the light to the CCD cam-
era, see Fig.5. A bandpass filter was placed in front of
the optical bundle (maximum coefficient of transmission
about 38 % with a centroid at a wavelength of 525 nm and
with a FWHM=3.7 nm) to restrict the photon emission
to the scintillator spectra emission. The quantification
of the absolute photon flux ΦIS (number of photons per
unit time, and per unit area) emitted by the sphere port
in terms of spectral radiance Lλ(λ) ( see Fig.6) and trans-
mission coefficient T (λ) of the optical filter was obtained
following the expression:

ΦIS = 4π

∫
Le,λ(λ) · T (λ)dλ ≈ 7.83 · 1018 photons

s ·m2
(2)

The light pattern produced by the integrating sphere was
measured by the FILD camera with an exposure time of
∆t =42 ms and was later compared to the luminosity of
the scintillator response to fast-ions.
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The exposure time ∆t of the camera has been selected
to obtain an intensity of the pixels approximately equal to
the half dynamic range of the camera. The pixel intensity
IIS of the calibration frame, and the integrated photon
flux ΦIS allows to obtain the following calibration factor
for each pixel:

ξ =
IIS
∆t

ΦIS · SΩ
≈ 1.0 · 10−10 × IIS

Counts

photons
(3)

where SΩ is the area from the integrating sphere port
viewed by a pixel of the CCD chip. This expression re-
lates the counts from the CCD frame with the number of
photons hitting the sensor of the camera.
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FIG. 6. Wavelength dependence of the spectral radiance of the
integrating sphere (blue). Normalized bandpass filter transmission
coefficient (red) and normalized SrGa2S4 : Eu2+ ionoluminscence
spectrum (black).

D. The FILD instrument function

The calibration of the light acquisition system and the
weighting function of the AUG FILD has been used to
construct an instrument function that converts the ex-
perimental fast-ion loss signals into absolute fluxes for
each (p,q) pixel. The equation is introduced as follows:

ΓExppinhole =
1

Spinhole · ∆t

∫∫
Ω(E,Λ)

I(E, λ)

W (E, λ) × ξ(E, λ)
dEdΛ

(4)
where I(E,Λ) is the intensity of the (p,q) pixel in the

velocity-space, Spinhole the surface area of the pinhole
and ∆t the exposure time of the camera during the dis-
charge. The energy and pitch angle resolution of the
detector defines the region of integration (Ω) assuming
a bidimensional gaussian distribution of the losses in the
velocity-space [3].

III. RESULTS

The instrument function obtained here has been ap-
plied to fast-ions signals obtained in NBI and ICRH
heated plasmas using the FILD1 system. An infrared
camera [9] has been used to measure the heat load on
the detector head. The absolute fluxes of fast-ion losses
have been obtained in an AUG discharge (# 30810) with
Bt = -2.35 T , Ip = 1.0 MA and q95 = 3.8. An overview
of the most relevant plasma parameters is shown in Fig.7.
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FIG. 7. AUG#30810. Overview of the discharge: a) Left axis: line
integrated core (blue) and edge (blue dashed line) electron density.
Right axis: Line integrated core (black) and edge (black dashed
line) electron temperature. b) Left axis: Time trace of external
heating power and right axis: FILD apperture temperature.

The absolute fluxes obtained here with FILD1 have
been compared with IR measurements of the detector
head. Fig.8 shows the temperature of the FILD1 head
due to heat load. In Fig.9-(a), the velocity-space of the
NBI prompt losses measured with FILD1 is shown. A
clear spot at a gyroradius of 2.8 cm and a pitch angle of
≈ 55◦ corresponding to 60 keV (main NBI3 injection) is
clearly visible. The Birks model predicts that the TG-
Green response for deuterium ions at 60 keV is about
4900 photons/ions at room temperature. The weighting
function presented in Fig.4-(c) allows us to calculate the
absolute flux and heat load on the detector aperture.



5

The temporal evolution of the fast-ion heat load on the
detector aperture considering that the scintillator is kept
at room temperature is presented in Fig.9-(b) and Fig.9-
(c) together with the heat load measured on the same
position by the IR camera.
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FIG. 8. AUG#30810. 2D image of the temperature of the FILD1
detector head. The green dot indicates the position of the aperture.

A clear match between the temporal evolution of both
signals is obtained with the infrared signal somewhat
above the FILD heat load due to the thermal plasma
contribution. In this discharge, the heat load on the first
wall arising from the NBI prompt losses have been mod-
eled with the full orbit code ASCOT [10]. To make re-
alistic simulations, the temperature and density profiles
for the discharge #30810 have been used to calculate
the density of NBI deposited ions for the time point an-
alyzed here, t =2.7 s, see Fig.10. In these simulations,
5×105 Monte Carlo markers were followed until they hit a
plasma facing component or are slowed down to the back-
ground thermal energy. For each lost marker, ASCOT
provides the (R,ϕ,Z) coordinates where each marker hits
the plasma facing components, as well as its energy and
pitch angle at the impact location. A typical trajectory
of fast-ion measured with the AUG FILD1 (located just
above the midplane at z=0.30 m and a radial position
R=2.161 m) is plotted in Fig.11. A map of the heat
load (in kW/m2) obtained by making a 2D histogram
of the losses in the toroidal-poloidal plane is presented
in Fig.12. A satisfactory agreement of the absolute flux
obtained here with FILD1 and ASCOT simulations has
been found with the fast-ion heat load on the detector
head around 450-500 kW/m2. This heat load is consis-
tent with that obtained previously with IR cameras at
the AUG [11] and DIII-D [12] tokamaks.
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IV. SUMMARY

The absolute flux of NBI prompt losses and ICRH
losses measured by a FILD system in the AUG toka-
mak has been obtained for the first time. A FILD in-
strument function that includes the scintillator efficiency,
collimator geometry, optical transmission and camera ef-
ficiency allowed to estimate the absolute flux of ions in
FILD velocity-space. The temporal evolution of the heat
load measured with FILD follow that measured with an
IR camera looking at the detector head. The heat load
measured with the IR camera is always somewhat above
that measured with FILD due to the thermal plasma con-
tribution. ASCOT simulations of the heat load on the
detector head are in fairly good agreement with the ab-
solute heat load obtained with FILD measurements. The
absolute values of fast-ion losses presented here will help
validating orbit simulation codes and thus improving our
abilities to make predictions toward ITER and other fu-
ture fusion devices.
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