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Abstract. Experimental evidence is presented of a discrepancy between the predicted and measured
D-D fusion products rates on MAST. Both the neutron and proton production rates, measured
independently with a neutron camera and charged fusion product detector array, are approximately
40 % lower than those predicted by TRANSP/NUBEAM codes. This deficit is scenario independent and
can not be explained by uncertainties in the typical plasma parameters suspected for such discrepancies
such as the electron temperature, the plasma effective charge and the injected neutral beam power.
Instead, a possible explanation is an overestimate of the neutron emissivity due to the guiding center
approximation used in NUBEAM to model the fast ion orbits.

1. Introduction

Recently, the discrepancy between predicted and estimated neutron rates on JET has been the focus
of a detailed study [1]. The authors of this study used an absolutely calibrated fission chamber [2] for
measuring the neutron rate in several different JET plasmas and the TRANSP/NUBEAM codes [3,4] to
predict its expected values. The main conclusions of this study were that: i) the measured neutron rate
was smaller than the predicted one (the so-called neutron deficit) by a factor that ranged from 0 to 50 %
depending on the plasma scenario; ii) no clear correlation between the uncertainties in the main plasma
parameters input to TRANSP/NUBEAM and the neutron deficit could be found; and iii) that MHD
activity was not the cause of this deficit. Possible causes for the observed neutron deficit suggested by
the authors of that study included: unknown physical processes leading to large fast ion redistribution,
calibration errors, uncertainties in the DD fusion reaction cross-sections and in the fast ions slowing down
models used in NUBEAM.

In this work we report similar observations on the Mega Ampere Spherical Tokamak (MAST) [5].
In addition to finding a neutron deficit between measurements and TRANSP/NUBEAM prediction, we
have measured a similar deficit also in the proton rates production. The measured neutron and proton
production rates on MAST are smaller than the expected ones by a similar amount to the one found
on JET, approximately 40 %. Contrary to the observation in JET though, the discrepancy in MAST
is roughly the same for all investigated scenarios when anomalous transport of fast ions due to MHD
instabilities is accounted for. In a spherical tokamak, large fast ion populations as those originating from
neutral beam injection heating, are not only responsible for the vast majority of all fusion reactions (the
thermal reactivity is typically less than 5 %), but they can excite MHD instabilities that cause their
redistribution and loss. Fusion product diagnostics can therefore provide information on the confinement
of fast ions and the comparison between predictions and measurements on an absolute scale is thus of
paramount importance in understanding the underlying physics used in the modelling codes as well as in
testing of the code themselves in reference scenarios, such as those where no or little fast ion redistribution
is expected.
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This work presents new experimental evidence for the discrepancy between predicted and measured
fusion products rates when the guiding centre approximation is used to model the entire fast ions orbits,
as is done in NUBEAM. A systematic study of the possible causes for such discrepancy, described in detail
in this paper, has excluded all but one, namely the role of the fast ions full orbits in the fusion reactivity.
Contrary to JET, the confining magnetic field in MAST is quite small resulting in fast ions with energies
in the tens of keV to have large Larmor radii. This in addition with the small size of MAST plasmas
compared to the fast ions Larmor radii combined with quite steep gradients in the plasma density and
temperature has been found to have an effect on the neutron emissivity [6, 7]. Modelling of the fusion
products rates with full gyro-orbit codes is outside the scope of this work but, as a result of the conclusions
here reached, of extreme importance.

The paper is organized as follows. The database of MAST plasma scenarios and discharges and
the fusion products diagnostics used in this study are presented in sections 2 and 3 respectively: in
particular, section 3.1 describes the synthetic diagnostics used to estimate the expected fusion product
rates starting from the neutron emissivity profiles calculated by TRANSP/NUBEAM. Section 4 is devoted
to the comparison between measurements and predictions while the possible sources for the observed
discrepancies are discussed in detail in section 5. Finally the conclusions are presented in section 6.

Figure 1 – Time traces of the NBI heating signal (black) and of a Mirnov pick-up coil (red) for a representative
plasma discharge for two scenarios: quiescent plasma, left panels; saw-teething plasma, right panels. The
neutron rate shown in the bottom panel is the predicted one from TRANSP/NUBEAM.

2. Plasma scenarios

MAST is a medium sized spherical tokamak with an aspect ratio R/a ≈ 0.85/0.65 ≈ 1.3 and capable of
sustaining plasma discharges with plasma current in the range 0.4 to 1.0 MA and temperatures as high
as 2 keV in a very low toroidal magnetic field (typical values are in the range 0.45 to 0.6 T). Two Neutral
Beam Injectors (NBIs) provide additional heating (up to 3.5 MW) and are the main source of fast ions in
MAST and the only source of neutron emission via the beam-thermal and beam-beam reactions up to a
maximum neutron yield of about Y ≤ 2× 1014 s−1. MAST is capable of a wide range of plasma scenarios
with different divertor configurations such the up-down symmetric Double Null Divertor (DND) and the
down-shifted Lower Single Null Divertor (LSND) scenarios, it can be operated in L and H-modes and the
safety factor profile can be either monotonic or characterized by reversal in the core. MAST also exhibits
a very rich set of MHD instabilities driven both by the background plasma equilibrium, such as the
sawtooth instability and the edge localized modes, and by the presence of a large, super-Alfvénic fast ion
population, such as Toroidal Alfvén Eigenmoes (TAEs), fish-Bones (FBs) and Long-Lived Modes (LLMs).
The mechanism by which TAEs and FBs are excited is the free-energy made available by a NBI heating
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Scenario Ip PNBI YFC Conf. CFPD Notes

(kA) (MW) (×1013 s −1)

S1 800 1.50 3.0 DND Yes Quiescent MHD

S2 800 1.50 5.6 DND Yes Intermediate MHD

S3 800 2.75 9.4 DND No TAEs, large FBs and LLMs

S4 1000 3.40 15.0 DND No TAEs, FBs and LLMs

S5 630 1.50 5.0 LSND No TAEs, FBs and LLMs

S6 560 1.30 2.0 DND Yes Sawtooth

Table 1 – Summary of the plasma scenarios exhibiting fusion product deficit. Neutron yield values indicate
the maximum measured value by the fission chamber. Plasma configurations are Double Null Divertor (DND)
and Lower Single Null Divertor (LSND). The Charged Fusion Product Detector (CFPD) was not available
for all series.

Scenario Pulse numbers

S1 29904, 29905, 29906, 29908, 29909, 29910

S2 29222, 29917, 29924, 29928, 29929, 29931

S3 29975, 29976, 29980

S4 29132, 29181, 29207, 29208, 29209, 29210, 29359

S5 27932, 27934, 27935, 27936, 27938

S6 29879, 29880, 29881, 29882, 29884, 29885

Table 2 – List of plasma discharges used in this study. In bold, the representative plasma discharge for each
scenario that has been modelled in TRANSP.

driven large fast ion pressure with a very steep spatial gradient. These instabilities are responsible for
the redistribution and loss of fast ions and the consequent reduction in the neutron emissivity [8]. From a
fast ion perspective, MAST plasma discharges can then be divided in “quiescent” scenarios characterized
by no or very limited fast ion redistribution and in “non-quiescent” scenario where significant fast ion
redistribution occurs. Table 1 summarizes the database of discharges used in this study which cover a
wide range of plasma currents, from 0.5 to 1.0 MA, with different level of NBI heating, from 1.3 to 3.4
MW, in DND and LSND configurations grouped in six scenarios. Scenarios S1 and S6 are quiescent
scenarios where little or no fast ion redistribution is occurring during parts of the discharge. In the case of
scenario S6 strong fast ion redistribution occur at the sawtooth crash but the fast ion population recovers
fairly quickly so that in the inter-sawtooth crash period no redistribution is occurring. Scenarios S2 to
S4 are characterized by different levels of fast ion redistribution. Scenario S5, which exhibits instabilities
very similar to those of S3 and S4, is included in the database to provide a historical perspective on
the fusion products discrepancy as the discharges in S5 were carried out almost two years before those
of all the other scenarios. An example of the different nature and level of MHD activity in quiescent
and non-quiescent scenarios is shown in figure 1 where the signal from a Mirnov pick-up coil is shown for
selected discharges for scenarios S1 and S6 together with the time trace of the NBI power and the resulting
simulated neutron rate. Thanks to MAST high reproducibility, all the discharges within each scenarios
are almost identical: this has been exploited to measure the neutron emissivity profile as discussed in
section 3. Table 2 list the discharges included in each scenario with those in bold being modelled with
the codes TRANSP/NUBEAM (see section 3.1) as representative discharges for each scenario.

3. Fusion product diagnostics

The two principal diagnostics for this study are the Neutron Camera (NC) and the Charged Fusion
Products Detector array (CFPD). A detailed description of these two diagnostics can be found in [9,10].
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Figure 2 – Overview of the sight-lines looking at the plasma core for the neutron camera (red and green solid
lines) and for the charged fusion products detector (pale green, yellow, magenta and brown) on a poloidal
cross-section (a) and on the equatorial plane (b) together with the slowed down fast ion density shown in
panel (a) and the fast ion birth location from the neutral beam injection in panel (b).

An overview of the plasma regions probed by the NC and the CFPD is shown in figure 2. The NC
views the plasma along two collimated lines of sight on the equatorial plane through a thin stainless steel
flange; two additional lines of sight look at the plasma 20 cm below mid-plane. The NC sighlines impact
parameter p can be changed in between plasma discharges thus allowing the measurement of the neutron
emissivity covering the entire plasma region from the inboard to the outboard side. The NC detectors
consist of liquid scintillators (EJ-301 type) coupled to photo-multipliers. Each detector is equipped with
a 22Na source and connected to a LED source and both are used to correct for gain shifts in the PMT
gain due to high count rates and the stray magnetic field. The light output of the EJ-301 scintillator
to incident γ-rays and neutrons has been provided by the detector manufacturer. The efficiency of the
detectors to 2.45 MeV neutrons from the DD fusion reaction has been determined by a combination
of MCNP simulations [11] and absolute calibration of the acquisition energy threshold in MeV electron
equivalent using multiple standard γ-ray sources. The results of such simulations agree with similar Monte
Carlo simulations available in literature validated by measurements of the efficiency to mono-energetic
neutron beams [12–16]. The efficiency so determined for the NC detectors is ε = 13 %. The attenuation
of the neutron flux through the thin stainless steel flange has also been estimated via MCNP simulations
resulting in a transmission coefficient η = 0.904.

The CFPD consists of four Silicon Surface-Barrier (SBB) diodes mounted inside a shielding case with
collimated views of the plasma and shielded against light and x-ray radiation by a 0.8 µm thick aluminium
foil. The active layer at 100 µm thick is designed to fully stop the 3 MeV protons while being insensitive
to neutrons. The CFPD is mounted on a linear manipulator arm which provides limited radial scan
capabilities, from R = 0.75 m to R = 1.05 m, along the mid-plane. An example of the typical trajectories
of the 3 MeV protons from the DD reaction reaching the detectors, calculated for the specific magnetic
equilibrium reconstructed with EFIT [17], are shown in figure 2. Two out of the four channels in the
CFPD are partly shadowed by one of the NBI dumps as shown in figure 2: in this study therefore only
results from the two channels not affected by the shadowing are presented. This non-optimal experimental
set-up was due to the limited time available for the installation of the CFPD on MAST (only one port on
the machine could be made available) and for carrying out these measurements before MAST went into
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shutdown. The efficiency of the CFPD for 3 MeV protons is approximately εSBB = 97 %. The efficiency of
SSB with the proper minimum depletion depth is in general accepted to be 100 % for a properly working
detector. Charged particle detection losses are mostly due to missed proton pulses due to either large
electrical noise signals and pile-up events (e.g. pulses that are less than approximately 400 ns apart and
are therefore not identified as two individual pulses). In order to determine such effect on the detection
efficiency, artificial signals have been added to real data and analyzed: the number of simulated events
losses at the measured particle rate has then been used as a measure of detection efficiency.

In addition to the NC and CFPD, MAST is equipped with an absolutely calibrated 235U Fission
Chamber (FC) used to monitor the global neutron yield Yn with a time resolution of 10 µs [18]. The
calibration of the FC was carried out once at the very beginning of MAST operations and its calibration
has been tracked through the years with a neutron activation system.

3.1. Synthetic diagnostics

The NC and CFPD measure the Count Rate (CR) with which neutrons and protons are detected. In order
to compare the measured CRs with theoretical predictions, synthetic diagnostics have been developed.
The synthetic diagnostics combine the plasma equilibrium, the neutron emissivity εn(R,Z) on a poloidal
cross-section calculated by TRANSP/NUBEAM with the geometry of the lines of sight and the detectors’
response function (including their efficiency) to provide the expected neutron and proton count rates. A
detailed description of the NC synthetic diagnostic can be found in [19]. The predicted NC count rate for
a given impact parameter p, νn(p), is given by:

νn(p) = ηε
∑
i,j

εn(Ri,j , Zi,j)Ω(p;Ri,j , Zi,j) (1)

where Ω(p;Ri,j , Zi,j) is the 3D solid angle subtended by a volume element of the plasma, εn, at the NC
detector viewing the plasma with tangency radius p. Summation is over all volume elements used in
NUBEAM to estimate the neutron emissivity on a poloidal cross-section. The solid angle Ω(p;Ri,j , Zi,j)
is calculated with a Monte Carlo code which implements the full 3D geometry of MAST and of the NC.
The code has been validated against analytical calculations and good agreement has been found (relative
difference less than 5 %). Already in a previous work [19] it was observed that the profile of the NC count
rate as a function of the impact parameter νNC(p) was in good agreement with νn(p) only if the latter
was multiplied by a constant scaling factor k ≈ 0.7, that is νNC(p) = kνn(p). A systematic validation
of the neutron emissivity profile ε(R,Z) calculated by NUBEAM was then carried using the Directional
RElativistic Spectrum Simulator (DRESS) code [20]. Good agreement was found between DRESS and
NUBEAM neutron emissivities (relative difference less than 1 %). DRESS can model the energy spectra of
the products from fusion reactions involving two reactants with arbitrary velocity distributions employing
fully relativistic kinematic equations to calculate the energy of the fusion products. Input to DRESS
are the equilibrium magnetic field and the reacting fuel ions velocity distribution function which in this
validation was provided by NUBEAM itself.

The simulation of CFPD count rates is based on the same TRANSP/NUBEAM simulations used for
the NC. In this case, the proton emissivity εp(R,Z) is assumed to be equal to the neutron one both in its
spatial distribution and intensity and that protons do not undergo collisions between their birth and the
detector. The probability for such a reaction along a path length of 400 m in a plasma density of 6× 1019

m−3 has been estimated to be of the order of approximately 10−7. The spatial distribution is identical
since the fuel and fast ion spatial distribution is the same for both reaction channels. The intensity of
the neutron and proton emissivities can be assumed identical since the ratio of the thermal emissivity
varies between 1.02 and 1.03 in the ion temperature range of interest (Ti < 1.0 keV) and the ratio of the
beam-thermal cross-sections for the beam-target reactions D(d,n)3He and D(d,p)T varies between 0.97
and 0.98 for the fuel ion and NBI energies of the plasma scenarios here studied [21]. Interpolation over
the RZ plane is carried out to estimate the proton emissivity εp(R,Z) along the proton trajectories which
are backward calculated with a full orbit following code in the equilibrium magnetic field calculated via
EFIT. The full-orbits are backtracked starting from the CFPD position until they intersect the vessel
walls, the coils and other obstacles: the path length of all simulated orbits has never exceeded 400 m in
this analysis. For each detector-collimator pair a large number of orbits are calculated (betweem 81 and 6)
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to take into account the non infinitesimal size of the field of view by dividing the collimator and detector
areas in a 3 × 3 or 5 × 5 arrays. The expected CFPD count rates νp is then given by the integration of
the proton emissivity along each orbit as:

νp = εSBB

∑
i

Ai

∫
`i

εp [R(`), Z(`)] d` (2)

where ` is the position of the proton along its orbit, Ai is the phase space acceptance for this bundle and
the summation is carried out over all the orbit bundles.

A standard output of TRANSP/NUBEAM is the total neutron yield Yn which is usually compared
with the one measured by an absolutely calibrated fission chamber, YFC. On MAST, for quiescent
scenarios, good agreement is found between the two if YFC is multiplied by 0.9, a correction factor
which accounts for drifts in the FC since its absolute calibration. In the case of non-quiescent scenarios,
Yn > YFC an observation which is usually interpreted as a reduction in the fast ion confinement due to the
energetic particle modes. Agreement between the two is recovered by introducing in TRANSP/NUBEAM
an anomalous fast ion diffusion coefficient Da to account for the redistribution of fast ions. The anomalous
fast ion diffusion coefficient can be specified by the user in the input file to have an energy, space and
time dependency which is typically adjusted so that the predicted and measured neutron yields match.
On MAST, good agreement can be obtained between the predicted and measured neutron yields using a
Da which is constant in space and energy and varies only in time: typical values for Da ranging from 0
m2s−1 for quiescent scenarios up to 3 m2s−1 for non-quiescent scenarios.

Figure 3 – Comparison between measured (solid circles) and predicted (continuous lines) neutron camera
count rates for scenario S1 and S6 in panels (a) and (b) respectively in selected time intervals. Predicted
count rates CRTR (solid blue line) are shown with their uncertainties (dashed blue lines) and multiplied by
the scaling factor k (red lines): in this case, k̄ = 0.665 (panel (a)) and k̄ = 0.645 (panel (b).

The neutron emissivity used in equation (1) is calculated by NUBEAM as a non flux-surface averaged
quantity in contrast to standard output which is flux-surface averaged. In order for the neutron emissivity
to be calculated with low statistical variance, each TRANSP/NUBEAM simulation discussed in this work
has been carried out with a large number of Monte Carlo model particles (5× 104) representing the NBI
fast ions, resulting in long computational times. The implication of this will be discussed more in detail
in section 4.2. As for the total neutron yield, good agreement between Yn and YFC is achieved even when
a low number of Monte Carlo model particles (103) is used in the TRANSP/NUBEAM modelling. For
example, the standard deviation in the relative difference of Yn between simulations with 103 and 5× 104

particles is approximately 0.025 but the required simulation time for the former is approximately 30 times
shorter.
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4. Simulations versus observations: a systematic study

In this section, the evidence of a systematic discrepancy between predicted and measured count rates for
the fusion products is presented. Predicted 2.45 MeV neutron and 3 MeV proton count rates have been
estimated from TRANSP/NUBEAM simulations with large number of Monte Carlo particles at selected
times during the plasma discharge for all representative pulses listed in table 2. The neutron emissivity
at these selected times is the average over a 3 ms time interval for the NC and between 5 and 20 ms
for the CFPD. The quiescent scenarios, discussed in section 4.1, are characterized by little or no fast ion
redistribution and therefore have been simulated setting Da = 0 m2s−1. The fusion product discrepancy
was also found in a wider range of plasma scenarios characterized by non-quiescent MHD activity. These
scenarios were simulated first with no anomalous fast ion diffusion and then by adjusting Da to match
the neutron yield measured by the FC as discussed in detail in section 4.2.

Figure 4 – Ratios between the charged fusion product detector count rates of the proton emission CRPD

measured by two channels to those predicted by TRANSP CRTR for four plasma discharges of scenario S1

for t ≈ 0.21 s in panel (a) and for five plasma discharges of scenario S6 in panel (b) for t ≈ 0.25 s, before a
sawtooth crash. The horizontal bars indicate the range of mid-plane radii covered by each CFPD detector
channel

4.1. Quiescent MHD scenarios

Figure 3 shows two typical examples of the discrepancy observed between predicted neutron count rates
νn and those measured by the neutron camera, νNC. The profile νNC(p) is obtained by combining all the
plasma discharges for each scenario while the predicted profile νn(p) is based on the TRANSP/NUBEAM
modelling of plasma discharges #29904 and #29880. The results presented in figure 3 highlight the fact
that TRANSP/NUBEAM simulations are able to correctly reproduce the shape of the neutron camera
count rate profile but not its amplitude. Good agreement between predicted and measured count rates is
recovered if νn is multiplied by a factor k̄ = 0.67±0.02 for S1 and k̄ = 0.65±0.02 for S2. The quantity k̄ is
the average of the ratios k(pi) = νNC(pi)/νn(pi). This discrepancy can not be explained even when taking
into account the uncertainties in the input parameters to TRANSP/NUBEAM. The plasma parameters
that affect the neutron emissivity are the electron temperature Te and the effective charge Zeff while the
electron density ne and the ion temperature Ti have a negligible effect [19]. When a relative uncertainty
of 10 % is included in both Te and Zeff (typical values on MAST) the discrepancy between νNC and νn

is still larger than the error bars for both scenarios as shown in figure 3 by the dashed lines. In order
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to match νn to νNC it would be necessary to either double the value of the core Zeff (from 1.5 to 3.1) or
reduce the electron temperature by approximately 26 %. In both cases, these are variations much larger
than those that are deemed acceptable given their uncertainties: the relative uncertainty on the electron
temperature has been determined to be less than 5 % [22] and less than 30 % for Zeff [23]. Additional
TRANSP/NUBEAM simulations have been performed where the NBI energy and densities were changed.
In such case, in order to reproduce the experimental results the NBI energy should be reduced from 60 to
52.5 keV or the beam density by 35 %. These large variations are also beyond their accepted uncertainties
and are therefore not credible [24]. As a final comment on the neutron count rates, it is worth nothing
that the predicted count rates are based only on the contribution of uncollided neutrons, that is neutrons
that are emitted from the plasma and reach the detector without making any collision. A fraction of
the measured count rates, however, is due to collided neutrons since the detectors can not discriminate
between uncollided and collided neutrons. The fraction of scattered neutrons has been estimated to be
less than 10 % for impact parameters p ≤ 1.1 m [9]. As a result, the actual ratio k̄ would be reduced by
a similar amount giving k ≈ 0.59 indicating an even larger discrepancy between experiment and model.

A similar discrepancy is observed for the CFPD count rates of the 3 MeV protons νPD as shown in
figure 4. The profile of the ratio νPD/νp is shown for selected time intervals for both S1 and S6: in this
case we observe k̄ = 0.72 ± 0.02 and k̄ = 0.57 ± 0.01. It is worth mentioning that in the case of S6, the
deficits in νNC and νPD are not affected by the sawtooth crashes, i.e. the deficit is approximately the
same as that indicated when measured before and a few ms after each sawtooth crash (the neutron rate
is averaged in 3 ms time intervals, while the proton rate in 5 ms time intervals).

Finally figure 5 shows the scaling between TRANSP/NUBEAM predictions and measured count rates
for each pulse, time and impact parameter (for the NC) and radial position (for the CFPD). As can be
seen, most the experimental measurements are characterized by a deficit between 0 and 50 % with an
average value of k = 0.64± 0.02 and 0.62± 0.09 for the NC and the CFPD respectively. A few NC data
points for scenario S1 fall on the 100 % line: these data points all come from measurements at large
impact parameter p & 1.1 m. The reason for this deviation from the overall trend is not clear but it might
be due to the peculiarity of this scenario since such deviations are not observed in all other scenarios for
similar impact parameters.

Figure 5 – Comparison between TRANSP predicted and measured count rates by the neutron camera
(panel (a)) and the charged fusion product detectors (panel (b)) for scenarios S1 and S6. TRANSP
predictions with no anomalous fast ion diffusion coefficient. Each experimental data point represent the
ratio between individual NC/CFPD channels and the TRANSP predicted CRs for selected times during the
plasma discharge. The labels “pre” and “post” refers to the time intervals before and after a sawtooth crash.
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4.2. Non-quiescent scenarios

The comparison between the predicted and measured count rates νn and νNC is carried out firstly by
setting Da = 0 m2s−1 even if fast ion redistribution and the associated reduction in the neutron emissivity
is expected. The rationale for this is to see by how much TAEs, FBs and LLMs affect the scaling
factor k thus providing an estimate of the redistribution of fast ions based only on the neutron camera
measurements. An example of this comparison is shown in panels (a) and (b) of figure 6 for scenarios
S3 and S4 respectively. For the time intervals indicated, the scaling factor is k̄a = 0.47 and k̄a = 0.39
respectively, where the index “a” indicate that this scaling factor applies in the presence of anomalous fast
ion redistribution: as expected we observe that k > ka. Note that in these scenarios too, the simulated
count rate profile well matches the shape of the experimentally measured one. The dependency of k̄a on

Figure 6 – Comparison between measured (solid circles) and predicted (continuous lines) neutron camera
count rates for scenario S3 and S4 in panels (a) and (b) respectively. Predicted count rates CRTR (solid
blue line) are shown with their uncertainties (dashed blue lines) and multiplied by the averaged anomalous
scaling factor k̄a (red lines): k̄a = 0.466 (panel (a)) and k̄a = 0.389 (panel (b)). The time evolution of the
RMS of the Mirnov coil signals is shown in panels (c) and (d) for scenarios S3 (# 29976) and S4 (# 29210)
respectively. Panels (e) and (f) show the corresponding evolution of the averaged anomalous scaling factor
k̄a. The vertical dashed lines indicate the times of the count rate profiles shown in panels (a) and (b).

the MHD activity is shown in panels (c) to (f) of figure 6 where the evolution in time of the RMS of
the signal of a Mirnov pick-up coil is plotted together with k̄a(t) for the same scenarios. In the case of
S3, initially k̄a ≈ 0.4 when strong MHD activity is present first in the form of TAEs (from 0.1 to 0.17
s), followed by FBs (from 0.17 to 0.24 s) which are followed by the LLM up to 0.3 s. For t > 0.3 s, the
perturbation is reduced in amplitude and correspondingly the scaling factor ka tends towards the values
of k observed for quiescent scenarios, i.e. k̄a ≈ 0.6. In the S4 case instead, as the MHD activity persists
throughout the entire pulse, ka remains suppressed at a level of approximately 0.4. When the scaling
factor ka is evaluated for individual impact parameters, times and plasma discharges, the effect of the
fast ion redistribution results in a discrepancy between 50 and 70 % with a different scaling than the one
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for the quiescent scenarios.

Figure 7 – Panels (a) to (d): comparison between measured (solid circles) and predicted (continuous lines)
neutron camera count rates for scenario S2 to S5; predicted count rates νn (solid blue line) are shown with
their uncertainties (dashed blue lines) and multiplied by the averaged scaling factor k̄ (red lines). Panel (e):
ratios between the CFPD count rates νPD measured by two channels to those predicted by TRANSP νp for
the plasma discharges of scenario S2.

The neutron emission for the representative plasma discharges for scenarios S2 to S5 was
then recalculated introducing a non-zero, time dependent, anomalous diffusion coefficient in the
TRANSP/NUBEAM simulations. For S3 and S5, the FB loss model present in NUBEAM was also
used in order to reproduce correctly the sharp drops in the neutron yield at the onset of and during the
chirping down phase of these instabilities. The level and time dependence of the anomalous diffusion was
obtained by adjusting Da so that Yn(t) ' 0.9×YFC(t) rather than trying to match νn(p, t) with νNC(p, t).
This was done for two reasons. The first reason is due to the fact that a manual iterative approach was
used to adjust Da: agreement between measured and predicted neutron yield could be achieved fairly
quickly as the number of Monte Carlo particle required is quite small. The second, and most important
motivation, is that matching νn(p, t) with νNC(p, t) would have required Da values uncommonly higher
than those observed in NSTX (1 - 2 m2s−1) [25, 26] and ASDEX-U (about 1 m2s−1) [27] in the presence
of similar MHD activity. Good agreement between Yn and YFC is obtained with Da varying between 0
and 2.8 m2s−1. With the condition Yn(t) ' 0.9× YFC(t) achieved, new simulations were carried out with
large numbers of Monte Carlo particles and the non-flux averaged neutron emissivity was calculated at
selected times. Panels (a) to (d) of figure 7 show the comparison between νn and νNC for selected times
for scenarios S2 to S5. As can be seen, in all four cases the count rates profiles agree both in shape and
amplitude with a scaling factor k̄ ranging from 0.58 to 0.68, that is very similar to the case of the quiescent
scenarios. The case of scenario S5 is of particular interest because it confirms that this discrepancy has
been present at the same level well before the plasma discharges for the other scenarios were carried out.
The same high statistic simulation used for the neutron measurements analysis for scenario S2 was then
used to calculate the ratio νPD/νp which is shown in panel(e) of figure 7 resulting in an average scaling
factor k = 0.71±0.01 thus confirming the presence of a deficit in both channels of the DD fusion reaction.
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5. Discussion

As shown in the previous section, the deficit between predicted and observed count rates is consistently
between 0 and 50 % for both fusion products alike (neutrons and protons) for all different scenarios with
and without fast ion redistribution. These observations are summarized in table 3 and in figure 8 for
both quiescent and non-quiescent scenarios (when the anomalous fast ion diffusion is included in the
TRANSP/NUBEAM modelling).

Scenario kNC kPD

S1 0.66± 0.01 0.72± 0.02

S2 0.68± 0.01 0.71± 0.01

S3 0.62± 0.01 -

S4 0.68± 0.01 -

S5 0.63± 0.01 -

S6 (pre) 0.63± 0.01 0.57± 0.01

S6 (post) 0.63± 0.01 0.56± 0.02

Table 3 – Best estimate of the scaling factor for each scenario from neutron camera data (kNC) and the
CFPD (kPD). The labels “pre” and “post” refers to the time intervals before and after a sawtooth crash.
The horizontal dash “-” indicates that CFPD measurements are not available.

Figure 8 – Comparison between measured count rates by the neutron camera (left panel) and the charged
fusion product detector (right panel). For scenarios S2 to S5 characterised by strong TAE, FB and LLM
activity, TRANSP predictions have been carried out by adjusting the anomalous fast ion diffusion coefficient
Da to match the FC measurements. Each data point represent the ratio between individual NC channels and
the TRANSP predicted CRs for selected times during the plasma discharge. The labels “pre” and “post”
refers to the time intervals before and after a sawtooth crash.

The observed count rates for the NC and the CFPD are difficult to reconcile with the measurement
of the total neutron yield from the fission chamber, even in the simplest quiescent scenarios. Since the
same TRANSP/NUBEAM simulation is used to estimate νn, νp and Yn it is difficult to understand
how the situation in which Yn = 0.9YFC and simultaneously νNC/νn ≈ νPD/νp ≈ 0.6 can arise. One



Fusion product rates discrepancies on MAST using G.C. approximation 12

possibility is that both the NC and CFPD efficiencies are wrongly estimated in such a way that results
in a similar ratio between predictions and measurements. Considering that the NC and CFPD are two
totally independent diagnostics, relying on completely different physical principles, this seems implausible
although it can not be ruled out. An alternative explanation could be that the neutron emissivity used
as the starting point for estimating the expected count rates for both the NC and CFPD is incorrect.
However, as discussed in section 3.1, the neutron emissivity calculated by TRANSP/NUBEAM agrees
very well with the one calculated by DRESS starting from the same underlying fast ion distribution
function. In addition, if the neutron emissivity was to be wrong then it would be impossible for the FC
to match the TRANSP/NUBEAM predictions for the total neutron yield.

An entirely different explanation for the disagreement between FC and the fusion product
measurements is to assume that the original calibration of the fission chamber and its subsequent tracking
via activation foils has become unreliable. A close scrutiny of the absolute calibration described in [18]
identified few issues that might contribute to this. The first is the lack of the absolute calibration of the
252Cf source which, as stated by the authors of the calibration study, has been calibrated only once 20 years
before, using a method known to be accurate to about 2 %. The calibration of the FC on MAST was then
performed correcting for the decay of the source using the published half-life of the isotope and assuming
the same 2 % uncertainty in the result as obtained for the original calibration. It is noted that a single
point calibration of a 252Cf source is not sufficient to determine its isotopic composition and therefore the
proportion of the isotope 250Cf was not known at the time of the original source calibration. An isotopic
composition different to that assumed might alter the strength of the neutron source, especially as it
ages [28], and thus represents an additional, unquantified uncertainty in source strength. A second source
of uncertainty in the FC calibration concerns the relative simplicity of the MCNP model used to translate
the 252Cf neutron emission to the counts on the fission chamber. The accuracy of the MCNP calculation
depends on the detail of the model and the time available for running the code. The model used omitted
some details such as the wooden floor around the top of the machine, vessel ports and coil supports leading
to an estimate of the error in the MCNP calculation of 8% arising from the combination of the model
setup and the Monte-Carlo statistics. When comparing the MCNP results to the 252Cf measurements,
the counts predicted were larger than those observed in the FC by a factor of between 24 and 33 with
the difference in the scaling factors being dependent on the toroidal position of the 252Cf source. The
magnitude of the scaling factors was ascribed to a high acquisition threshold in the electronics attached to
the FC and could therefore be normalised using an average factor of 27. However the position dependent
variation in the scaling factors (in the range ±17 %) does not appear to be completely explained by the
aforementioned contributions to the total uncertainties in the measurements and modelling. It is also
recognised that significant changes to MAST have occurred since this original calibration, most notably
the installation of the divertor structure, that have most likely altered the neutron yield. Finally, the
cross-calibration with the activation foil is only indicative as the neutron flux on and the activation of
the indium foil was not simulated in MCNP. It is also recognised that one of the principal purposes of
the FC measurement is to track the total neutron dose in the shielded machine area for safety purposes,
particularly tracking activation of machine components to ensure this is below allowed limits. Total
neutron dose was assessed after each experimental campaign and in each case, it was found that the dose
measured by the FC was higher than that averaged between 12 CR39 neutron monitor badges in the
shielded area. It was concluded that although the FC measurement was in disagreement with the badge
measurements, operations could safely continue without requiring a re-calibration of the FC. The absolute
calibration of a fission chamber on a tokamak is a very complicated endeavour as the recent calibration
in JET has highlighted [2]. The points above suggest additional sources of uncertainty in the MAST FC
absolute calibration.

Unfortunately, even leaving aside the comparison with the FC measurements, the experimental
observations presented in this work indicate that one or multiple systematic error(s) are present in either
the NC and CFPD diagnostics or in the TRANSP/NUBEAM inputs and modelling. In section 4.1 it was
shown that it is possible to remove the discrepancy by changing, one at the time, the plasma parameters
that affect the neutron emissivity such as the effective charge, the electron temperature, the NBI energy
and density. However, the required changes are much larger than the accepted uncertainties in these
quantities which are therefore discounted as the source of the observed discrepancy. Even envisaging
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a situation in which Zeff , Te, ENBI and nNBI are changed simultaneously within their experimental
uncertainty and in the right direction so that predicted and measured count rates agree would not
be sufficient to resolve the observed discrepancy. In particular, the NBI energy has been confirmed
by measurements of the Doppler shift of the Fast Ions D-α (FIDA) emission. Regarding the absolute
intensity of the FIDA signal, related to the NBI intensity, some uncertainties remain which will require
further investigation: these will be addressed in a future work. In particular, the role of the halo neutrals
during NBI heating has a significant impact on the intensity of both FIDA and NPA signals [29] and
was not included in the original FIDA/FIDAsim benchmarking [24]. The stored plasma kinetic energy
W is an additional plasma parameter that is typically used to check the quality of TRANSP/NUBEAM
simulations. On MAST, W is strongly dependent on the NBI heating which contributes to approximately
35 % of its total value [30] and therefore can provide an additional check on the calculated neutron
emissivity. Unfortunately on MAST, the diamagnetic loop that is typically used to measured the stored
energy was not available for this study.

Losses of fast ions due to charge-exchange processes have been investigated in TRANSP/NUBEAM
by modifying both the edge neutral deuterium flux and the external neutral deuterium density n0,ext. In
both cases, these quantities have been increased by one order of magnitude with respect to their reference
values and no significant difference in the neutron yield was observed. For example, on MAST a fast
pressure gauge provides an indication of the neutral molecular deuterium density which, for the plasma
scenarios here studied, varied in the range 1× 1018− 1× 1019 m−3 depending on the level of gas puff but
no change in the neutron yield was observed when setting n0,ext = 1× 1020 m−3. It is possible that even
higher values of n0,ext might result in a reduction in Yn but such high density for the neutral D gas are
unlikely, especially near the last closed flux surface where most of the charge exchange processes between
confined fast ions and neutral atoms and molecules would occur. For example, in NSTX, the atomic and
molecular deuterium density have been estimated to be less than 1 × 1017 and 1 × 1018 m−3 with both
approaching the atomic density level close to the plasma boundary [31]. On START a very high neutral
density was estimated (approximately 1 × 1019 m−3) and was considered as a consequence of the very
small ratio between the plasma and the vessel volume (about 7 %) [32]: for comparison the same ratio
for NSTX is approximately 50 % and about 20 % on MAST.

Finally, the role of Toroidal Field Ripples (TFRs) on the loss of fast ions in MAST is briefly reviewed
here. In a first study, in which a full orbit particle tracking code was used, it was found that TFRs
have a negligible impact on the fast ion confinement [33]. However, a more recent study, specifically
devoted to the neutron emission modelling along a fast ion trajectory using a non-steady state full
orbit following code, suggested that TFRs have a significant role in reducing the confinement of fast
ions [6,7]. In particular, this study suggests a possible explanation for the discrepancy between measured
and TRANSP/NUBEAM predicted neutron count rates. In NUBEAM fast ions orbits are calculated
using the guiding-centre approximation combined with a finite Larmor radius corrections algorithm to
account for the significant size of the Larmor radii of fast ions in MAST compared with the plasma volume
and the scale of the spatial gradients of the plasma profiles. Even with this finite Larmor radius correction
in place however, the DD fusion reactivity is larger than that calculated when a full orbit following code
is used instead [6, 7]. The reason for this is that the size of the fast ion orbits is not negligible compared
to the variation in the thermal deuterium density profile. According to this work, the reduction in the
neutron yield between guiding-centre (NUBEAM) and full orbit estimates is approximately 30 % giving
a ratio of approximately of 0.7 not far from the discrepancy here reported.

6. Conclusions

Neutrons and protons in MAST NBI heated plasmas are produced mainly by the beam-thermal reactions
(≈ 90 %) and to a smaller extent to beam-beam reactions (≈ 10 %) with a negligible contribution from
thermal fuel reactions. The fusion product deficit reported in this work is independent of the MAST
plasma scenario and approximately of the order of 40 %. This discrepancy can not be explained by the
uncertainties in the input data to TRANSP/NUBEAM codes unless a large systematic error in one or more
such parameters has so far gone undetected. This seems rather unlikely as MAST diagnostics and NBI
systems have been well calibrated and validated. The only exception is the fission chamber whose absolute
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calibration might have changed in time leading to a coincidental agreement with TRANSP/NUBEAM
predictions of the total neutron rate. It might still be the case that systematic errors are present both in
the NC and CFPD but the fact that the two independent diagnostics observe a similar deficit in the fusion
products from the two different channels of the DD reaction makes this quite unlikely. The fact that both
the NC and CFPD synthetic diagnostics use the same neutron emissivity profile to estimate the predicted
count rates hints to the possibility of its systematic overestimate by TRANSP/NUBEAM. However, the
neutron emissivity profile calculated by TRANSP/NUBEAM and by DRESS agree within 1 % suggesting
that the actual quantity that is overestimated is the fast ion density. FIDA diagnostic measurements of the
total fast ion density in MAST agree with TRANSP/NUBEAM estimates. However, uncertainties in the
absolute calibration of the FIDA diagnostic can not rule out that this agreement is fortuitous especially
considering the lack of proper modelling in TRANSP/NUBEAM of the role of the halo neutrals. Assuming
that NC and CFPD measurements are correct, the only possible source of the discrepancy that we have
identified in this work is the guiding centre approximation used in NUBEAM that was shown to lead to
an overestimate of the local neutron emissivity compared to the one calculated by a full orbit following
code. This effect is very important in spherical tokamaks due to the large Larmor radius of fast ion
orbits compared with the plasma dimensions and the thermal fuel density profile gradients. This might
explain why on MAST the fusion product deficit is scenario independent contrary to what is observed
on JET, where other factors might be at play. Instead, on conventional tokamaks, with much stronger
magnetic fields, the guiding centre approximation might be sufficiently good for neutron rate predictions
and measurements to agree, although a careful choice of the effective charge is required [34]. The results
and discussion here presented are far from conclusive and further work is needed to better understand and
explain the discrepancy between not only fusion product predictions and measurements but also between
the NC and CFPD observations with those of the FC and FIDA diagnostics. In particular, the modelling
of the fusion product diagnostics using a full orbit following code such as LOCUST-GPU [35] would help
to settle the issue: this will be the subject of a follow-up investigation.
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