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Abstract—A conceptual design of a scintillator based fast-
ion loss detector has been developed for the Wendelstein 7-X
stellarator. Simulations using the Monte Carlo codes ASCOT5
and BEAMS3D have been performed to calculate the expected
flux of neutral beam injection (NBI) generated fast hydrogen ions
onto the conceptual detector probe head. These fast-ion loss fluxes
have been calculated for several magnetic field configurations
as well as probe insertion positions. At the maximum insertion
position both co and counter-going losses with high incident
pitch angles are observed, however at retracted positions only
co-going fast ions reach the probe head. The FILDSIM code has
been used to optimise the geometry of the detector entrance and
collimating elements to achieve a wide velocity space coverage
as well as a high velocity-space resolution. A synthetic FILD
signal is calculated for the expected loss distribution via forward
modelling using the instrument response function. The synthetic
signal is found to largely retain the velocity space features of the
loss distribution.

Index Terms—Magnetic confinement fusion, Fast-ion loss de-
tector, fast ions, Wendelstein 7-X

I. INTRODUCTION

The demonstration of good fast-ion confinement in stel-
larators is important in order for these devices to be viable
options for future fusion reactors. This is one of the main
goals of the Wendelstein 7-X stellarator (W7-X), which is
optimised for good fast-ion confinement [1], [2], particularly
at high plasma pressure [3]. Importantly, fast-ion diagnostics
capable of inferring the fast-ion confinement properties of W7-
X are required. Fast-ion loss detectors (FILD) are especially
well suited for this task and have been employed in multiple
magnetic confinement devices.

Two different types of FILDs exist, namely Faraday cup
(FC) and scintillator based detectors. FC-FILDs rely on
measuring the current induced by fast ions impinging on a
conductive plate, with such a detector presently installed in
W7-X [4]. Scintillator based FILDs on the other hand measure
the light emitted by fast ions impinging on a plate covered with
scintillating material [5]. Scintillator based FILDs provide sig-
nificantly higher velocity-space resolution and signal-to-noise
ratios (SNR) as compared to FC-FILDs. Furthermore, these
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detectors are immune from electromagnetic pickup which FC-
FILDs can be susceptible to [6]. Importantly, by using fast
response scintillating materials [7] and high speed photon
acquisition systems, these type of detectors can measure down
to the Alfvén Eigenmode timescales (∼ 1MHz) making
them excellent tools to investigate the various mechanisms
responsible for fast-ion transport [8].

A scintillator based FILD system is currently being devel-
oped to be installed on W7-X during the OP2 campaign. The
system is being developed by the Princeton Plasma Physics
Laboratory in collaboration with the Max-Planck Institute
of Plasma Physics and the University of Seville. Here, a
conceptual design and evaluation of the detector in its allocated
port position is presented. The paper is structured as follows,
first a description of the conceptual detector is presented in
section II followed by modelling of the expected fast-ion losses
onto the model FILD probe head in section III. Next, the
design and optimisation of the probe head, guided by the
aforementioned modelling results, is described in section IV.
Finally, in section V the expected signal is calculated for the
detector by means of forward modelling.

II. A CONCEPTUAL SCINTILLATOR BASED FILD SYSTEM
FOR W7-X

Figure 1 shows the conceptual design of the planned FILD
system. The probe head, drawn in cyan, is positioned atop a
reciprocating manipulator arm (orange) in the assigned port.
The system will attach to the lowermost of three sub flanges in
the AEN21 port, with the centre flange supporting a separate
Faraday cup based FILD detector [9]. The manipulator arm
will contain an optical system to relay light produced by
fast ions impacting on scintillator plate to ex-vessel imaging
systems, such as a charge coupled device camera and an array
of photomultiplier tubes. Furthermore, the manipulator arm
will guide water cooling tubes to allow for active cooling
of the probe head, which must be able to withstand up to
200 kWm−2 of stray electron cyclotron resonance heating
(ECRH) for up to 100 s. Motion of the reciprocating system
will be achieved through the use of a pneumatic drive system.

The conceptual detector probe head is shown in figure 1b
and illustrates the working principle of the detector, which
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Fig. 1. a) Illustration of the conceptual scintillator based FILD system (S-
FILD) for W7-X in the planned port position. The new S-FILD will share the
port with a Faraday cup based FILD (FC-FILD). b) Cut away illustration of
the FILD probe head showing the scintillator plate (in green). Illustration of
the detector collimator (c) as observed from the camera view and (d) a top
down view of probe head pinhole entrance.

functions as a phase-space spectrometer. Escaping fast ions
reaching the detector aperture, a rectangular slit like opening,
pass through collimating elements to reach a scintillator plate.
The strike location on the scintillator plate is determined
both by the gyro-radius, which is related to the particle
perpendicular energy (E), and pitch angle of the ion. The
impact of the ion on the scintillator plate produces light at
the strike location that is measured.

III. MODELLING OF THE EXPECTED FAST-ION LOSSES

Modelling using the full fast-ion orbit code ASCOT5 [10],
[11] has been performed to determine the expected fast-ion
losses onto the planned FILD probe head. The ASCOT5
simulations were provided with the bulk plasma profiles,

equilibrium magnetic field, 3D wall geometry and fast-ion
birth distributions as input. The input profiles included the
electron density (ne) and temperature (Te), the ion temperature
(Ti) as well as the effective charge (Zeff ) and electric field.

The input kinetic profiles provided take the form ne(s) =
ne0 · (3 − s3)/3 and Te,i(s) = Te,i0 · (1 − s0.5), with
s = ρ2, where ρ refers to the normalised plasma radius.
The profile shapes are approximations of the experimentally
measured plasma profiles for a large set of ECRH heated
discharges with NBI from the OP2.1b campaign [12]. In
this work plasma cases with moderate core plasma density
of ne0 = 5 · 10−19m−3 and temperatures of Te0 = 3keV
and Ti0 = 1.6 keV, were modelled. The plasma species mix
was considered to only consist of hydrogen thus the Zeff

profile was set to 1, and the impact of impurities has not been
considered in this work.

The input equilibria were calculated using VMEC [13]
with the boundary set by fits to the vacuum last closed
flux surface (LCFS). The fields in the region outside the
LCFS were constructed using a linear superposition of vacuum
fields and the plasma response calculated from the virtual
casing principle described in [14]. In this work the standard
(EIM), high iota (FTM) and high mirror (KJM) magnetic
field configurations at W7-X were examined. Given the input
kinetic profiles and equilibria the electric field profiles were
calculated using the neoclassical transport code NEOTRANSP.
Lastly, given the input kinetic profiles and equilibrium the NBI
birth distributions were calculated for all 8 NBI sources [15]
using the BEAMS3D code [16]. Here, BEAMS3D is used as it
has been carefully benchmarked against experiments at W7-X
[17], [18].

To assess the expected losses onto the planned FILD, a
model probe head has been included in the ASCOT5 3D wall,
as shown in figure 2a. Several probe head insertion positions
of the probe head were investigated, from the parking position
which is around 30 cm from the LCFS up to the maximum
insertion position about 5 cm from the LCFS.

The modelling methodology used in this work follows a
similar approach to that described in [19]. First, gyro-centre
slowing-down simulations are performed using ASCOT5. In
this first step the BEAMS3D calculated markers (numbering
∼ 106) are followed using ASCOT5 for 20ms or until the
markers reach the LCFS. The vast majority (> 99%) of
markers that do not reach the LCFS within 20ms are found
to thermalise as confirmed by full slowing down simulations.
Here, a marker is considered to have thermalised when its
energy is less than 3

2 the local ion temperature. As the
thermalisation time can be as long as 100ms a significant
amount of computational time is saved by disregarding these
markers which will never reach a FILD detector. In the next
step the markers that have reached the LCFS are relaunched in
a separate simulation, however now their full orbit trajectories
are followed. These markers (numbering ∼ 105) are initiated
from their respective positions on the LCFS and with their last
recorded velocity. The markers are followed until they collide
with wall elements (see figure 2a) or are thermalised.

Markers are observed to reach the FILD probe head in all
magnetic field configurations. The flux of markers incident
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Fig. 2. (a) Illustration of the model FILD probe head in the ASCOT5 input
wall geometry. The coloured mesh elements indicate collisions with fast-ion
markers. (b) Illustration of the input LCFS geometry in the region in front
of the FILD system with example fast-ion orbits calculated by ASCOT5 that
collide with the detector.

onto the probe head is found to be dependent on the magnetic
field configuration and the position of the probe head with
respect to the LCFS. The EIM configuration is observed
to yield the largest flux of markers, followed by the KJM
and FTM configurations. The velocity space distribution of
markers reaching the probe head is found to be similar for
all configurations. Both co- and counter-going markers are
observed to reach the probe head at its maximum insertion
position, with example orbits shown in figure 2b. Here, co-
and counter going refers to the travel direction of the markers
with respect to the magnetic field. Co-going markers travel
along the magnetic field direction while counter-going markers
travel in the opposing direction. As can be seen in figure 3a,
the velocity-space distribution of these markers consist of two
narrow pitch populations around ∼ 75° and ∼ 120°, corre-
sponding to the co- and counter-going markers respectively.
Simulations with the probe head at increasingly retracted
positions find that the flux of counter-going markers quickly
decay such that counter-going markers do not reach the probe
for probe head positions further than around 8 cm from the
LCFS, as can be seen in figure 3b.

As can be seen in figures 3a and b markers with ener-
gies around the full (55 keV), half and third beam-energy
components are clearly observable. Additionally, markers with
energies below the injection energies are observed as tails in
the distribution indicating not all losses correspond to prompt
losses. The gyro-radii of the markers at the probe head, where
the magnetic field is around 2.3T, range between 0.5 and
1.6 cm.

IV. DESIGN OPTIMISATION OF THE FILD PROBE HEAD

A probe head with collimating elements optimised to
measure the ASCOT5 calculated loss distribution has been
investigated using the FILDSIM code [20]. FILDSIM is a
Monte Carlo code that tracks the helical trajectory of fast
ions within a FILD detector as they pass through collimating
elements and impinge onto a scintillator plate. The code
allows to construct strike maps relating the gyro-radii and
pitch angle of particles to real space coordinates on the
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Fig. 3. Velocity-space distribution of fast-ion markers reaching the FILD
probe head at (a) 5 cm and (b) 7.5 cm from the LCFS, respectively, in the
EIM configuration.

scintillator plate. Furthermore, FILDSIM allows to calculate
the pitch and gyro-radius resolution of a detector as well as
the collimating factor. Here, the collimating factor is defined
as the fraction of particles that are able reach the scintillator
plate over the number of particles that enter the detector.
Note, the collimating factor is a function of the particle gyro-
radius and pitch angle. This information allows to construct
an instrument response function for a given detector design
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that can be used to calculate synthetic signals from theoretical
loss distributions.

The instrument response function is determined by the probe
head design, including properties such as the opening slit
dimensions and collimator geometry as well as the detector
alignment with respect to the local magnetic field vector.
During this work parametric scans of the detector slit size,
collimating geometry and pinhole to scintillator distance have
been performed. These design parameters are illustrated in fig-
ure 1c and d. The optimal design parameters were determined
by three criteria with decreasing order of importance. First,
the design parameters should allow the detector to measure
escaping fast ions with pitch angles ranging between 25 and
85° and gyro-radii above 0.5 cm. Secondly, the maximum
velocity space resolution in terms of pitch and gyro-radius
is desired which is compatible with the first criteria. Thirdly,
the maximum collimating factor that is compatible with the
first two criteria is desired.

Scans of the probe design parameters were carried out. Here,
the detector was aligned such that the scintillator plate and
collimating elements were perfectly parallel with the local
magnetic field. As an example of the impact that a given
parameter has on the detector’s response, figure 4 demonstrates
the relation between slit width and the detector resolution. As
can be seen for decreasing slit width the gyro-radius resolution
decreases, a desirable feature for the detector. However, below
0.08 cm the minimum gyro-radius of particles able to reach the
scintillator plate increases above 0.5 cm. This is undesirable
as the minimum gyro-radius the detector should be able to
measure is 0.5 cm. Looking at figure 4c the slit width has a
negligible impact on the pitch resolution which is on the order
of 1°. Decreasing the slit width does decrease the detector
collimating factor, however, this is of secondary importance
with respect to the better gyro resolution gained from a smaller
slit width. Thus the value of slit width that has the lowest
resolution while still allowing to measure particles with gyro
radii >0.5 cm is considered to be the optimal choice. At this
value the collimating factor is expected to still be satisfactory
at 6%.

TABLE I
OPTIMAL FILD HEAD DESIGN PARAMETERS.

Design Parameter Value [cm]
Pinhole Length 0.1
Pinhole Width 0.08

Pinhole Scintillator Distance 0.8
Collimator Height 0.4
Collimator Width 2.0
Scintillator Size 4.0×4.0

Table I shows the optimal values obtained for the other
design parameters. Figure 5a shows the corresponding strike
map. As can be seen the detector solution offers a large
pitch and gyro-radius range, suitable to measure the expected
neoclassical NBI fast-ion losses. The corresponding particle
energies range between 15 and 400 keV for H and 8 and
200 keV for D ions. The large energy range means that ions
accelerated by ion cyclotron resonance heating (ICRH) [21]
may also be measured by the planned FILD.
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Fig. 4. Scan of the detector pinhole width showing the impact on the gyro-
radius (a) resolution and (b) range as well as the pitch (c) resolution and the (d)
detector collimating factor. The vertical dashed-dotted cyan lines indicate the
optimal value of the pinhole width. The horizontal cyan line in (b) indicates
the minimum gyro-radius constraint imposed.

Figure 5b shows the detector collimating factor which is
found to be above 5% across a large part of the scintillator,
including the region where the NBI losses are expected. As
seen in fig 5c, a high gyro-radius resolution is obtained
particularly at low gyro radii (< 1 cm). The strike positions
of these fast ions have a very narrow spatial spread on the
scintillator plate. For increasing gyro radii values an increasing
overlap in strike positions is observed along the gyro-radius
direction. However, for fast ions with gyro radii below ∼2 cm
the strike-point distribution peaks are still well separated.



5

20 40 60 80
Pitch angle [°]

0

200

400

600

800

1000

Pitch resolution at gyro-radius 1.0 cm

25°
35°
45°
55°
65°
75°
85°

0.0 0.5 1.0 1.5 2.0
Gyro-radius [cm]

0

100

200

300

400

500

600

C
ou

n
ts

Gyro-radius resolution at pitch 75.0°

0.5[cm]
0.75[cm]
1[cm]
1.25[cm]
1.5[cm]
1.75[cm]
2[cm]

40 60 80
pitch angle [°]

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

g
yr

o-
ra

d
iu

s 
[c

m
]

0.0

1.5

3.0

4.5

6.0

7.5

9.0

C
ol

lim
at

in
g
 f
ac

to
r 

[%
]

−1 0 1 2 3 4
Y [cm]

−4

−3

−2

−1

0

1
Z
 [

cm
]

0.5

1

1.5

2

4

G
yr

o-
ra

d
iu

s 
[c

m
]

25

35

45
55

657585 Pit
ch [°]

Camera view (Y-Z plane)

Scintillator

Collimator Strike map

(a)

(c) (d)

(b)

Fig. 5. FILDSIM calculated (a) strike map, (b) collimating factor, (c)
gyro-radius and (d) pitch angle resolution for a FILD detector with design
parameters given in table I.

Furthermore, as seen in fig 5d, a high pitch resolution across
the full pitch angle range is achieved for the detector.

Lastly, FILDSIM has been used to investigate the design
parameters of a probe head capable of measuring both co-
and counter-going fast ions. Here, a double slit configuration
is assessed, with the two slits positioned at opposite sides
of the probe head, as shown in figure 6a. Figure 6b shows
the corresponding strike maps resulting from particles passing
through the two collimators. The FILDSIM calculations show,
for the same slit and collimator dimensions as in table I, a
scintillator plate with a width of at least 8 cm is needed to
avoid excessive overlapping of the strike maps.

V. MODELLING OF THE EXPECTED FILD SIGNAL

Using the instrument function calculated from FILDSIM
a synthetic signal is calculated for the detector given the
theoretical loss distribution. Figure 7 shows the synthetic
signal corresponding to the loss distribution of markers in the
EIM configuration calculated for the detector 7.5 cm from the
LCFS. As can be seen the pitch distribution of the losses are
well conserved, while a slight smearing out of the markers
in the gyro-radius direction is observed. The gyro-radius
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Fig. 6. a) Illustration of a double slit configuration FILD head to allow for
measuring both co- and counter going fast-ion losses. b) The corresponding
FILDSIM calculated strike maps for a double slit FILD head.

smearing is expected and does not excessively distort features
in the loss distribution. As can be seen the full beam energy
prompt losses are clearly distinguishable from the second and
third beam energy losses. The latter components however are
not clearly distinguishable.

VI. CONCLUSION

Modelling of the expected fast-ion loss fluxes onto a model
FILD probe head have been carried out using the BEAMS3D
and ASCOT5 codes. These are assessed for three magnetic
field configurations of W7-X, namely the STD, KJM and
FTM. The loss flux is found to be largest in the STD magnetic
configuration followed by the KJM and FTM configurations.
The loss flux onto the probe consists mainly of high pitch
angle fast ions, with both co going and counter going losses
observed when the probe head is at its closest position to
the LCFS, 5 cm. However, the flux of counter going losses
rapidly decays with increasing distance of the probe head from
the LCFS. At distances further than 7.5 cm mainly co going
losses are observed. Guided by the expected velocity-space
distribution of the losses, the optimal design parameters for a
detector have been determined using the FILDSIM code. Here,
maximal velocity-space coverage, high detector resolution and
large collimating factors were the criteria optimised for by
varying a set of design parameters, including the detector slit
and collimator geometry. Finally, the FILDSIM code was used
to determine the expected instrument response of the resulting
detector which was used to calculate synthetic signals via
forward modelling. The synthetic signals are observed to retain
the pitch angle distribution of the expected losses, with a minor
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Fig. 7. Comparison of the (a) ASCOT5 calculated fast-ion loss distribution
(for the EIM configuration) to the corresponding (b) synthetic signal calculated
using FILDSIM for the optimised detector.

smearing out of losses in the gyro-radius direction. However,
this is sufficiently low as features such as peaks of losses at
the beam injection energies can be distinguished.
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