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ABSTRACT

A new concept for velocity-space thermal ion loss detection is presented. The diagnostic provides pitch angle
resolved measurements not possible with current diagnostics. It uses the same detection principle as the Fast-
Ion Loss Detector (FILD) with a scintillator as the active component and includes a double slit configuration to
measure simultaneously escaping counter- and co-current ions. Simulations show a gyroradius range between
0.15 cm and 1.00 cm with a resolution below 0.15 cm (for a gyroradius of 1 cm) and a pitch angle range between
30° and 150° with a resolution below 8° for both counter- and co-current ions. The formation of a sheath in front
of the detector and its associated electric field may impact the detection principle. Preliminary simulations with
a homogeneous electric field show a decrease in the measurable velocity-space range whereas the gyroradius and
pitch angle resolution barely changes. The strike map is sensitive to the sheath electric field.

I. INTRODUCTION
The high confinement mode (H-mode) one of the

foreseen operational scenario in future fusion devices
due to its higher energy content and larger confinement
time than in the standard low confinement mode (L-
mode) [1, 2]. During the transition from L- to H-mode,
the so-called L-H transition, the radial electric field (Er)
plays an important role as the E×B shear is believed to
decorrelate the fluctuations at the plasma edge, thus re-
ducing the losses of energy and particles [2–4]. This way,
the confinement is improved leading to the the H-mode
pedestal formation. Thermal ion losses may contribute

partially to the formation of Er and, therefore, to the L-
H transition [5–8]. Therefore, characterizing the thermal
ion loss velocity space contributes to a deeper under-
standing of the thermal ion loss cone and potentially to
the L-H transition. To this end, a conceptual design for a
new diagnostic, the Thermal Ion Loss Detector (TILD),
is presented in this article.

This paper is structured as follows: the TILDworking
principle is explained in Sec. II. In Sec. III the optimal
position and the design of the diagnostic are explained
including the instrument function of the detector, while
Sec. IV introduces the response of TILD to the misalign-
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ment between the magnetic field and the detector head
and the sheath formation.

II. WORKING PRINCIPLE
The proposed diagnostic principle is based on the

widely used scintillator based Fast-Ion Loss Detector
(FILD) [9]. It is based on the motion of a charged par-
ticle along the magnetic field. As shown in Fig. 1, in the
poloidal projection of the ASDEX Upgrade (AUG) vac-
uum vessel, a lost ion following the magnetic field line
(in red extending outside the plasma in the Scrape-Off
layer, SOL)will intercept a hole in the detector head, the
so-called pinhole. Among all the ions that enter the pin-
hole only a fraction of them will go all the way through
the collimator to hit the active component plate. This
fraction is the so-called collimator factor, fcol. The ions
will collide in different positions of the plate depend-
ing on their velocity and, hence, of their gyroradius and
pitch (ξ = −v∥/v, where ∥ is the direction of the mag-
netic field). If the active component is a scintillator, as
in other similar diagnostics such as FILD [9] and Imag-
ing Neutral Particle Analyzer [10, 11](INPA), then light is
emitted when the ion hits the plate. As depicted in Fig.
1, the light goes to a beam splitter where it is divided
into a high spatial resolution system (lens plus cam-
era) and a high temporal resolution system (usually an
array of optical fibers connected to a Photo Multiplier
Tube, PMT). This way the camera allows the resolved
measurement in pitch angle and gyroradius while the
fast acquisition provides information about the interac-
tion of the ions with instabilities and complementary
information of the camera measurements. Some ions
will collide with the head of the detector before entering
through the pinhole, this is the so-called self-shadowing
effect.

III. POSITIONING AND DESIGN OF
TILD

To do a first estimation of the most suitable poloidal
location of TILD, the threshold energy that the ion needs
to have to be able to cross the separatix has been esti-
mated for the different AUG poloidal regions. This cal-
culation is based on the energy, canonical toroidal an-
gular momentum (pϕ = rmv∥fϕ + eψ, where R is the
radial position, m is the mass, fϕ = |Bϕ/B|, e is the
electron charge and ψ is the poloidal magnetic flux) and
the magnetic moment (µ) conservation assuming a col-
lisionless trajectory [8, 12, 14]. As shown in Fig. 2 the min-
imum threshold energy to cross the separatrix for both
co- and counter current ions is around the outer mid-
plane (black) for deeply co- and counter- passing ions.
This is in accordance with the results presented in [12].
Therefore, as a first estimation seems that the outermid-
plane region would be the most appropriate to locate

TILD.
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FIG. 2: Minimum threshold energy for the thermal ions
to cross the separatrix and be lost depending on the
poloidal region versus the initial pitch (ξ0).

The design of the detector has been done taking into
account three factors: the energy range of the thermal
ions and the self-shadowing effect, the collimator factor
and the energy and pitch resolution. To do the optimiza-
tion and design of the geometry the FILDSIM [13] code
has been used.

A. Self-shadowing

Due to the energy range of the thermal ions (≤ 1.5keV,
gyroradius≤ 0.7 cm, for a local magnetic field of B =
1.5 T and calculated with the total velocity) the self-
shadowing effect may play an important role since a
large part of the ions could be blocked by the geome-
try itself. To avoid this, the pinholes are located as close
to the side of the head as possible as shown in Fig. 3

B. Collimator factor

The collimator factor (fcol = Nhit/Npinhole) provides
information of how many of the ions entering the pin-
hole (Npinhole) finally hit the active component (Nhit).
If the pinhole is smaller, the resolution of the detec-
tor, in other words, the spreading in energy and pitch
would be smaller too and also the measured signal de-
creases. Hence, it is a trade off between the resolution
and the measured signal. In this case, to collimate the
ion distribution at the pinhole means to reduce the ion
gyro-phase distribution. As shown in Fig. 4, for the de-
sign of the collimator shown in Fig. 3 a), the collima-
tor factor is below 20% and as shown in Fig. 3 b)the
gyro-phase acceptance range is around 70°. It can be
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FIG. 1: TILD working principle: a lost ion enters the collimator and, if not blocked, it produces light acquired by a
camera and a PMT. Adapted from [13].

seen, that fcol decreaseswith the gyroradius as expected
and the pitch angle due to the geometry of the colli-
mator. Based on the typical values of FILD detectors
(fcol ∼ 4%, [13]) it seems that the collimation could be
higher, i.e. the distributions could be further collimated.
The design of TILD also includes a double collimator ap-
proach to have a larger adaptability to different plasma
scenarios [15]. The design of the collimator and pinhole
is the same for both. This leads to an acceptance gyrora-
dius range between 0.15 cm and 1 cm and a pitch angle
(Λ = arccos(ξ)) range between 20° and 150°.

0.4 cm
0.1

 cm

0
.1

7
 c

m

0.1 cm

Active component

6.7
cm

pi tch

0.1 cm

0
.1

7
c
m

0.4 cm 0.1 cm

80º

Active component

Pinhole

Negative pitch

collimator (v < 0)

Positive pitch

collimator (v > 0)

Ion trajectories

3.8 cm 

Active component

Tilt
80º

Plasma

Pinhole

B

FIG. 3: TILDgeometry including its dimensions, the col-
limator dimensions and the tilt of the active component.

C. Energy and pitch resolution

Apart from the collimation, the position of the active
component plays an important role in the spread of the
ions and, hence, in the resolution of the detector. Since,
the range of gyroradius intended to bemeasured ranges
from 0.15 cm to 1 cm, the active component has to be
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FIG. 4: Collimator factor contour for the gyroradius and
pitch angle pairs a) and gyro-phase acceptance range b).

placed very close to the collimator to catch the lower en-
ergy ions but at the same time it has to be placed further
away from the collimator to increment the separation
between the distributions of higher energy ions. There-
fore, to satisfy both conditions at the same time the ac-
tive component is tiltedwith respect to the vertical plane
instead of being parallel to it as in FILD detectors. As
shown in Fig. 5, this leads to a ’banana’ shape distribu-
tion of the strike points in the active component plate.

Using this geometry, the resolution of the detector
can be computed, i.e. the deviation from the centroid
of the distributions for each gyroradius and pitch angle
pair. This is shown in the contours of Fig. 6, where the
sigma values come from the sigma of the Gaussian dis-
tribution fitted to the strike points. It can be noted, that
the resolution in gyroradius gets worse for larger val-
ues and smaller pitch angle. This is accordance with
the collimator factor contour (Fig. 4) and the strike
point distributions (Fig. 5): the collimation is smaller
for larger gyro-radii and smaller pitch anglewhich leads
to a wider spread in gyro-phase of the strike points. In
the case of the pitch resolution it is almost constant for
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FIG. 5: Strike points distributions on the tilted active
component.

the gyroradius values but it gets worse for smaller pitch
angle also in accordance with the strike points plot (Fig.
5).
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FIG. 6: Resolution contours in gyroradius a) and pitch
angle b) for each velocity space pair.

IV. SENSITIVITY TO RADIAL INSER-
TIONS AND THE SHEATH FORMA-
TION

The misalignment between the local magnetic field
and the pinhole plane could impact the amount of sig-
nal for small gyroradii and pitch angle cases due to the
larger amount of ion trajectories blocked by the collima-
tor. The misalignment varies with the local magnetic
field and, therefore, it could play an important role if
fast radial insertions are used or if the magnetic equilib-
rium changes considerably. As shown Fig. 7, in order to
describe the alignment two angles are introduced: the
angle from the horizontal plane towards the vertical di-
rection, Θ, and the angle between the radial direction
and the projection of the magnetic field (B) in the hori-
zontal plane, ϕ. If those angles are 0°, then the detector
and the magnetic field are perfectly aligned. To achieve
the alignment two angles can be modified: the rotation
of the head, β and the angle of the head of the detector

β

Θ

φ

Pinhole

B

α

FIG. 7: Angle criteria to describe the alignment between
the magnetic field and the detector. The rotation of the
head of the detector is described by the angle β.

with respect to the radial direction, α (Fig. 7). The de-
pendence of ϕ andΘ, i.e. the alignment, with α and β is
shown in Fig. 8. As shown, to reduce the misalignment,
i.e. ϕ and Θ close to 0°, there is a strong dependence
of the β values whereas there is not such a dependence
on the α values. Hence, to prevent the misalignment by
rotation of the head of the detector along the β angle is
proposed [16].

a)

a) b)

FIG. 8: Dependence of the angles ϕ and Θ with the ro-
tation of the head around the radial direction, β, and
around the vertical direction, α. a): black line where
ϕ ≤ 3°, white line where ϕ ≤ 1°. b): white area where
Θ ≤ 1°.

The impact on the alignment of the detector head
with respect to the magnetic field has been addressed.
A radial insertion in the outer midplane of up to 1 cm
leads to a maximum misalignment in both Θ and ϕ of
∼ 5°. As shown in the collimator factor contour in Fig.
9, the misalignment leads to a decrease of the number
of ions hitting the active componentmainly for the small
pitch angle cases (λ < 40°). However, only for gyroradii
smaller than 0.3 cm this seems to be critical.

Since the detector is inserted in the SOL region an ac-
cumulation of negative charge in the head of the detec-
tor is expected, i.e. a sheath layer [17]. The accumulation
of charge can lead to a voltage drop of Vsheath ∼ −20V
in a characteristic length of Lsheath ∼ 35λD ∼ 10−3m,
where λD is the Debye length(λD), which considering
a electron density of ne ∼ 1019m−3 and a temperature
(T ) of T ∼ 20eV it is of the order of 10−5m. As a first
estimate, the effect of the sheath electric field has been
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FIG. 9: Collimator factor for the gyroradius and pitch
angle pairs with a misalignment of ∆Θ = 5° and ∆ϕ =
5°.

simulated assuming an homogeneous 20 kV/m field us-
ing the upgraded FILDSIM code [18]. As shown in Fig.
10, the strike map (made by linking the centroids of the
distributions of striking ions) when applying the ho-
mogeneous 20 kV/m electric field changes with respect
to the baseline case without field. Therefore, this ef-
fect has to be considered when interpreting the position
of the strikes in the active component plate. A possi-
ble solution to have larger certainty about Vsheath would
be to bias negatively the head with a well known volt-
age avoiding the accumulation of extra negative charges.
This way the sheath effect could be addressed for inter-
preting the measurements.
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FIG. 10: Strike map without (red) and with (blue) the
20 kV/m electric field.

V. CONCLUSIONS
The conceptual study of a new detector able to

measure the velocity space of thermal ion losses with
high spatial and temporal resolution is presented. The
diagnostic is based on the same working principle of
a FILD detector with a double collimator and a rotary
head design to provide more adaptability to different
magnetic and plasma scenarios. TILD would have a
size of 6.7 cm x 3.8 cm with the spots being typically
of 0.5 cm x 0.3 cm. Using the design presented the
detector shows a resolution in gyroradius below 0.21
cm (<0.3 keV, for a local B = 1.5 T) and in pitch angle
below 8°. The sheath layer that forms in the head of the

detector has to be taken into account when interpreting
the data. The detector could be biased to infer the effect
of the sheath on the measurements. As it has been seen,
the strike map will change accordingly whereas the
velocity space range will not be reduced.Further work is
needed to address the impact of the sheath electric field,
to determine the most appropriate active component,
and to address the compatibility of the probe head de-
signwith the expected heat loads close to the separatrix.
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