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The Neutron Camera Upgrade (NCU) is a neutron flux monitor consisting of six lines of sight
(LoSs) under installation on Mega Ampere Spherical Tokamak (MAST) Upgrade. The NCU is
expected to contribute to the study of the confinement of fast ions and on the efficiency of non-
inductive current drive in the presence of on-axis and off-axis neutral beam injection by measuring
the neutron emissivity profile along the equatorial plane. This paper discusses the NCU main design
criteria, the engineering and interfacing issues, and the solutions adopted. In addition, the results
from the characterization and performance studies of the neutron detectors using standard γ-rays
sources and a 252Cf source are discussed. The proposed design has a time resolution of 1 ms
with a statistical uncertainty of less than 10% for all MAST Upgrade scenarios with a spatial res-
olution of 10 cm: higher spatial resolution is possible by moving the LoSs in-between plasma
discharges. The energy resolution of the neutron detector is better than 10% for a light output of
0.8 MeVee, and the measured pulse shape discrimination is satisfactory. Published by AIP Publishing.
https://doi.org/10.1063/1.5038948

I. INTRODUCTION

A crucial aspect for future fusion power plants is the max-
imization of fusion power production which depends also on
the confinement of fast ions and in particular of α-particles
from DT reactions. In preparation for ITER operation, fast ion
physics studies are carried out in present-day fusion devices
where MHD instabilities similar to those expected to be driven
by α-particles can be observed.

In particular, Spherical Tokamaks (STs) are well suited to
contribute to the study and understanding of fast ion physics in
ITER-relevant regimes. This is made possible by the combi-
nation of a low confining magnetic field and Neutral Beam
Injection (NBI) resulting in a super-Alfvénic fast ion pop-
ulation which, in turn, can excite a whole range of ener-
getic particle modes. Measurements of the confined fast ion
population can be performed either directly, for example,
by using fast ion Dα spectrometry (FIDA) or indirectly by
using fusion product detectors. This is possible thanks to
the fact that, in present-day NBI heated STs, almost all the
fusion products’ emission is strongly dependent on and dom-
inated by the beam-thermal component (≈90% of the total
emission).

On the Mega Ampere Spherical Tokamak1 (MAST), a
prototype neutron flux monitor with four collimated lines of
sight (LoSs)2 [the Neutron Camera (NC)] and a charged fusion
product detector array3 were used for fast ion physics studies.
The physics studies focused on (i) the interaction between fast
ions with resonant and non-resonant MHD instabilities such as
toroidal Alfvén eigenmodes, fish-bones, and long-lived modes

Note: Paper published as part of the Proceedings of the 22nd Topical Confer-
ence on High-Temperature Plasma Diagnostics, San Diego, California, April
2018.
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and sawteeth,4–6 (ii) the effect of on- and off-axis NBI heating
on the anomalous fast ion diffusion,7 and (iii) the development
of scenarios with good fast ion confinement.8 The results of
these studies contributed to the design of the plasma operating
scenarios for MAST Upgrade9 (MAST-U) and to the design
of the NBI geometry for optimized current drive and fast ion
confinement. MAST-U consists of a series of phased upgrades.
For the purpose of neutron emission measurements, the phases
are “core scope” (the initial phase) characterized by two NBI
systems with a total of 5 MW input power (one on-axis and one
off-axis, 65 cm above the equatorial plane), “stage 1” in which
an additional 2.5 MW off-axis NBI will be added, and finally
“stage 2” which will see the installation of another 2.5 MW
on-axis NBI. In preparation for fast ion physics studies on
MAST-U, several conceptual studies for an upgraded NC were
carried out10 all with the goal to increase the spatial resolu-
tion. The NC had four Lines of Sight (LoSs), two on-axis and
two off-axis, all viewing the plasma in the tangential (toroidal)
direction with a spatial resolution of 20 cm. Neutron emissivity
profiles were probed with higher spatial resolution by moving
the NC in between pulses and by repeating similar plasma
discharges. However, MHD instabilities are not exactly repro-
ducible from discharge to discharge making the interpretation
of the observations more complicated. This paper presents the
solutions adopted for the Neutron Camera Upgrade (NCU) that
will be installed on MAST-U, the design criteria on which it
was based together with the results from the characterization
of the neutron detectors.

II. MAST-U SCENARIOS

Extensive predictive TRANSP11/NUBEAM12 simula-
tions were carried out for MAST-U. Of particular relevance
for the design of the NCU are the simulations for scenario A,
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FIG. 1. Neutron emissivity ε(R, Z) representative of the highest (K26, left
panel) and lowest (L86, right panel) neutron yield according to TRANSP pre-
diction for “core-scope” scenarios in MAST-U with low and high anomalous
fast ion diffusivity (0.3 and 5 m2 s−1, respectively). Poloidal magnetic field
coils are shown in light gray, and the first wall in dark gray.

dedicated to stability and confinement studies, and for scenar-
ios C and D dedicated to the study of the confinement of fast
ions and the efficiency of different NBI current drive meth-
ods. Different levels of on-axis and off-axis NBI heating and
of anomalous fast ion diffusion resulted in neutron rates vary-
ing between 1014 and 1015 s−1 with a wide variation in the
neutron emissivity ε(R, Z), as shown in Fig. 1, from highly
peaked profiles for an anomalous fast ion diffusion coefficient
Da . 0.3 m2 s−1 (simulation “K26”) to more flat profiles
for Da = 5 m2 s−1 (“L86”). These two plasma scenarios are
characterized by 5 MW of NBI power, a plasma current of
1 MA, a density of 2 × 1019 m−3, and temperature in the range
1–2 keV.

III. DESIGN PRINCIPLES AND SOLUTIONS

The overall design criteria used for the final design of the
NCU were (1) a time resolution of 1 ms with a maximum of
10% statistical uncertainty on the counts above threshold for
each LoS, with a maximum zero-threshold count rate smaller
than 1 MHz; (2) a spatial resolution along the major radius of
10 cm for a single plasma discharge; (3) an improved shield
against γ-rays from thermal capture of neutron in the polyethy-
lene shield; (4) an energy resolution better than 10% for
2.5 MeV neutrons; (5) compatibility with the increased stray
magnetic fields expected in MAST-U; (6) compatibility with
port allocation engineering and interfacing constraints; (7)
retaining as many components as possible of the original pro-
totype NC; and (8) an acquisition system located outside the
MAST-U experimental hall (the path length of signal cables
between 30 and 40 m).

As a result of points (6) and (7), the NCU is now located
further away from the MAST-U centre and its overall outer
dimensions and material of the neutron shield are the same
as those of the NC. The implications of these constraints on
the geometry of the lines of sight are discussed in Sec. III A.
Observation of the plasma is in the counterclockwise direction
only due to interfacing with other diagnostic systems. The
detection system consists of EJ-301 liquid scintillators coupled
to photomultiplier (PM) tubes and is described in Sec. III B,
while the shielding is described in Sec. III C.

A. Geometry of the lines of sight and collimators

The neutron emissivity ε(R, Z) is converted into counts at
the detector by taking into account the solid angle of each field
of view.13 The collimator’s length L and diameter D and the
detector active layer’s thickness were adjusted to provide the
required count rates. The number of lines of sight was limited
to a maximum of six due to the constraint on the outer dimen-
sion of the neutron shield and to required spatial separation of
each line of sight (no overlapping collimators). Higher spatial
resolution will be achieved by rotating the NCU around a pivot
point in-between plasma discharges by re-using the NC sup-
porting frame and rail. In contrast to the NC, where the pivot
and the LoS focal points coincided, it has been necessary to
separate the two in the NCU design: the pivot point is located
at 2.9 m from MAST-U centre, while the focal point is at
2.1 m. The axis through the pivot and focal points defines
the axis of the NCU and corresponds to an impact parameter
p = 0.85 m: this is referred to as the reference position (rotation
angle θ = 0◦). The six collimators have all the same diameter
D = 3 cm and length L = 1.035 m with an angular separa-
tion of 3◦ and are shown in Fig. 2. In the reference position,
the impact parameter ranges from 0.6 to 1.1 m with a 10 cm
separation. The LoS focal point coincides with the centre of
the equatorial flange through which the plasma is observed. A
circular area on the flange with a diameter of 28 cm diameter
has been machined down to 4 mm thickness (see Sec. III C).
This area and the size of the field of views’ footprint limit the
range of rotation around the pivot point to 8◦s corresponding
to p ∈ [0.33, 1.23] m sufficient to measure the entire region
of significant neutron emissivity. Rotation by θ = 1◦ results in
∆p = 5 cm: a spatial resolution of 5 cm can thus be achieved
with the repetition of only two discharges.

FIG. 2. Front and back views of the CAD models of NCU: collimators (blue),
detectors and lead shielding (gray), and HDPE shielding (light brown and
green).
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B. Detection system

Six identical detectors have been designed for the NCU.
The EJ-301 liquid scintillator active volume is a cylinder with
a diameter of 3 cm and a thickness of 1.5 cm. Monte Carlo
N-Particle (MCNP) simulations estimate the zero threshold
efficiency to be ≈17% for 2.5 MeV neutrons. The EJ-301 is
coupled to a Hamamatsu R7761-70 PMT via an 11 mm thick
optical window. A fiber optic is glued to the window and used
to shine blue light onto the PMT from a light-emitting diode
(LED) source for monitoring the gain stability and linearity of
the detector. A 30 m long optical fiber has been designed to
connect the LED source to the detector and consists of an ini-
tial 0.5 m long fiber splitting into a bundle of six fibers, one for
each detector. The intensity of the light output across the six
different fibers is quite uniform with a maximum relative vari-
ation of approximately 6%. Each detector is equipped with an
embedded 22Na γ-ray source for calibration purposes located
near the active volume in an inset on the side wall of the cas-
ing. The source activity is 20 kBq, low enough not to perturb
the measurements during plasma operation. The thickness of
the aluminum casing on the detector side facing the plasma
is 1 mm thick to reduce neutron scattering and attenuation.
For the same reason, a circular region of the vacuum flange
through which the NCU sees the plasma has been machined to
a 4 mm thickness. The expected reduction of the direct neutron
flux, estimated via MCNP, is approximately 0.87. Each of the
43 mm long PMTs is surrounded by a 1 mm thick µ-metal
shield, and the detector itself is placed inside two, 20 cm long,
5 mm thick soft iron cylindrical magnetic field shields so that
their centres coincide. Simulation of the stray magnetic field
inside the magnetic shield estimates a residual stray field of
less than 0.3 mT for currents in the poloidal field coils at their
maximum rating. The detector assembly, shown in Fig. 3, is
designed so that the front face of the detector is 5 cm fur-
ther away from the back end of the collimator to reduce the
contribution from in-scattered neutrons. A MCNP calculation
indicated that the ratio between in-scattered and direct neu-
trons drops from 2.6% to 1.1% when the detector is at this
location and that to reduce it below 0.5% would require the
detector to be placed 20 cm away. Given the spatial and weight
constraints, a 5 cm distance was considered a good compro-
mise. The expected counts above threshold (11% efficiency)
for an integration time of 1 ms are shown in Fig. 4 and for
the neutron emissivities are shown in Fig. 1 with the NCU in
its reference position and with θ = 1◦. Counts vary between
100 and 400 for “L86” and between 700 and 200 for “K26.”

FIG. 3. CAD model exploded view of the NCU detector, the double magnetic
shielding, and the front and back holders.

FIG. 4. Expected counts above threshold in the NCU detectors for 1 ms inte-
gration time and an efficiency of 11% for the two scenarios shown in Fig. 1
when the NCU is in its reference position (solid circles) and when rotated by
1◦ (empty circles).

Compatibility with the expected higher count rates for “stage
1” and “stage 2” scenarios will be achieved by reducing the col-
limator’s diameter to 2 cm via the use of inserts which results
in an expected reduction of the count-rate above threshold by
a factor 5 (a doubling of the count rate for a ten-fold increase
in the neutron rate). The acquisition system consists of the two
double-channel digitizers used in the NC (Spectrum M3i.4121,
250 MSamples/s with 14-bit resolution and 256 MB on-board
memory) to which a more recent version of the same digitizer
has been added to maintain backward compatibility with the
data acquisition and data analysis software.

C. Collimation and shielding

Collimation and shielding against scattered neutrons are
achieved by a massive High Density PolyEthylene (HDPE,
with a density of 0.95 g/cm3) shield surrounding the detec-
tor area. The overall outer dimensions are the same as those
of the NC shield. The internal part of the HDPE shield has
been redesigned to host the six collimators (the blue parts in
Fig. 2). Shielding against 2.2 MeV γ-rays from the thermal
neutron capture reaction H(n,γ)D is provided by slabs of lead
of different thicknesses, but at no point the thickness seen by
the active volume is less than 10 cm. In particular, the last
20 cm of the collimation is realized by lead blocks rather than
HDPE to reduce the high γ-ray count rates observed in the NC
(which was comparable to the neutron rate). MCNP simula-
tions indicate that with this design the total count rate above
threshold is expected to be reduced from 1 MHz to 0.55 MHz
of which only 50 kHz are from γ-rays. The reduced count rate
will help in maintaining a good linearity of the PMT gain. The
increased lead shielding in front of the detectors and of the
volume in going from four to six detectors on the same plane
resulted in the increase of the weight from about 4.5 to about
8 tons which has required the reinforcement of the wooden
floor support structures on which part of the NCU load rests
as well as a redesign of trolley with the addition of two front
wheels to remove any loading on the pivot point. Detailed
MCNP/ADVANTG calculations were carried out of the neu-
tron field in the MAST area for the NC shield: the estimated
neutron fluxes with energy in the range 1 eV–2.45 MeV at the
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detector location are of the order of 10−13 per source particle
per cm2, reduced by 7 orders of magnitude with respect to the
incident neutron flux on the shield outer surface. In fact, no
neutrons were detected in the NC with the collimator closed.2

The NCU detectors are located in within this region, and
therefore, the present outer shielding is considered sufficient.
Most of the scattered neutrons in the detectors’ region will be
instead generated by neutrons traveling along the collimator.
The thermal (≈1 eV) component of the neutron flux in this
region is approximately 10−11 per source particle per cm2. On
MAST-U, the overall neutron flux is expected to increase by a
factor 10, and although it is expected that the present shielding
is sufficient, especially for the “core scope” scenario, detailed
MCNP calculations will be carried out.

IV. DETECTOR CHARACTERIZATION

One of the NCU detectors has been characterized with
short (10 m) and long (40 m) RG58 co-axial signal cables with
standard calibration γ-ray sources and with a 252Cf neutron/γ-
ray source. The detector response function to 22Na, 137Cs,
and 207Bi γ-rays was measured in the laboratory. The energy
resolution at each Compton edge energy is shown in Fig. 5

FIG. 5. Energy resolution measured with 22Na, 137Cs, and 207Bi γ-ray
sources with short and long cables (open circles and crosses, respectively) and
fitted energy resolution functions (solid and dashed lines, respectively). The
energy resolution function parameters α, β, andγ obtained by a least-squared
fit of the experimental data are reported in the main text.

FIG. 6. Comparison between the measured (black) and MCNP simulated
(red) light output pulse height spectrum for the 207Bi γ-ray source.

together with the fitted energy resolution function. The reso-
lution function parameters obtained from the fit are α = 0.011,
β = 0.072 MeV−1/2, and γ = 0.014 MeV and α = 0.0,
β = 0.069 MeV−1/2, and γ = 0.026 MeV for short and long
cables, respectively. As can be seen, the length of the co-
axial cables does not affect the energy resolution function
particularly in the region of interest around 0.8 MeVee which
corresponds to the light output deposited by a recoil proton
after it has undergone a head-on collision with a direct neu-
tron of 2.5 MeV energy. In particular, the energy resolution is
better than a factor of two for all energies of interest compared
with the NC detectors,2 thanks to the more compact cylindri-
cal design of the scintillator with improved light collection.
The measured pulse height spectrum for each γ-ray source,
background subtracted, was then compared with MCNP sim-
ulations in which the measured energy resolution function was

FIG. 7. Distribution of neutron and γ-ray pulses from a 252Cf source as a
function of the total light output and of the discrimination parameter Dn,γ for
short (a) and long (b) cables. The vertical dashed lines indicate the width of
the interval used for the calculation of the figure of merit shown in Fig. 9.

FIG. 8. Normalized neutron and γ-ray pulses from a 252Cf source measured
with short [panel (a)] and long [panel (b)] co-axial cables connecting the
detector to the ADC. The curves are obtained from averaging over multiple
pulses for a light output in the range [0.95, 1.05] MeVee.
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FIG. 9. Figure of merit [panel (a)] as a function of the
energy deposited by recoil electrons and protons in the
EJ-301 exposed to a 252Cf source for 10 and 40 m long
cables connecting the detector to the ADC. The normal-
ized probability density function and fit for L = 1 MeVee
is shown in panel (b) where ni is the number of counts
per bins, N is the total number of counts in the selected
region, and δDγ ,n is the bin width.

converted into the FT/GEB tally modifier used to introduce a
Gaussian energy broadening in the F8 energy deposition tally.
Good agreement between measurements and simulations was
observed for all γ-ray sources, and an example is shown in
Fig. 6. The neutron/γ-ray Pulse Shape Discrimination (PSD)
is shown in Fig. 7 where the distribution of the discrimination
parameter Dn,γ = 1 − QF /QT is shown against the total light
output. QF and QT are the fast and total charge calculated for
each individual pulse in the time intervals indicated in Fig. 8.
As can be seen in Fig. 7, the detector maintains a good PSD
capability also in the case of long signal cables. The long sig-
nal cables reduce the amplitude of the pulses in the input to the
ADC and act as a low-pass filter as clearly seen by comparing
panels (a) and (b) of Fig. 8. The Figure of Merit (FOM) param-
eter F is shown in Fig. 9 as a function of the total light output
for short and long cables corresponding to the data shown in
Fig. 7. Panel (a) of Fig. 9 shows the figure of merit F of the PSD
defined as F = |Pn − Pγ |/(FWHMn + FWHMγ). FWHMn,γ is
the full-width at half-maximum, and Pn,γ the centroid of the
two Gaussian distributions fitting the histogram of Dn,γ from
a narrow light output interval, as shown in panel (b) of Fig. 9.
As can be seen, although the FOM decreases at high light out-
put yields for the case with long cables, the FOM is still quite
good given the limited sampling frequency14 of the present
analog-digital converter (ADC) system.

V. CONCLUSIONS

The proposed NCU is expected to meet all its target
measurement requirements for contributing to the fast ion
physics studies on MAST Upgrade. In particular, thanks to the
improved energy resolution of the detector, it is expected that a

better measurement of the neutron energy spectral components
would be possible. The NCU is expected to begin commission-
ing during the fall of 2018, and first plasma measurements are
planned for the beginning of 2019.
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