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The Monte Carlo codes BEAMS3D [1] and ASCOT5 [2] are used to develop a synthetic

diagnostic for a fast ion loss detector (FILD) in Wendelstein 7-X in order to simulate expected

time-dependent signals from lost fast ions created by neutral beam injection (NBI). The method

is validated against FILD data from the 2018 experimental campaign OP1.2b. This is the first

quantitative agreement found between simulations and measured fast ions in W7-X.

The Wendelstein 7-X stellarator was optimized for good confinement of fast particles at high

plasma pressure. Measurement of fast ion losses in W7-X is important in order to ascertain the

success of the optimization, and comparison to simulations is necessary in order to validate the

codes used to predict fast ion confinement both in W7-X and in future stellarators.

One method of measuring fast ion losses is through the use of FILDs, diagnostics that typi-

cally directly capture fast ions, measuring either the current produced in a thin plate (Faraday

cup) or the light produced by fast ions impinging onto a phosphorescent material (scintillator).

There are three FILDs either utilized on W7-X or planned for the near future:

• the NIFS-FILD, a Faraday cup FILD developed by the National Institute for Fusion Sci-

ence (NIFS) with the Max Planck Institute for Plasma Physics (IPP), which was mounted

on the multipurpose manipulator (MPM) for experiments during OP1.2b and OP2.1 [3]

• the FC-FILD, a Faraday cup FILD developed at IPP in collaboration with Princeton

Plasma Physics Laboratory (PPPL) and implemented beginning in OP2.1 [4]

• the S-FILD, a scintillating FILD under development by PPPL, IPP, and the University of

Seville, planned for the upcoming campaign OP2.2 [5]

The method presented here has been developed for the NIFS-FILD. It will be adapted in

future work to simulate the FC-FILD and S-FILD, and to contribute to the design of the latter.

The difficulty in simulating FILD measurements is the impracticality of simulating a suffi-

ciently large number of markers (simulated fast ions) in order for any to reach the miniscule
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pinhole entrance of the FILD. Because of this, the method described in this paper aims to de-

velop an efficient simulation method to allow high fidelity simulation of fast ions arriving at the

detector while using a computationally tractable number of simulation markers. An artificial

plane is constructed in front of the probe head, catching markers arriving from the last closed

flux surface (LCFS). Meanwhile, separate simulations are used to determine the probability of

any particle making it from the plane through the pinhole and onto one of the sensors.

Markers are launched from the pinhole of the

Figure 1: Markers launched forward from the

pinhole, those reaching S1 shown in red.

NIFS-FILD and followed backwards and forwards

in time using ASCOT5. The markers at the pin-

hole are defined by normalized momentum ρL =

mv
|q|B = v

v⊥
rgyro, pitch angle χ = cos−1(

v||
v ), and gy-

rophase ζ , each one calculated using the magnetic

field given by ASCOT5 at the center of the pinhole.

In both simulations, markers are initialized in the pinhole in sets with discrete values of

(χ ,ρL,ζ ). Those launched forwards are tracked until they stop, either being collimated by the

aperture structure or landing on one of the eight sensors within the detector. They are initialized

in a cross-hatch pattern, which makes it easy to find the outline of the region within which mark-

ers will arrive onto the sensor, as seen in Figure 1. The probability of a marker with (χ ,ρL,ζ )

beginning anywhere within the pinhole reaching the sensor tile S1 is thus the green shaded area

in Figure 1 divided by the total area of the pinhole:

Figure 2: Markers launched backwards from

the pinhole towards the virtual plane.

Pχ,ρL,ζ (pin → S1) =
Agreen

Apin
(1)

The markers launched backwards are followed

until they are shadowed by the probe head or they

collide with an artificial plane constructed at con-

stant toroidal angle φ behind the pinhole. They are

initialized in lines at the top and bottom edges of

the pinhole, forming an outline of the pinhole which

is projected onto the plane, as seen in Figure 2 (top).

Markers at the plane are defined by (R, Z,χ ,ρL,ζ ′),

where ζ ′ is the gyrophase at the virtual plane. It is assumed that χ and ρL do not change in the

time of flight to the plane, which is less than a full gyro-orbit. To convert from ζ to ζ ′, we need

to include a second set of initial markers. Our original set of markers has (χ,ρL,ζ1), while the

second set, represented by the dashed lines in Figure 2 (bottom), is initialized with (χ,ρL,ζ2).
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For each set, the two markers with our specified ζ ′ at the plane are chosen.

These four markers form polygons both at the plane and within the pinhole, as seen in Figure

2 (bottom). The probability of a marker with (χ ,ρL,ζ ′) which is launched in the bold R-Z box

arriving at the pinhole with ζ ∈ [ζ1,ζ2] is the red shaded area divided into the area of the R-Z

box. It will “see” a reduced pinhole denoted by the blue shaded area.

PR,Z,χ,ρL,ζ ′(plane → pin ∩ ζ ∈ [ζ1,ζ2]) =
Ared

ARZ box
(2)

These results can be combined with the forward simulations to find the full probability of

transmission through the pinhole. Both marker sets are followed forward as well as backward,

and the intersection between each blue line (representing markers with a given (ζ ′,ζ ) pair)

and each green rectangle (representing markers with each ζ which can reach sensor S1) is

determined. These intersection points are combined to form a new polygon, as seen in Figure 3.

Figure 3: The intersection of areas for vi-

able forward and backwards markers within

the pinhole.

The probability that markers which begin at the

plane with ζ ′ and arrive at the pinhole with ζ ∈

[ζ1,ζ2] will make it to sensor S1 is the purple shaded

area divided into the blue shaded area:

Pχ,ρL,ζ ′(pin → S1 |ζ ∈ [ζ1,ζ2]) =
Apurple

Ablue
(3)

Finally, these probabilities can be combined to

find the desired answer: for a marker which be-

gins at the plane within the specified R-Z box

with (χ ,ρL,ζ ′), what is the probability it will pass

through the pinhole and land on sensor S1?

The probability it will pass through the pinhole with ζ ∈ [ζ1,ζ2] and land on sensor S1 is

PR,Z,χ,ρL,ζ ′(plane → S1 ∩ ζ ∈ [ζ1,ζ2]) =
Ared

ARZ box
·

Apurple

Ablue
(4)

and in order to get the total probability, one must sum over every value of ζ at the pinhole:

PR,Z,χ,ρL,ζ ′(plane → S1) = ∑
i

PR,Z,χ,ρL,ζ ′(plane → S1 ∩ ζ ∈ [ζi,ζi+1]) (5)

In order to bin the probability in (χ ,ρL,ζ ′), we average over several values of each quantity

within a chosen bin. The result is a 6D probability matrix P(S,R,Z,χ ,ρL,ζ ′) which can be

applied to any markers reaching the plane. A separate simulation is performed to get the arriving

lost ions. BEAMS3D is used to simulate deposition and slowing down of the NBI fast ions,

which are followed until they thermalize or escape through the LCFS. From each lost marker,
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100 new markers are created, given a random gyrophase and a small perturbation in pitch, and

followed to the wall using full-orbit ASCOT5. When a marker passes through the plane, it is

saved but not stopped. These markers will form the simulated signal.

In order to increase statistics of simulated ions, it is necessary to further increase the number

of markers. This is done by taking each saved marker, creating a circle around the gyro-center

of radius r = |sin χ|ρL (the traditional gyroradius), and creating a large number of new mark-

ers (500 for this example) with a proportionally reduced weight, evenly distributed around the

circle, with the same χ and ρL, but new ζ ′. Each resulting marker is then sorted into a bin in

(R,Z,χ,ρL,ζ
′), and the marker’s weight is multiplied by P(S,R,Z,χ,ρL,ζ

′), resulting in the

marker’s contribution to each of the channels of the detector. This is combined with the arrival

time of each marker and the length of the NBI to produce a signal for each channel:

Si(t) = ∑
j

q jw jP(Si,R j,Z j,χ j,ρL j ,ζ
′
j) · [H(t − t0 j)−H(t − (t0 j +TNBI))] (6)

where j represents each marker, q j its charge, w j its weight, and H the Heaviside step function.

Figure 4: Simulated and experimental NIFS-

FILD signal for the W7-X shot 20180918.045.

The simulated signal for Channel 1 of the NIFS-

FILD during shot 20180918.045, from the 10 ms

NBI blip beginning at 4.7 s, is shown in Figure 4

and compared to the experimental data, which has

been averaged over four NBI blips between 4.7 and

5.1 s. The experimental signal was conditioned by

filtering out 50 Hz noise and subtracting a back-

ground. The simulated signal has been shifted for-

wards 1.5 ms in time. The close agreement between

experiment and simulation validates the use of this

approach to simulate FILD diagnostics.
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