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Abstract
A discrepancy between predicted and measured neutron rates on MAST using
TRANSP/NUBEAM has previously been observed and a correction factor of about 0.6 was
needed to match the two: this correction factor could not be accounted for by the experimental
uncertainties in the plasma kinetic profiles nor in the NBI energy and power (Cecconello et al
2019 Nucl. Fusion 59 016006). Further causes of this discrepancy are here studied by means
of TRANSP/NUBEAM and ASCOT/BBNBI simulations. Different equilibria, toroidal field
ripples, uncertainties on the NBI divergence value and gyro-orbit effects were studied and
simulations were performed with both transport codes. It was found that the first three effects
accounted for only a 5% variation in the fast ion density. On the other hand, full gyro-orbit
simulations of the fast ions dynamics carried out in ASCOT/BBNBI resulted in an
approximately 20% reduction of the fast ion population compared to TRANSP/NUBEAM. A
detailed analysis of the fast ion distributions showed how the drop occurred regardless of the
energy at pitch values �−0.4. The DRESS code was then used to calculate the neutron rate at
the neutron camera detector’s location showing that the discrepancy is considerably reduced
when the full gyro-orbit fast ion distribution is used, with now the correction factor, used to
match experimental and predicted neutron rates, being around 0.9.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Obtaining an agreement on an absolute scale between mea-
sured and simulated neutron rates in present nuclear fusion
devices is a challenging task both for the difficulties related to
the modelling and to the diagnostic calibration. The achieve-
ment of such agreement is of crucial importance for codes and
diagnostics validation in view of future burning plasma devices
such as ITER and DEMO. Neutron rates are typically mod-
elled by time-dependent codes such as TRANSP [2] coupled
with the Monte Carlo fast ion module NUBEAM [3], as for
example in ASDEX where agreement with measurements was
obtained validating both the transport codes and the neutron
diagnostic [4]. Recent detailed analyses performed on JET [5]

∗ Author to whom any correspondence should be addressed.

and on MAST [1] reported a discrepancy between the neutron
emission rates predicted by TRANSP/NUBEAM and the mea-
sured ones. In particular, in MAST, a systematic discrepancy
up to 40% between predicted and measured fusion products
(neutrons and protons) rates (with the predicted rates much
higher than the measured ones) has been observed regard-
less of the plasma scenarios, i.e. both in MHD quiescent and
non-quiescent plasma discharges the latter being characterized
by large fast ion redistribution and losses [6–8]. The inter-
ested reader can find a detailed discussion of the observed
fusion products discrepancy in presence of strong MHD activ-
ity in section 4.2 of [1]. The key observation is, however, that
this discrepancy is observed in absence of any MHD activ-
ity (i.e. in the so-called quiescent scenario). Plausible causes
for this discrepancy were sought in the uncertainties in the
plasma parameters in input to TRANSP/NUBEAM and in the
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Figure 1. Time traces for the mean values of the pulses in scenario S1 (solid red) and S4 (solid blue) for the line integrated electron density
(a), the NBI heating power (b), the electron core temperature Te (c), the plasma current Ip (d), the Mirnov pick-up coil signal (e) and the
measured neutron rate by the FC ( f ). The shaded regions represent the standard deviation σ on the mean values, while the dashed lines
indicate the time at which the plasma kinetic profiles were selected, t = 0.216 s and t = 0.253 s for S1 (red) and S4 (blue), respectively.

Table 1. Maximum percentage variation for the plasma parameters for repeated
discharges calculated as 100 × (σx/x), where x indicates the plasma parameter.
The Mirnov signals have greater fluctuations than the other parameters due to
the difficulties in reproducing the same MHD events.

Scenario Δne (%) ΔPNBI (%) ΔTe (%) ΔIp (%) Δ(db/dt) (%) ΔYn (%)

S1 1.66 3.83 4.83 0.18 56.89 9.65
S4 2.45 3.15 4.23 0.67 28.51 4.87

injected neutral beam power and found to be responsible for a
variation of the neutron rate of only� 15%, clearly insufficient
to account for the 40% discrepancy [9]. A further possi-
ble cause of the discrepancy, which was identified but not
addressed in the aforementioned work, is the guiding center
(GC) approximation used by NUBEAM for the calculation of
the fast ion distribution. Indeed, recent works suggested that a
gyro-orbit (GO) code has to be used in order to properly model
the neutron emission on MAST [10, 11]. Similarly, GO codes
such as ASCOT [12], LOCUST [13], OFMC [14] and SPIRAL
[15] have been successfully exploited for plasma modelling on
conventional and spherical tokamaks.

In this work, the results presented in [1] are reviewed tak-
ing advantage of the accelerated simulation of charged parti-
cle orbits in toroidal devices (ASCOT) GO following code in
the modelling of the fast ions dynamics. ASCOT is a Monte
Carlo code capable of solving the kinetic equation for fast
ions, impurity species and charged fusion products both in
GC motion and in full GO [12]. The GC solver is based on a

fourth-order Cash–Karp Runge–Kutta integration method
with fifth-order error checking while the GO integration is per-
formed with a modified one-step leap frog scheme which con-
serves kinetic energy to numerical precision. ASCOT includes
a beamlet-based neutral beam ionization model (BBNBI)
which takes into account the geometry of the injectors and it
is capable of following the injected neutrals until ionized, pro-
viding a set of markers (particles) which are then passed to
ASCOT for the slowing down calculations [16]. In this study,
ASCOT was used to model the fast ion distribution in MHD
quiescent and non-quiescent scenarios using both GC and GO
approaches. In addition, the effects on the simulated fast ion
density due to toroidal field (TF) ripples, different equilibria
and possible uncertainties in the neutral beam injectors (NBIs)
divergence value are also here included and discussed. In par-
ticular, the effects on the fast ions due to the presence of TF
ripples and to the variation in the magnetic equilibrium were
tested by means of ASCOT, while the study on the NBI diver-
gence variation was performed with TRANSP/NUBEAM.
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Finally, in order to calculate the neutron rate, the simulated
fast ion distributions were passed to the directional relativis-
tic spectrum simulator (DRESS) code [17] thus allowing the
comparison with experimental measurements.

This paper is organized in the following way. The reference
plasma scenarios of MAST which have been studied here are
presented in section 2. Section 3 describes how the TRANSP
and ASCOT simulations of the fast ion distribution function
for the two selected discharges were performed and the results
obtained are discussed in terms of fast ion distribution den-
sities. The comparison between the measured and the pre-
dicted neutron emissivity profiles are presented in section 4.
Finally, the results are discussed and the conclusions presented
in section 5.

2. Experimental setup and reference plasma
scenarios

MAST [18] is a medium-sized spherical tokamak with a major
radius of 0.85 m (aspect ratio � 1.3) capable of sustaining a
plasma current up to 1 MA and a plasma density of 1020 m−3

with an ion temperature up to 2 keV. The low toroidal B field
(� 0.4–0.6 T) is produced by means of 12 TF coils. Nuclear
fusion reactions and current drive in MAST are sustained
thanks to two tangential NBIs capable of injecting a total of
3.5 MW of neutral D with a full energy of 75 keV and an
averaged initial pitch of λ ≈ −0.7. Due to the low plasma tem-
perature, the neutron emission on MAST is strongly dependent
on the reaction rate between the plasma bulk deuterium and
the injected fast ions, often referred to as beam-target neu-
trons, accounting for 90% of the total neutron emission. The
remaining fraction is composed by beam–beam (� 9%) and
thermal–thermal (less than 1%) reactions. On MAST, in order
to measure spatial and time-resolved emission and energy
distribution of the neutrons, and provide at the same time
information about the fast ions, a fission chamber (FC) [19]
and a neutron camera (NC) [20] are used. Due to uncertain-
ties in the FC calibration, as discussed in [1], here only the
experimental data from the NC are used for the benchmarking
of the simulated neutron rates by DRESS. In previous stud-
ies, although a good agreement in the shape of the neutron
emission profile between the measured counts and the pre-
dicted ones was found, a scaling factor k � 0.6 was needed
in order to match their absolute magnitude [9]. In order to
understand the possible causes of this discrepancy, a system-
atic study was carried out leading to the conclusion that uncer-
tainties in the plasma profiles in input to TRANSP/NUBEAM
cannot explain this discrepancy [1]. This discrepancy was
further confirmed by an independent diagnostic, the charge
fusion product detector array [21] whose agreement with pre-
dicted TRANSP/NUBEAM count rates also required a similar
scaling factor [1].

The analysis of the full set of scenarios selected to study
the neutron deficit on MAST in [1] has not been thoroughly
reproduced here, instead, two of the studied scenarios cover-
ing the two extremes of a wide range of plasma parameters
have been selected. The first scenario, indicated as S1 (includ-
ing pulse numbers 29 904–29 906, 29 908–29 910) is MHD

Table 2. Maximum absolute percentage variation for the plasma
kinetic profiles in the selected time windows tS1 and tS4 during the
calculated slowing down times tτS1

and tτS4
.

Scenario Δne (%) Δni (%) ΔTe (%) ΔT i (%) Δω (%)

S1 10.3 11.3 4.8 14.8 20.2
S4 12.8 13.5 10.1 11.4 5.3

quiescent with a 0.8 MA plasma current, a single NBI of
1.6 MW total injected power and a maximum neutron rate of
Yn � 3 × 1013 s−1. The second scenario, indicated as S4 (pulse
numbers 29 207–29 210), is characterized by a 1 MA plasma
current with a total injected power of 3.3 MW, a maximum
neutron rate of Yn � 1.6 × 1014 s−1 and by fishbones persist-
ing throughout most of the discharge flat-top (figure 1(e)).
Thanks to MAST high reproducibility, the discharges for the
considered scenarios are almost identical as shown in figure 1,
where the mean values of the plasma parameters are repre-
sented together with their variations in the different pulses
(shaded regions). This has allowed the measurement of the
neutron emissivity profile using the limited number of chan-
nels of the neutron camera. For the considered time windows in
scenario S1 and S4, 0.215 s � tS1 � 0.216 s and 0.252 s � tS4 �
0.255 s, respectively, the maximum absolute percentage vari-
ations in key plasma parameters are reported in table 1. Time
windows around tS1 and tS4 have been chosen in such a way to
have in that time regions stationary neutron rates as shown in
panel ( f ) of figure 1.

3. Fast ion modelling

Two specific pulses, 29 909 and 29 210 belonging to scenar-
ios S1 and S4, were selected to perform systematic simula-
tion studies of the possible causes of the neutron deficit on
MAST. The kinetic profiles (plasma temperature, density and
rotation) used as input in both codes are obtained from the
experimental data. While TRANSP/NUBEAM evolves the
kinetic profiles in time, ASCOT assumes a stationary condi-
tion where the given input profiles are ‘frozen’ through the
whole slowing down calculation. In the core plasma region of
MAST, the typical slowing down time for a fast ion with an
energy of 60 keV is τ ∝ T3/2

e n−1
e � 27 ms [22]. For the two

selected scenarios mean values of τS1 � 21 ms and τS4 � 29
ms were estimated by TRANSP/NUBEAM. This means that
in order for the TRANSP-ASCOT comparison to be mean-
ingful, the profiles used as input in TRANSP should not vary
considerably in these time windows. In table 2 the maximum
percentage variation of the kinetic profiles ne, ni, Te, T i, and
plasma rotation ω on the magnetic axis, in 0.195 � tτS1

�
0.216 s and 0.224 � tτS4

� 0.253 s are reported. The percent-
age variation is below 15% for all the kinetic profiles, with
the exception of the plasma rotation where a 20% variation
is reported, resulting in an acceptable variation in the consid-
ered time windows. As regards to the magnetic equilibrium, in
TRANSP this can be externally imposed or calculated using
its internal free boundary equilibrium solver TEQ [23]. In
ASCOT, instead, the initial equilibrium has to be provided in
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Figure 2. Panel (a): percentage difference between ASCOT and TRANSP fast ion distributions in energy and pitch integrated over R, Z and
calculated in GC mode for MAST pulse 29 909 at t = 0.216 s. A positive percentage difference (red) represents a larger amount of fast ion
in the TRANSP distribution, whereas a negative one means more fast ions in the ASCOT distribution (blue). Fast ion distributions integrated
in pitch and in energy are shown in panels (b) and (c) together with the percentage difference δE,λ (green).

Figure 3. Magnetic fields and flux surfaces for the MAST pulse 29 909 at t = 0.216 s. Left panel: EFIT (dashed black) and TEQ (dashed
red) contours for ψ = (0.25, 0.5, 0.75, 1) (a). The magnetic axis are shown as well as crosses. Right panel: safety factors (b) and poloidal
flux currents (c) as a function of ρθ for the two different equilibria. The radial profiles of the poloidal magnetic fields and the toroidal ones
are shown in the bottom-right panels, where both absolute values (d) and percentage differences δB f (e) are depicted. The dashed lines
represent the positions of the inner and outer LCFS for Z = 0 m.

input. This is discussed more in detail in section 3.1. Since
ASCOT is not able to internally evolve the magnetic equi-
librium it is important for the comparison with TRANSP to
ensure that, during the slowing down time, it does not change
too much. From experimental measurements of the toroidal
magnetic field, variations of 0.25% and 0.29% are found in
the time windows 0.195 � tτS1

� 0.216 s and 0.224 � tτS4
�

0.253 for scenario S1 and S4, respectively.

Both in TRANSP and ASCOT simulations, charge
exchange (CX) reactions, effective charge (Zeff) and plasma
rotation ω are included. TRANSP/NUBEAM simulations
performed here included the finite Larmor radius (FLR)
correction as well. There are mainly three major differ-
ences between the GC + FLR correction approximation
in TRANSP/NUBEAM and the full GO in ASCOT: (i) in
NUBEAM the point at which the physics of the slowing
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down process is calculated is given by a random selection
of the gyro phase angle which displaces the GC location of
a Larmor radius length [3], while in the ASCOT GO sim-
ulations the gyro phase angle is randomly defined at the
begin of the simulation in BBNBI and then evolved in time
according to the particle GO motion, (ii) the magnetic field
in TRANSP/NUBEAM is not properly modelled outside the
LCFS meaning that the physical processes of the fast ions
with a large Larmor radius and close to the LCFS might not
be calculated properly in TRANSP/NUBEAM since the ran-
dom choice of the gyro-phase angle depends on the magnetic
field at the FLR location and (iii) the GC’s velocity vector
in TRANSP/NUBEAM is calculated assuming the conserva-
tion of the zeroth-order expression of the magnetic moment
μ, that as discussed later in section 3.4, it is not conserved
in MAST. The simulation terminates in both codes if any
of the following conditions are met: (i) the ions slow down
below 3T i/2, with T i being the bulk plasma temperature and
(ii) their GC or GO orbits collide with the first wall (the
same 2D wall geometry was used in both codes). As regards
scenario S4, where strong MHD activity was present in the
form of fishbones, an anomalous fast ion diffusion coeffi-
cient of Da = 2.5 m2 s−1 constant in space and velocity was
included in both TRANSP and ASCOT simulations. With-
out such an anomalous fast ion diffusion coefficient, the scal-
ing factor required to match measured and predicted fusion
product rates in this scenario would be even smaller (approx-
imately k = 0.4) compared to the quiescent plasma scenario
(k = 0.6). An anomalous fast ion diffusion coefficient of 2.5
m2 s−1 was thus introduced to account for the additional reduc-
tion in the fast ion population due to the MHD activity alone.
Higher values of Da that would reduce the discrepancy to zero
(k = 1) are not deemed physically reasonable as discussed
in [1].

TRANSP/NUBEAM computes, for a selected time slice t,
the 4D fast ion velocity distribution function f T(R, Z, E,λ)
averaged over a time interval Δt specified by the user
(ΔtS1 = 1 ms and ΔtS4 = 3 ms). For the same time slice the
fast ion distribution calculated by ASCOT/BBNBI is indi-
cated as f A(R, Z, E,λ). The two distributions f T and f A

were calculated on the same energy-pitch grid, while the
spatial coordinates are different: TRANSP uses a 2D irreg-
ular Boozer grid [3] while ASCOT employs a regular rect-
angular grid. The percentage difference δ between ASCOT
in GC and TRANSP fast ion distribution functions in energy
and pitch and integrated in R and Z is shown in panel (a)
of figure 2. Good agreement between the two distributions
is found. The differences observed in the fast ion distribu-
tions for λ ∈ [0, 0.6] and E ∈ [20, 60] keV between TRANSP/
NUBEAM and ASCOT/BBNBI in GC contribute very little to
the total fast ion population as can be seen in panels (b) and
(c). These differences might be possibly due to the different
cross-section databases used to simulate the atomic processes
in the two codes and the implementation of the NBI geometry.
This good agreement between the two fast ion distributions in
GC provides a solid starting point for the results presented and
discussed in the next sections.

Figure 4. Fast ion distribution functions calculated by ASCOT
integrated in E,λ with an EFIT equilibrium (a) and TEQ one (b).
The percentage difference δ f RZ in shown in panel (c). A positive
percentage difference (red) represents a larger amount of fast ion in
the ASCOT distribution with the EFIT equilibrium, whereas a
negative one means more fast ions in the ASCOT distribution with
the TEQ equilibrium (blue). Panels (d) and (e) depict the space
integrated fast ion distributions integrated in energy and in pitch,
respectively. The percentage differences are shown in green.

Table 3. Summary of the simulations performed with ASCOT with
the two different plasma equilibria for MAST pulse 29 909 at
t = 0.216 s. The total number of fast ions here reported is obtained
integrating the 4D fast ion distribution function f A(R, Z, E,λ) in all
four dimensions. The percentage variation is calculated with respect
to the simulation with the TEQ equilibrium.

Code Equilibrium Mode nFI (×1018) Variation (%)

ASCOT TEQ GC 3.7451 —
ASCOT EFIT GC 3.7945 1.32

3.1. Plasma equilibria

The effect of the magnetic equilibria calculated in two dif-
ferent ways for the same plasma discharge has been studied
in ASCOT. For this purpose, two identical ASCOT simula-
tions in GC have been carried out for discharge 29 909 at
t = 0.216 s. The first one was performed using as input the
magnetic equilibrium calculated by EFIT starting from pres-
sure, current, q profile and boundary constraints [24], while
the second one, was based on the TEQ magnetic equilibrium.

5



Nucl. Fusion 61 (2021) 016028 A. Sperduti et al

Figure 5. Fast ion distribution functions integrated in E, λ without (a) and with (b) TF ripples. The percentage difference between the two
distributions is shown in panel (c). The magnitude of the perturbation δB arising from the 12 TF coils for MAST pulse 29 909 at t = 0.216 s
are depicted as contour plots. A positive percentage difference (red) represents a larger amount of fast ion in the distribution including the
TF ripples, whereas a negative one means more fast ions in the distribution without the TF ripples (blue).

Figure 6. The D beam fast ion birth locations for the MAST pulse
29 909 at t = 0.216 s.

Figure 3(a) shows the comparison of the normalized poloidal
magnetic flux of the two magnetic equilibria. Even though
there are some small differences between the two equilibria
(the magnetic axis and flux surfaces of the EFIT equilibrium
are slightly closer to the plasma inboard side as shown in panel
(a) of figure 3 and the poloidal flux current profile is more
peaked (panel (c)) the magnetic field components inside the
last closed flux surface (LCFS) agree quite well (panels (d)

and (e)). The corresponding fast ion distributions are shown in
figure 4. Even though almost no difference is found between
the fast ion distributions integrated in R, Z, where the percent-
age differences shown in green are well below 10% for the
E,λ regions containing the largest amount of fast ions, the
spatial distributions of the fast ions are quite different due to
the shifting of the position of the magnetic axis. Panel (c)
of figure 4, shows the percentage difference δ f RZ , where a
positive percentage difference represents a larger amount of
fast ion in the ASCOT distribution with the EFIT equilibrium
(blue), whereas a negative one means more fast ions in the
ASCOT distribution with the TEQ equilibrium (red). The fast
ion distributions obtained by the two simulations were inte-
grated over the phase-space velocity coordinates and the total
number of fast ions are reported in table 3 showing very little
difference and indicating that the impact of the different mag-
netic equilibria on the fast ion density is quite small (� 1%),
with the ASCOT simulation performed with the EFIT equilib-
rium predicting a slightly greater value of fast ions. Although
the fast ion density is unaffected by the different equilibria, its
spatial distribution is clearly not. The effect of such a change
on the spatial distribution of the fast ion population and, con-
sequently, on the neutron emissivity will be addressed in a
future work where a comparison with FIDA and NC profile
measurements will be carried out. It is worth mentioning how-
ever that since most of the neutron emissivity comes from a
region with ρφ � 0.6, the net change in the fast ion spatial
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Figure 7. Left panel: semi-log plot of the fast ion density profile as a function of ρφ for the three studied case. Right panel: percentage
variation of the fast ion density for the three different cases as a function of ρφ for MAST pulse 29 909 at t = 0.216 s. The vertical dashed
line indicates the flux surface ρφ = 0.6 inside where � 99% of the fast ions are confined.

distribution is approximately zero and therefore no signifi-
cant changes in the neutron rate are expected as discussed in
section 4.

3.2. Toroidal field ripples

A systematic study of the effect of TF ripples on the fast
ion confinement in MAST has been already performed show-
ing that TF ripples do not contribute significantly to the fast
ion losses despite the large Larmor radii of beam ions [25].
The ripple perturbation was modelled in that study as a sin-
gle toroidal harmonic taking into account the magnetic field
at the plasma magnetic axis, the radius of the outer vertical
legs of the toroidal field coils and their number. In this study,
instead, a full 3D model of the perturbation is implemented in
ASCOT where the Biot–Savart law integrator [26] was used
to calculate the perturbed EFIT equilibrium. The magnitude
of the perturbation δB is calculated as

δB(R, Z) = 100 × | (Bmax(R, Z)

− Bmin(R, Z))/(Bmax(R, Z) + Bmin(R, Z))|, (1)

where Bmax(R, Z) and Bmin(R, Z) are the maximum and mini-
mum values of the perturbed toroidal magnetic field at (R, Z).
In figure 5(c), δB(R, Z) is shown as a contour plot together with
the percentage difference between the fast ion distributions
with and without the TF ripples. The effect of the TF ripples
perturbation on the initial equilibrium is found to be around
0.002% � δB � 0.3% for R in the range (R0, RLCFS), the latter
being the radial positions of the LCFS at Z = 0 m at the outer
midplane. The GC simulation including the TF ripples did not
show any significant difference with respect to the simulation
without the perturbation in the local spatial distribution and in
the total number of fast ions, while in the GO a reduction of
the fast ion density of about 1% was observed compared to the
simulation without TF ripples. This is due to the fact that large
Larmor radii allow to experience regions of the plasma where
the TF ripples perturbation has a significant effect on the fast
ion orbits (δB � 0.2%). The fast ion distributions for the GO
simulations with and without TF ripples and their percentage
difference δ f TF are shown in figure 5. Due to the TF ripples
more fast ions diffuse from the most internal regions towards
the LCFS (panel (c)) than in the case without TF ripples. These

Table 4. Summary of the simulations performed with
TRANSP/NUBEAM with the four different NBI divergence values
for MAST pulse 29 909 at t = 0.216 s. The total number of fast ions
here reported is obtained integrating the 4D fast ion distribution
function f T(R, Z, E,λ) in all four dimensions. The percentage
variation is calculated with respect to the reference case.

Case Divergence nFI (×1018) Variation (%)

(i) ∇ref 3.5189 —
(ii) ∇ref+10% 3.4994 −0.55
(iii) ∇ref−10% 3.5232 0.12
(iv) ∇ref−30% 3.5468 0.79

results are in agreement with those reported in [25] where for
a typical MAST plasma the anomalous diffusivity due to the
TF ripples was estimated to be Da = 0.1 m2 s−1 resulting in
a �1% reduction of the fast ion density. Implementation of
3D TF ripples confirms previous results that TF ripples do not
modify significantly the fast ion distribution since the fast ions
are mainly confined in the plasma core where the perturbation
is negligible (δB � 0.002%).

3.3. NBI divergence

A possible source of discrepancy between NUBEAM and
BBNBI is related to the way in which the NBI divergence is
implemented in the two codes. The beam divergence is defined
as a probability distribution function for the deflection angles
α from the beamlet direction [16]. NUBEAM and BBNBI,
however, use two different definitions for the Gaussian diver-
gence. In BBNBI, α depends on the 1/e width of the Gaussian
distribution around the beamlet axis, while in NUBEAM it
depends on 1/

√
e. This results in a � 30% difference between

the two divergences, but nonetheless the fast ion birth loca-
tions calculated by NUBEAM and BBNBI for MAST pulse
29 909 at t = 0.216 s both in equatorial and poloidal cross-
sections shown in figure 6 are in good agreement, suggesting
that a 30% difference in the deposition profile for MAST case
does not lead to significant differences in terms of fast ion
deposition profiles. However, on MAST even a small varia-
tion in the neutral beam deposition power and profile might
lead to a large variation of the fast ion density and subse-
quently change the neutron emission. Since no uncertainty

7
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Table 5. Estimation of the total number of fast ions contained in the fast ion distribution for
each simulation performed and their percentage variation respect to the TRANSP/NUBEAM
run in GC without the FLR correction, and the calculated slowing down time. The percentage
variation is calculated with respect to the TRANSP/NUBEAM simulations in GC without FLR
correction.

Scenario Code Mode Equilibrium nFI (×1018) δnFI (%) τ (ms)

S1 TRANSP GC TEQ 3.633 — 22
S1 TRANSP GC + FLR TEQ 3.519 −3.13 21
S1 ASCOT GC EFIT 3.706 2.01 21
S1 ASCOT GO EFIT 2.960 −18.52 17
S1 ASCOT GO EFIT + TF ripples 2.941 −19.04 17

S4 TRANSP GC + Da TEQ 7.682 — 30
S4 TRANSP GC + FLR + Da TEQ 7.452 −2.99 29
S4 ASCOT GC + Da EFIT + TF ripples 7.079 −7.85 28
S4 ASCOT GO + Da EFIT + TF ripples 6.193 −19.38 24

is provided for the NBI divergence on MAST, four differ-
ent TRANSP/NUBEAM runs were carried out changing the
beam divergence in order to estimate the sensitivity of the fast
ion density on the NBI divergence. The following cases have
been studied: (i) reference NUBEAM MAST’s NBI diver-
gence ∇ref , (ii, iii) ±10% variation (∇ref+10% and ∇ref−10%)
and (iv) with a BBNBI-like divergence (∇ref−30%). In figure 7
the fast ion density profiles for the four different cases are
shown together with the percentage difference δFI with respect
to the reference. The reason why the cases (ii) and (iii, iv) result
in slightly smaller and larger fast ion density profiles com-
pared to the reference one is due to the fact that the fast ions
were mainly deposited in a plasma region with lower (ii) and
higher (iii, iv) density and temperature. The fast ion distribu-
tions obtained by the four simulations were integrated over the
phase-space velocity coordinates and the total number of fast
ions are reported in table 4 showing very little difference and
indicating that even a 30% uncertainty in the beam divergence
value does not lead to a large variation of the fast ion density.
The effect on the neutron emission is discussed in detail in
section 4.

3.4. Guiding center vs gyro-orbit

The magnetic moment μ is one of the adiabatic invariants
describing the motion of charged particles in magnetic fields.
In spherical tokamaks it is well known that its zeroth-order
expression μ0 is not conserved. Large variations (up to 40%)
ofμ0 are observed on MAST [27] and more in general in spher-
ical tokamaks [28] and can be attributed to the breakdown of
the condition ∇B

B 	 1. The necessity to model fast ion orbits in
MAST (or in other spherical tokamaks with similar character-
istics) with GO codes stems from the breakdown of this condi-
tion. In this work, to assess the impact of GC on the fast ion dis-
tribution, the two selected scenarios have been modelled with
ASCOT both in GC and GO and the results compared with
TRANSP/NUBEAM simulation in GC with FLR correction
included. The total number of fast ions nFI for all simulations
are reported in table 5 together with the percentage variation

δnFI calculated with respect to TRANSP/NUBEAM simula-
tion without FLR correction (reference scenario). In scenario
S1, a small discrepancy δnFI � −3% between TRANSP with
and without FLR correction is observed. In the ASCOT run in
GC due to the different magnetic equilibrium and the BBNBI
module (which has a slightly narrower deposition profile), an
increase of the fast ion density δnFI � 2% is obtained. A much
larger variation in the fast ion population (δnFI � −20%) is
observed with respect to the reference case when the fast ion
distribution is calculated in ASCOT GO. Similar results are
observed for scenario S4, where slightly larger variations are
observed between TRANSP/NUBEAM and ASCOT/BBNBI
simulations in GC, mainly due to the differences in the imple-
mentation of the anomalous fast ion diffusion coefficient in
the two codes, while ASCOT GO simulation predicts again
a reduction of fast ions population of around δnFI � −20%.
This reduction in the fast ion population has been further inves-
tigated in terms of its distribution in energy, pitch and R, Z
coordinates. The fast ion distributions calculated by ASCOT
in GC and GO for scenario S1 and integrated in space and
velocity coordinates are shown in figures 8 and 9, respectively.
The difference between the two fast ion distributions is notice-
able. Most of the fast ion reduction in the GO case comes
from passing particles with λ � −0.4 (panel (c) of figure 8),
a pitch close to the passing-trapped boundary on MAST
[27, 29]. Two energy regions in the fast ion distribution limited
by −1 � λ � −0.4 are considered. In the low energy region
E � 30 keV the reduction of the fast ion density compared to
the GC is mainly due to the increase of first wall collisions,
CX reactions and recombination losses particularly outside the
LCFS. The presence of the Larmor radius in the GO simula-
tions causes the fast ions to experience wider orbits which can
then interact with neutrals outside the LCFS. Instead, in the
high energy region E > 30 keV, the fast ions in the GO sim-
ulations are lost due to wall collisions. Similar simulations of
the beam loss fraction in NSTX predicted around 20% fast ion
losses at full-energy [30]. The increase of physical reactions in
the GO simulations has as main consequences the reduction of
the fast ion populations and a shorter slowing down time of the

8
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Figure 8. MAST pulse 29 909 at t = 0.216 s fast ion distributions in (E,λ) obtained with ASCOT-GC (a) and ASCOT-GO (b). The
percentage difference between the two distributions is shown in panel (c). A positive percentage difference (red) represents a larger amount
of fast ion in the GC distribution, whereas a negative one means more fast ions in the GO distribution (blue). The integrated distributions in
energy and in pitch are shown in panel (d) and (e), respectively. The dashed line indicates λ = −0.4. In panel ( f ) and (g) are depicted the
fast ion distributions integrated between 0.0 � ρθ � 0.1 (solid) and 0.8 � ρθ � 0.9 (dashed) and in energy, panel ( f ) and in pitch, panel (g).

fast ions (τGO) compared with that calculated in GC simula-
tions (τGC). Values of τGO shorter than τGC reported in table 5
are comparable with results observed in previous works [10].

Albeit the fast ion density reduction in the GO calculations
is the predominant effect, a different spatial distribution is also
present as shown in figure 9. In particular, close to the inner
and outer LCFS an increment of the total number of fast ions
is observed, suggesting that in GO mode the fast ions due
to the large Larmor radius are able to experience very dif-
ferent values of the magnetic field due to the large gradient
compared to the fast ions in the GC mode. This is shown in
figures 8( f ) and (g), where the fast ion distributions are inte-
grated in two different spatial regions: (i) 0.0 � ρθ � 0.1 and
0.8 � ρθ � 0.9. Clearly, a large fraction of the fast ion losses
shown in figures 8(d) and (e) come from the plasma core where
a strong reduction is observed for −1 � λ � −0.5. In the sec-
ond region, an increment of fast ions in GO orbit is observed,
where due to the large Larmor radii the fast ions are diffused
towards the LCFS.

4. Neutron rate calculations with DRESS

The computed fast ion distributions are passed to the DRESS
code [17] together with the information regarding the reactants
(temperature, density, rotation velocity) and the equilibrium
magnetic field to calculate the global and local neutron emis-
sion for comparison with experimental measurements. First,
the effects of different plasma equilibria, TF ripples and uncer-
tainty on the NBI divergence on MAST neutron emission were
studied. DRESS calculated the neutron emissivity using the
fast ion distributions discussed in sections 3.1 (EFIT and TEQ
equilibria) and 3.2 (with and without TF ripples). For the dif-
ferent magnetic equilibria, an increase of � 2% in the neutron
emission was observed for the case with the EFIT equilib-
rium with respect to the TEQ one, while for the case including
the TF ripples a reduction of � 1% in the neutron emission
compared to the case without TF ripples was observed.

The uncertainty on the NBI divergence was studied in terms
of neutron emission components as shown in panels (a) and (b)

9
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Figure 9. MAST pulse 29 909 at t = 0.216 s fast ion distributions in (R, Z) obtained with ASCOT-GC (a) and ASCOT-GO (b). The
percentage difference is shown in the panel (c), where a positive percentage difference (red) represents a larger amount of fast ion in the GC
distribution, whereas a negative one means more fast ions in the GO distribution (blue). The flux surfaces with ρθ = 0.1, 0.8 and 0.9 are
shown in dashed black while the LCFS in dashed red.

Figure 10. MAST pulse 29 909 at t = 0.216 s: the percentage variation of the beam–thermal (a) and beam–beam (b) components computed
by NUBEAM for the five different cases as a function of ρφ. The beam–beam component is more affected by the variation in the beamlet
divergence. The dashed lines indicate the limit of the plasma region enclosed by the flux surface ρφ = 0.6 from where all beam–thermal and
beam–beam neutrons (� 99%) are emitted. Right panel (c) shows the neutron rate variation due to the change in the beamlet divergence.

of figure 10. The percentage variation of the beam–thermal δBT

and beam–beam δBB components are depicted as a function of
ρφ: the largest effect due to the divergence variation is observed
in the beam–beam component for the case ∇ref−30% where
close to the magnetic axis a more peaked neutron beam–beam
emission profile is observed as a consequence of the smaller
divergence implemented in BBNBI. The total neutron rates
Yn for the four different cases were normalized to the neutron
rate for the reference case and the percentage difference δn is

shown in panel (c) of figure 10 as a function of the percentage
difference of the beam divergence δ∇ with respect to the ref-
erence one. As can be seen the different implementation of the
NBI divergence in NUBEAM and BBNBI does not lead to a
huge variation in the neutron rate (� 2%), suggesting that this
and the aforementioned effects do not contribute significantly
to the neutron discrepancy observed on MAST.

In order to calculate the neutron rate at NC’s detectors
location, the LINE21 code [31] was coupled to DRESS. The
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Figure 11. Comparison between the measured (solid circles) and the predicted by TRANSP GC, TRANSP GC + FLR and ASCOT GC
(continuous line) neutron camera CRs for scenario S1 (a) and S4 (c). In (b) (S1) and (d) (S4) are shown the predicted CRs by ASCOT GO +
TF ripples and TRANSP GC + FLR and again the measured ones. The red dashed lines are the uncertainties on the predicted CRs by
ASCOT GO + TF ripples resulting from the average uncertainty in the input plasma profiles. Panels (e) and ( f ) show the comparisons
between the scaling factor k for the TRANSP GC + FLR simulation and that one obtained using ASCOT GO + TF ripples for scenario S1
and S4. The black dashed line indicates k = 1 which would mean a perfect agreement between the predicted and the measured CRs.

Table 6. Estimation of the scaling factor for the analyzed scenarios.

Scenario Code Mode Equilibrium k ± σk k ± σk R2

S1 TRANSP GC + FLR TEQ 0.72 ± 0.01 0.744 ± 0.004 0.853
S1 ASCOT GO EFIT + TF ripples 0.91 ± 0.02 0.923 ± 0.006 0.819

S4 TRANSP GC + Da + FLR TEQ 0.71 ± 0.01 0.695 ± 0.008 0.971
S4 ASCOT GO + Da EFIT + TF ripples 0.88 ± 0.02 0.875 ± 0.009 0.940

observed count rates (CRs) profiles for the NC and those pre-
dicted with DRESS using as input the fast ion distributions
simulated by ASCOT and TRANSP are shown in figure 11 for
both S1 and S4 scenarios. Panels (a) and (c) depict the neu-
tron emissivity profiles obtained by TRANSP and ASCOT in
GC, showing how the GC approximation overestimates the
measured CR similarly to the results in [1]. Panels (b) and
(d) show instead the predicted CRs using the fast ion distri-
bution calculated in ASCOT GO + TF ripples together with
the experimental measurements. The simulated CRs in GC
with the FLR correction by TRANSP are shown again in pan-
els (b) and (d) for visual comparison purposes. The shape of
the simulated profile in panel (b) is slightly modified by the
GO, especially for impact parameters between 0.8 and 1.0 m.
The absolute magnitudes of the predicted profiles are in bet-
ter agreement with the experimental ones, strengthening the
validity of the results here reported and suggesting that GO
calculations better describe the fast ion distribution dynamics
in spherical tokamaks.

For each impact parameter and for both scenarios, the scal-
ing factors k needed to match the predicted values CRp with
the measured ones CRm (where indexes ‘p’ and ‘m’ denotes
predicted and measured) are calculated as k = CRm

CRp
and shown

in panel (e) and ( f ) of figure 11. These calculations are sum-
marized in table 6 where the mean values are reported together
with uncertainties for both scenarios. The scaling factor k cal-
culated in this way is the ratio of two random variables and this
ratio might not be normally distributed. Therefore, a weighted
least square regression fit CRm = kCRp was performed. The
weights in the fit are given by the experimental uncertain-
ties in CRm. The results are reported in table 6 together with
uncertainties and correlation coefficients R2 and shown in
figure 12. The predicted CRs by ASCOT and TRANSP for
scenario S1 are in better agreement with the measured ones
than those in scenario S4. This is possibly due to the strong
MHD activity present in the non-quiescent scenario. The redis-
tribution of fast ions via the anomalous fast ion diffusion coef-
ficient used in both TRANSP and ASCOT simulations does
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Figure 12. Comparison between the TRANSP and ASCOT
predicted count rates CRp and measured CRm. The dashed black line
represent a perfect agreement between the predicted and the
measured CRs (k = 1).

not contain a physical description of the interaction between
MHD instabilities and fast ions and therefore it is a crude
oversimplification.

5. Discussion and conclusions

A series of TRANSP/NUBEAM and ASCOT/BBNBI simu-
lations have been performed both for an MHD quiescent and
non-quiescent scenario to understand the possible causes of
the neutron deficit observed on MAST which was found to be
independent on the plasma scenario and of the order of 40%.
In this work, it has been shown that this discrepancy can not be
due to TF ripples, different plasma equilibria and NBI diver-
gence implemented in two codes since all these effects together
can account only for a � 5% variation in the total neutron
emission rate. To assess the impact of gyro orbits, the ASCOT
code has been used since it can be run in both GC and GO
for the same equilibrium and kinetic profiles. Since these are
implemented in a different way compared to TRANSP, the first
step has been the benchmarking of ASCOT GC with TRANSP
with FLR correction resulting in a good agreement in terms of
the total number of fast ions. GC and GO simulations were
then performed with ASCOT/BBNBI and a difference in the
fast ion density of about 20% was found for both studied sce-
nario. A detailed analysis of how the two fast ion distributions
depend on the phase space and velocity coordinates was car-
ried out. The results here reported show how the GO dramati-
cally changes the fast ion distribution both in energy-pitch and
R, Z resulting in a reduction of the fast ions for λ � −0.4 and
in the plasma core, regardless of the energy due to CX reac-
tions and wall collisions. These results are in agreement with
what has been observed in the past on MAST by means of
independent GO codes [10, 11]. Finally, it is worth mention-
ing that the boundary used in ASCOT to represent the limiters,
divertors and poloidal field coils is an approximation of the real
geometry. This can be appreciated by comparing the boundary
used in ASCOT and shown in figure 5 with the one shown in
panel (a) of figure 2 of reference [1]. The continuous nature

of the closed boundary used in ASCOT, however, is not the
cause of the reduction in the fast ion population. This has been
verified by evaluating the fast ion density when replacing the
outboard boundary with a straight vertical boundary located at
R = 2 m: the difference in the fast ion population with respect
to the original boundary was less than 1%. The impact of the
fast ion populations thus calculated on the neutron count rates
have been simulated by means of DRESS and compared with
those measured by the neutron camera. A discrepancy between
the two values is still present being now in the order of �10%
for the two selected scenario rather than the 40% reported in
[1]. These results suggest that the GO is more suitable for
the calculation of the fast ion transport simulations in spher-
ical tokamaks since the GC it is not able to predict correctly
the losses and the distribution function due to the combination
between a low B field and of large ∇B leading to the neutron
deficit recently observed in [1] even with the inclusion of the
FLR correction.
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