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ABSTRACT
The Budapest Neutron Center operates the cold neutron beam imaging station, Neutron Optics and Radiography for Material Analysis
(NORMA), for non-destructive testing. For the NORMA station, there have been increasing requests to reach higher spatial resolution and
the ability to follow time-dependent processes. Therefore, the system used successfully so far was completely redesigned and installed for a
variety of tasks. The new system is based on the principle of three independent modules, allowing for highly configurable settings. It is to
find the right balance between the necessary spatial resolution, a sufficiently shorter or longer temporal resolution, and a large enough field
of view. The systematic study of the setups clearly shows the parameters’ effects, helping to make the right choice for the measurement tasks.
Among the rarely investigated parameters, we studied both the effect of the pixel binning and the change in the lens f-stop value on the spatial
resolution. The newly improved NORMA facility allows the acquisition of high-quality neutron images for planned observations, e.g., local
water kinetics in fuel cells.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0208844

I. INTRODUCTION

The Budapest Neutron Center operates several neutron mea-
surement stations. Imaging is one of the non-destructive testing
types available. One of the two imaging facilities is NORMA (Neu-
tron Optics and Radiography for Material Analysis), which uses
cold neutrons and is designed to perform neutron imaging of
smaller objects (a few centimeters). This facility is located at the
end of a neutron guide, away from the reactor’s cold neutron
source. The very first instrument, which was only temporary at the
time, was implemented in 2006 as part of the EU Ancient Charm
project.1 Its unique feature was the possibility to perform position-
sensitive elemental analyses [prompt gamma activation analysis,
PGAA driven by neutron radiography (NR), neutron tomography
(NT)] guided by image information (neutron radiography, tomog-
raphy, NR, NT). Already then, the increased demand from users
was apparent, and by 2012–2015, a redesigned and now perma-
nently operational measuring station was installed.2 This facility is
an integral part of the NIPS (Neutron-Induced Prompt Gamma-ray
Spectroscopy)-NORMA measurement station that has been opera-
tional since then. The types of studies conducted cover a wide range

of subjects, from materials science3,4 to cultural heritage,5–8 from
paleontology9 to the study of porous materials.10,11 Of particular
interest are the method’s developments, e.g., for PGAA analysis cor-
rected by Monte Carlo simulations12,13 or for quality assurance14 or
scintillator development15 in neutron imaging.

The NIPS detector system, which performs PGAA elemental
analysis measurements, has been operating as a leading world-
class facility and continues to meet the needs raised. In recent
years, however, there have been increasing requests for imaging
with considerably higher spatial resolution and the ability to follow
time-dependent processes. Among these needs, some of the most
important problems are related to energy production and storage. In
this field, higher spatial resolution (some tens of microns or better)
and variable exposure times (from tenths of a second up to a few
times in tens of seconds) are needed to probe the structure and oper-
ational characteristics of fuel cells16–18 and electric batteries.19,20 In
contrast, for imaging-driven PGAA measurements, a poorer spatial
resolution with shorter exposure times to avoid unnecessary activa-
tion is sufficient.13,21 In both cases, it is most important to maintain
the field of view as large as possible, using spatial and temporal
resolution (i.e., exposure times) appropriate to the task at hand.
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These conditions together represent conflicting requirements, and
it is, therefore, essential to optimize the system parameters. Both
our own and international experiences have shown that the require-
ments cannot be well met by one type of system, and therefore, a
system optimized for two sets of tasks was designed at the conceptual
design level. In the neutron imaging community, there are beam-
lines, which serve as good examples of how to design and implement
such versatile facilities.22–25 In this paper, we present the steps of the
recent development of the NORMA imaging system, from design to
implementation.

II. METHODS
A. The measuring environment

The cold neutrons are guided from the cold neutron source
of the tank-type Budapest Research Reactor operating with a ther-
mal power of 10 MW. The NIPS-NORMA facility is situated at
the end of beamline No. 10/1, around 35 m from the reactor core
[Fig. 1(a)]. The guide system uses supermirror guides (m = 2) for
effective neutron transport. It is curved into an S-shape to avoid
disturbing background gamma and neutron radiation from the
direct line of sight into the reactor core. There are neutron scat-
tering measurement stations upstream of the beam, which decrease
the available neutron flux at given neutron wavelengths [e.g.,
around 4 Å, Fig. 1(b)]. At the end of the rectangular shaped guide
(H × V = 25 × 100 mm2), the beam is permanently divided into
an upper and a lower part applying a Li-6 enriched poly sheet with
a neutron attenuation factor of at least 1000, and the lower part
operates the NIPS-NORMA facility. In this lower beam, a motorized
pinhole exchanger and a graphite scatterer are installed, which can
adjust the L/D ratio, a measure of the neutron beam’s divergence,
while at the same time making the beam spot more homogeneous.
The pinhole system is fabricated from the above-mentioned type of
Li-6 enriched poly sheet. It has three positions with aperture sizes of

550 mm2 (25 × 22 mm2, the original), 121.54 mm2 (Ø12.44 mm),
and 9.95 mm2 (Ø3.54 mm). There are two pyrolytic graphite scat-
terers with 2 and 3 mm thicknesses placed upstream, which could
be positioned independently of the pinholes. Graphite is used as a
diffuse scatterer that can help smear out, at least partly, the non-
uniformity of the beam’s intensity distribution and the appearing
darker stripes.24 The beam arrives through a flight tube into the sam-
ple chamber, with a center situated 260 cm downstream from the
guide end. There is an adjustable rectangular beam limiter avail-
able at the chamber’s inlet to tailor the beam’s necessary cross
section. The largest cross-sectional area of the neutron beam is
c. 43 × 43 mm2, the maximum thermal equivalent flux at the cen-
ter of the beam is 2.7 × 107 cm−2 s−1, and the spatial distribution of
the beam’s intensity is inhomogeneous.2

B. Basic conceptual design
One of the main ideas during the conceptual design of the imag-

ing device was to be able to ensure uninterrupted and undistorted
elemental analysis measurements when there is no need for imaging.
Therefore, the default situation is when none of the imaging system
components are in the beamline, but either can be set to a measuring
position in a short time if required. With this solution, the structural
materials of the imaging equipment do not create an unnecessary
gamma radiation background during PGAA measurements.

Furthermore, the basic idea was to build a dual-purpose imag-
ing system. One operates at medium to low spatial resolution
(around 100–150 μm on screen), but with sufficiently short tempo-
ral resolution (even in real-time mode), if required, with a relatively
large field of view. This is, in fact, a more advanced version of the
previous system2 (called the medium-resolution setup). The other
system operates with a higher spatial resolution (about 40–50 μm on
screen) but with a lower temporal resolution, using a smaller field of
view. This is, in fact, a completely new measurement system (called
a high-resolution setup).

FIG. 1. (a) The overview of the NIPS-NORMA station. (b) The normalized neutron wavelength spectrum of the NORMA station.
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C. Detailed design
According to the detailed design, both imaging systems are

divided into three main modules. The function of each module
follows the established best practices from the last two decades
of experience.22,23 The modules themselves are a neutron-to-light
conversion module, an optical imaging module with a lens, and a
digital camera module. The modules are connected to each other
in a light-tight manner, which can easily be disconnected and
reconnected.

In the neutron-to-light conversion module, a scintillation
screen inserted perpendicular to the beam converts the neutron
transmission image of the sample into visible light. The NORMA
measuring station uses three types of green-light-emitting screens
that complement each other quite well. The most commonly used
6LiF/ZnS screen has the highest light yield but limited spatial res-
olution, mainly due to its larger thickness (100 μm) and partly
because the charged triton particles can travel relatively far away
from the Li(n, α)3H reaction site before they create photons in the
ZnS scintillator material.26,27 At NORMA, we are gathering expe-
riences using a B-10-based screen, which is at the present time a
promising candidate because medium light yield and better spatial
resolution are expected compared to that of 6LiF/ZnS screens.15,28

Among our screens, the Gd-based one has the best spatial resolution
because the high neutron capture efficiency of Gd makes it possi-
ble to apply a thin (10 μm) scintillation layer, where the charged
particle’s mean free path from the Gd(n, γ + ICe−) reaction is shorter
compared to that in the LiF-based screens.29 Unfortunately, its light
yield is the lowest, which implies the necessity of effective light col-
lection in the optical system. The detailed properties of each screen
are given in Table I. Although the screens mounted might be the

same, the conversion module unit is fundamentally different for
the medium- and high-resolution setups. To achieve the best pos-
sible light gathering in the optical imaging module, a macro lens30

with high brightness (i.e., a lower f-stop value) is used in each setup
(see Table I). This fixed focal length prime lens has negligible geo-
metric distortions. In a medium-resolution setup, the lens works
by focusing on its closest focus distance, while in a high-resolution
setup, it focuses on infinity as a member of an infinity corrected
tandem system.22 The digital camera module can currently host
three different cameras: a CDD (Charge-Coupled Device, operat-
ing since 2012) and two sCMOS ones (scientific Complementary
Metal–Oxide–Semiconductor, recently bought). The pixel size and
the size of the camera chip vary in a wide range to be able to find
the best combination for a given task (see Table I). The CCD (Andor
iKon-M 934) and one of the sCMOS cameras (QHY 600M PRO) are
better used for measurements with longer exposure times, while for
faster exposures, the Andor Neo 5.5 sCMOS camera is used more
frequently.

D. Medium-resolution setup
In the medium-resolution setup [Fig. 2(a)], scintillation screens

with a 50 × 50 mm2 size can interchangeably be mounted on a pro-
truding nose. A 45○ mirror is mounted in the beam path behind
the screen, which reflects the light onto the optical imaging module
using a lens perpendicular to the beam. The nose’s length is twice
the length of the scintillation screen, to exclude double or multi-
ple reflections from the mirror and the screen into the camera. The
nose, moreover, can also be pushed into the shielded sample cham-
ber to reach a minimal distance between the sample and the screen

TABLE I. Functional units of the NORMA measurement system and their characteristics.

Functional unit Characteristics

Scintillator screen
(all from RC Tritec Ltd., Switzerland)

● Li100: 100 μm thick 6Li/ZnS:Cu (1/2), green: 520 nm, subst.: 1.5 mm Al
● B50: 50 μm thick 10B2O3/ZnS:Cu (1/2), green: 540 nm, subst.: 1 mm Al
● Gd10: 10 μm thick Gd2O2S:Tb, green: 447/549 nm, subst.: 1.5 mm Al

Light-tight house

● Medium-resolution setup:
o Al coated quartz mirror (3 mm thick) set at 45○ to the beam

● High-resolution setup:
o XR-Heliflex lens with focal length = 122 mm (f-stop = 2.6, NA = 0.2)
o it is the objective (collimator) lens in the tandem setup

Lens

● ZEISS Milvus 2/100M ZF.2 (Nikon)31

o on closest focus (440 mm): Focal length = 106.8 mm, M = 1:2
o on infinity focus (tandem setup): Focal length = 97.5 mm
o it is the imaging (recording) lens in the tandem setup

Standard imaging detector
● Back-illuminated Andor iKon-M 934 CCD camera with 1024 × 1024 pixels
and 16-bit pixel depth, pixel size: 13 μm
● Front-illuminated Andor Neo 5.5 sCMOS camera with 2560 × 2160 pixels
and 16-bit pixel depth, pixel size: 6.5 μm
● Back-illuminated QHY 600M PRO BSI liquid cooled sCMOS camera with
9600 × 6422 pixels and 16-bit pixel depth, pixel size: 3.76 μm
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FIG. 2. Conceptual and functional structure of two main setups at NORMA: (a) medium-res. and (b) high-res.

when, e.g., image-driven PGAA is carried out. The short object-to-
screen distance is advantageous to reach a better spatial resolution
by minimizing the geometrical blur from the diverging beam. The
front surface of the 3 mm thick flat quartz mirror is Al-coated to
ensure a proper light path. This type of coating, together with the low
level of impurities in the mirror’s material,32 prevents longer-term
activation, too.

In the medium-resolution setup, the macro lens is focused to its
closest focus at 440 mm, and this focal plane is then set to the plane of
the scintillation screen. In this case, the actual focal length increases
to 106.8 mm, the f-stop value changes from 2 to 3.6, and the magni-
fication of the system is M = 0.5. If necessary, using a macro distance
ring between the camera and the lens allows you to set a shorter focal
length to increase magnification, but with a loss of brightness. To
reach this focused position, the imaging module coupled to the cam-
era module is moved along a 200 mm long vertical rail system with a
precision of 2 μm. The movement is driven by a stepper motor, and
an absolute encoder records the necessary motor steps.

E. High-resolution setup
In the high-resolution setup [Fig. 2(b)], we use the Gd-based

screen because it has the lowest inherent blur. The 10 μm-thick
Gadox scintillation screen is mounted at the precise focal plane
of an XR-Heliflex collimator lens.33 This lens is the objective lens
in a tandem system, collecting the light from a wide solid angle
(NA = 0.2, f_o = 122 mm). The effectively captured light is then
formed into a parallel light image, which is the input image for
an imaging lens focused on infinity, creating a so-called infinity
corrected optical setup. The imaging lens mounted in the opti-
cal imaging module is the Zeiss macro lens. In this case, its focal

length decreases to f_i = 97.5 mm while keeping the nominal
f-stop value of 2. In this tandem setup,34 the effective focal length is
f_eff = (f_o × f_i)/(f _o + f_i) = 54.19 mm, with an effective f-stop
value of 1.15, and the magnification of the system (M_t) is the
ratio between the focal length of the imaging and objective lens, i.e.,
M_t = f_i/f_o = 0.80.

Tandem systems have advantages when the effective collection
of emerging light is critical. To reach a higher spatial resolution
in neutron imaging, usually higher collimation of the beam (i.e.,
a larger L/D ratio) and a smaller effective pixel size (i.e., the size
of an area seen by a native camera pixel through the optical sys-
tem) for higher magnification and a better absorbing but thinner
scintillator screen are needed.22,23 All these factors point toward an
exceptionally low photon flux to be acquired.

F. Spatial resolution evaluation
The spatial resolution of an image is measured by the slanted-

edge method, which finds the spatial frequency value for which the
Modulation Transfer Function (MTF) falls to 0.1.22 We use a slightly
modified version of the Slanted Edge MTF imageJ-FIJI plugin,35

which can work in batch mode for a stack of images. The MTF as
a function of the spatial frequencies is analyzed in a user-defined
rectangular region of interest (ROI) in an image of a Gd knife-edge
(a 25 μm thick and freshly cut Gd stripe mounted on the Al support
of the screen), as shown in Fig. 3.

In evaluating the spatial resolution for the medium-resolution
setup, the first step is pre-focusing with an optical target, for which a
grid pattern is set to the position of the scintillator screen. After hav-
ing evaluated the stacked images acquired at regularly spaced camera
positions, the optimal one is where the sharpest image was taken. In
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FIG. 3. Result of the MTF plugin: exemplary spatial resolution measurements by slanted Gd knife-edge (Gd10 screen + Milvus100 + iKon-M camera configuration).

the next step, the optical target is changed to the scintillation screen,
and the fine-tuning of the focusing is carried out by acquiring neu-
tron radiography images about the Gd knife-edge at regularly spaced
camera positions. The f-stop is set to its lowest nominal value (i.e.,
to 2) because the depth-of-field is the shortest in this case. In the
high-resolution setup, the plane of the Gd-based scintillation layer
is set to the XR-Heliflex focal plane. This focal plane matches the
plane of an XR-Heliflex flange, and the screen is mounted on it with
extreme care using a threaded support ring. During the fine focusing
of the imaging lens around infinity, a stack of neutron radiography
images is acquired about the Gd stripe. We used the slanted edge
plugin to find that focus setting, which refers to the highest spatial
frequency. Before using the plugin, the outlier removal tool of FIJI
was applied to facilitate the slanted edge method. The number of
rows in a rectangular ROI was in the order of a few tens to smooth
the MTF curve.

The on-screen spatial resolutions were compared in possible
screen-camera configurations, on the one hand, to the theoretically
calculated best resolutions and, on the other hand, to the spatial res-
olutions measured by visible light. First, the best theoretical spatial
resolutions were calculated based on the Nyquist sampling theorem.
In practice, it says the resolution cannot be better than twice the
sampling size, i.e., in our case, it is twice the effective pixel size of
the actual setup. Second, the measurements using visible light are
important because the inherent blur of the scintillation screens does
not play a role, and therefore, we can assess this effect separately
when imaging is done with screens in the final tests. We conducted
several tests with visible light to measure the systems’ optical capa-
bilities without the scintillation screens. The light was a normal
ambient room light instead of the green one, for which the quan-
tum efficiency of the camera chips is optimized. During the spatial
resolution measurements, the lens aperture (i.e., f-stop value) was
changed in a wide range (from 2 to 5.6, meaning the amount of light

decreased to 1/8 of its maximum value) to assess effects. The use
of scintillation screens will further reduce these spatial resolutions
because of their inherent blur.

G. Exposure times
In addition to the spatial resolution, the exposure time required

to fill the pixels’ well depth also plays a significant role in the mea-
surements as an important factor in the dynamic range that can
be achieved. Depending on the type of scintillator material, a large
number of photons are emitted by the screen per single detected
neutron,26,36,37 and multiple photons are detected per neutron. It
could happen that these photons saturate the camera for a small
number of detected neutrons, thus, resulting in bad neutron statis-
tics. Using a smaller iris aperture in the lens (f-stop) reduces the
number of detected photons per neutron and, thus, requires more
detected neutrons to saturate the camera, rendering better neutron
statistics. From the viewpoint of the sample’s neutron activation, we
prefer shorter times; however, longer ones tend to provide neutron
statistics that are good enough to detect small contrast differences.

The longest exposure time for a given f-stop value is deter-
mined by many factors: (a) the rate of cold neutron reactions with
the scintillation material (Poisson statistics); (b) the light yield of the
scintillation screens; (c) the quantum efficiency of the camera pixels;
(d) the well depth of the camera pixels; (e) the setting of the gain, i.e.,
the electron-ADU (analog-to-digital unit) conversion sensitivity of
the camera; (e) the readout range of the analog-to-digital converter
(ADC); and (f) the binning of the pixels. From these parameters, the
gain, the ADC readout range, and the binning could be set by users
to result in good neutron statistics per effective pixel of the scintil-
lation screen before the ADC is saturated. In our tests, after having
set the 16-bit or 12-bit range for the ADC, the remaining two para-
meters (i.e., gain and binning) were set to reach a relative uncertainty
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of less than 5% in the number of neutron reactions with scintillation
screen material in the central part of the beam.

III. RESULTS AND DISCUSSION
A. Medium-resolution setup

The medium-resolution setup with its multiple configuration
options, which are adjustable according to users’ demand, is the
working horse of the NORMA imaging system. Its most important
theoretical parameters are calculated and tabulated in Table II.

During the visible light tests, it was found that the optical
systems in all configurations work with the best spatial resolu-
tion by setting f-stop values between 4 and 8, as shown in Fig. 4.
Theoretically, spatial resolution is directly related to the numerical
aperture (NA) of the lens, i.e., a higher NA provides better reso-
lution. Increasing the f-value (i.e., closing the aperture) means a
lower NA, which results in a lower achievable resolution. In our case,
the Milvus 2/100M lens is designed to follow this trend at f-stops
above 4. At lower f-stops (i.e., larger apertures), light rays farther
from the optical axis are also involved in the imaging process; how-
ever, these degrade the image quality, resulting in poorer spatial
resolution.

Having compared the theoretical and measured spatial resolu-
tion values, we can assess how the optical system itself deteriorates
the theoretical values (see Fig. 5). The results are tabulated for the
f-stop of 5.6 both as absolute values and percentage changes in
Table III. We can conclude that the most significant percentage
change (60%) happened to the system with the smallest native pixel
size (QHY600M PRO-3.76 μm), while the less notable change (15%)
was for the iKon-M with the largest native pixel size (13.5 μm).

The results of the B50 boron screen were left out of evalua-
tions because they showed poor image quality and very low light
yield, with similar exposure times compared to those of Gd-based. It
means that further developments are still needed for boron-10 based
screens, mainly in terms of light yield and an optimized milling
process for grains.15

The results of spatial resolution measurements of the 3 × 2
configurations using the three cameras and two scintillation screens
(Li100 and Gd10) are shown in the panels of Fig. 5, too. It can clearly
be seen that the inherent blur of the scintillation screens masks and
overrides the different values obtained from the pure optical sys-
tem. It means that, if necessary, the f-stop values can effectively be
adjusted to limit the amount of light reaching the camera chip to
improve the neutron statistics in the image pixels. Of course, in low
light conditions, the larger apertures are the preferable choices, pro-
vided that the camera system is positioned perfectly in the range of

FIG. 4. Measured optical spatial resolution values at different f-stop values with
the various camera configurations for the medium resolution setup at the NORMA
station.

depth of field to be able to focus on the scintillation screen. Fur-
thermore, the spatial resolution curves clearly show the difference
between the various screens, i.e., the Gadox screen has the best
resolution, and the LiF/ZnS screen is inferior to it. A detailed com-
parison is shown in Table III, where one can follow the deterioration
effect of a pure optical system and the inherent blurring effect of the
scintillation screens in the configurations.

Exposure times for the 16 and 12-bit depth modes without and
with binning are shown in Table IV. Here, one can clearly see again
the considerable difference between LiF/ZnS and Gd-based screens.
In our case, the ratio of measured exposure times, or, in fact, the ratio
of light yields, is around the value of 20 calculated from the informa-
tion provided by the manufacturer. This suggests that the light yields
of our screens have not decreased considerably during use. There are
ways to shorten the exposure times of the Gd-based screens while
keeping the wide dynamic range of 16-bit images. A possibility is
to use a camera designed especially for low light environments. As
such, the QHY600M PRO camera features advantageous capabili-
ties: a back-illuminated chip with ≥87% quantum efficiency, a full
well capacity of 51ke−, and a native 16-bit ADC. Using this camera,
we reached a 60 s exposure time.

The other way to have shorter exposure times is to use the bin-
ning of the camera pixels. In Table IV, one can see the results of a
2 × 2 binning. The values, as expected, are around 1/4 of the native
pixel values. The trade-off in this latter case is the reduced spatial
resolution, as shown in the panels of Fig. 6. Here, depending on

TABLE II. Most important parameters of the medium-resolution setup’s configurations at the NORMA facility.

Camera Lens
Effective

pixel size (μm)
Theoretical

resolution (μm) Magnification
Field of

view (mm2)

iKon-M
Milvus 2/100M

26 52
0.5

27× 27
Neo 5.5 13 26 33× 28
QHY600M PRO 7.5 15 72× 48
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FIG. 5. Calculated (theoretical) and measured spatial resolution values with the various camera configurations for the medium resolution setup at NORMA station [(a)
QHY600M PRO, (b) Neo 5.5, and (c) iKon-M].

TABLE III. Comparison of the theoretical and measured spatial resolution values of the medium-resolution setup’s configurations at the NORMA facility (see text). Boldface
denotes spatial resolution values measured with neutrons using our scintillation screens (Li100 and Gd10).

Camera Lens
Theo. sp.
res. (μm)

Optical sp.
res. (μm)

Optical
deter. (%)

Li100 sp.
res. (μm)

Li100
deter. (μm)

Li100
deter. (%)

Gd10 sp.
res. (μm)

Gd10
deter. (μm)

Gd10
deter. (%)

iKon-M
Milvus 2/100M

52 60 15 159 99 165 83 23 38
Neo 5.5 26 37 42 148 111 300 57 20 54
QHY600M
PRO 15 24 60 110 86 358 43 19 79

the camera type, the effect of the 3 × 3 and the 4 × 4 binning is
also shown. Based on the results, we can foresee the frequent use
of the 2 × 2 binning in cases where keeping the spatial resolution
has less importance compared to reaching shorter exposure times. It
is, however, always mandatory to find a good balance between the
parameters to fulfill the actual task’s requirements.

The third way to shorten the exposure times while keeping the
dynamic range is by collecting more photons from the scintillation
events. This ambition led to the construction of a high brightness
assembly with infinitely corrected optics, i.e., the high-resolution
tandem setup.

B. High-resolution setup
The high-resolution setup has a lower number of configu-

rations; we intend to use it for smaller and/or thinner samples
radiographed with higher spatial resolution, and in many cases, we

need to maintain a larger field-of-view (cm’s) and appropriate expo-
sure times. Therefore, in all cases, the 10 μm thick Gd10 screen
mounted on the tandem system was used with cameras with smaller
native pixels but a larger chip size. The most important theoretical
parameters are tabulated in Table V.

Similarly to the process followed for the medium-resolution
configurations, several tests were conducted with both visible light
and the Gd-based scintillation screen. During the spatial resolution
measurements, the lens aperture was changed in a wide range (from
2 to 5.6), too. It was found that the optical systems in all configura-
tions work with the best spatial resolution toward the higher f-stop
values up to 5.6, as shown in the panels of Fig. 7. In Table VI, the tab-
ulated absolute values and percentage changes with an f-stop of 5.6
show how the optical system itself deteriorates the theoretical values.
We can conclude that the order in percentage changes is like that of
the medium-resolution system, i.e., a bigger relative change for the

TABLE IV. Exposure times in 16-bit or 12-bit depth modes without and with binning (med-res. conf., f-stop = 2).

Camera Scintillation screen Bit depth
Exposure time (s)

no binning
Exposure time (s)

2 × 2 binning

iKon-M Gd10 16 232 63
Li100 16 12 3

Neo 5.5
Gd10 12 38 9
Li100 12 2.2 0.54
Li100 16 30 7

QHY600M PRO Gd10 16 60 14
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FIG. 6. Spatial resolution values with different binnings for medium-res. configurations [(a) QHY600M, (b) Neo 5.5, and (c) iKon-M].

TABLE V. Most important parameters of the high-resolution setup’s configurations at the NORMA facility.

Camera
Objective

lens
Imaging

lens
Effective pixel

size (μm)
Theoretical

resolution (μm) Magnification Field of view (H × V, mm2)

Neo 5.5 Heliflex 122 mm Milvus 2/100M 8.1 16.2 0.80 20.8 × 17.6
QHY600M PRO 4.7 9.4 45 × 30

configuration with the smaller native pixel size (38% for QHY600M
PRO vs 23% for Neo 5.5).

The use of scintillation screens will further reduce optical spa-
tial resolutions. In the panels of Fig. 7, one can see the results of the
2 × 1 configurations using the two cameras (QHY600M PRO and
Neo 5.5) and the Gd-based scintillation screen. Here again, the scin-
tillation screen’s inherent blur masks and overrides the pure optical
resolution. A detailed comparison is shown in Table VI, where one
can follow the degradation effect in the configurations. We found the
same effect, i.e., a bigger relative change for the configuration with
the smaller native pixel size (177% for QHY600M PRO vs 85% for
Neo 5.5).

As examples for exposure time, Table VII shows the measured
values in 16-bit and 12-bit depth modes without and with binning,
which are significantly lower than in the medium setup, despite the
better spatial resolution.

A 2 × 2 binning, as expected, resulted in exposure times around
1/4 of the native pixel values. The trade-off in this latter case, again,
is the reduced spatial resolution, as shown in the panels of Fig. 8.
Here, the effect of the 3 × 3 binning is also shown. An interesting
finding is the more elevated degradation effect when applying the
3 × 3 binning for the Neo 5.5 camera, which can be explained by
taking into consideration the two-times larger pixel size compared
to that of the QHY600M PRO.

FIG. 7. Calculated and measured spatial resolution values for the high-resolution configurations at NORMA station [(a) QHY600M PRO and (b) Neo 5.5].
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TABLE VI. Comparison of the theoretical and measured spatial resolution values of the high-resolution setup’s configurations at the NORMA facility (see text). Boldface denotes
spatial resolution values measured with neutrons using our scintillation screen (Gd10).

Camera Lens
Theo. sp.
res. (μm)

Optical sp.
res. (μm)

Optical
deter. (%)

Gd10 sp.
res. (μm)

Gd10
deter. (μm)

Gd10
deter. (%)

Neo 5.5 Milvus 2/100M 16.3 20 23 37 17 85
QHY600M PRO 9.4 13 38 36 23 177

TABLE VII. Exposure times in 16-bit and 12-bit depth modes without and with binning (high-res. conf., f-stop = 2, see text).

Camera
Scintillation

screen Bit depth
Exposure

time (s) no binning
Exposure time (s)

2 × 2 binning
Exposure time (s)

3 × 3 binning

Neo 5.5 Gd10 12 13 3 1.4
QHY600M PRO Gd10 16 20 5 2

FIG. 8. Spatial resolution values with different binnings for high-resolution configurations [(a) QHY600M PRO and (b) Neo 5.5].

C. Beam divergence and spatial resolution

For an imaging system situated at the end of a neutron guide,
knowledge of the real beam divergence is inevitable. The para-
meter describing its value is the collimation ratio, which is calculable
theoretically: L/D = 1/tan(2 × γc(λ)), where γc(λ) is the energy-
dependent total reflection angle for the neutrons in the guide. The
calculated L/D is usually less than its measured real value.2 Neutrons
are reflected from angle zero to the critical angle, and the image
is an average result of this angular distribution. Neutrons around
the critical angle create only part of the image; smaller angles have
a larger influence. Hence, the effective, measured L/D is higher. In
addition, the same is true for the whole spectrum of wavelengths,
and since the shorter wavelengths in the spectrum are more pene-
trable than longer wavelengths, they make for better effective L/D.
Strictly speaking, one needs to integrate the angular distribution for
each wavelength and then over the whole spectrum. The pinhole
exchanger at the guide’s end made it necessary to apply the real

L/D values because its use will cause dramatically different geomet-
rical blur depending on the distance from the scintillation screen.
In practice, using the measured L/D value gives a good enough
approximation.

The spatial resolution values were measured using the Gd-
stripe at increasing distances from the screen by the iKon-M camera
and the LiF-based screen. The values were fitted to derive an estimate
that separates detector and penumbra blurring.14 The L/D value is
the slope of the penumbra part of the equation. In Fig. 9, one can
clearly see the effect of the primary aperture’s size. The largest and
smallest apertures result in L/D of 233 and 1832, respectively. In
practice, it means that the geometrical blur, e.g., at 80 mm far from
the screen, is 6-fold larger for the largest aperture, and it will be
added in quadrature to the inherent blur of the screen. In image-
driven PGAA measurements, where larger samples regularly appear
and can only be positioned at the center of the sample chamber,
sharper images help effectively position the volume to be irradiated
for elemental analysis. The trade-off is the increased exposure time.
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FIG. 9. Change in the relative spatial resolution as a function of both the distance
from the screen and the use of the primary apertures (see text).

D. Beam homogenization

For an imaging system using guided neutrons, the intensity dis-
tribution in the cross section of the beam is important because an
inhomogeneous beam results in poorer neutron statistics in areas

with less flux. At the NORMA facility, the beam intensity is rather
inhomogeneous.2 A part of this inhomogeneity appears as darker
stripes in the images, which are due to the reflections in the guide
system built with many separate elements.24 The dark stripes are
caused by the gaps at the joints of the guide elements, which are
reflected multiple times. The pinhole at the end of the guide forms
a pinhole camera that images these stripes onto the detector. The
smaller the pinhole, the sharper the image or the projection of the
stripes appears. Furthermore, a curved neutron guide has a defined
lower cut-off wavelength. One can calculate the beam spread for this
cut-off wavelength, and the beam spectrum will be homogeneous
only within the cone given by this cut-off wavelength. The full beam
will be larger because larger wavelengths have larger critical angles,
meaning that the fringes of the beam are caused only by large wave-
lengths, and the cone outside the one for the cut-off wavelength will
be inhomogeneous in wavelengths and spectrum and cause inho-
mogeneous attenuation for the same material. To mitigate these
effects, a movable graphite scatterer was installed at the end of the
guide.

In Fig. 10, one can see the effect of the use of the different
primary apertures and the graphite scatterers. Without scatterers
(upper row in the image), the presence of the stripes increases
with smaller apertures, resulting in a more inhomogeneous inten-
sity map. It is, for example, not advantageous during the flat-field

FIG. 10. Change in the beam’s intensity map as a function of the use of the primary apertures and graphite scatterers (see text).
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correction process. Moreover, the exposure times increase signifi-
cantly, even to values that are 20-times longer. Applying scatterers
(lower rows) will homogenize the intensity maps with the trade-off
of slightly increased exposure times (c. 5%–10%).

IV. CONCLUSION AND OUTLOOK
According to the author’s intention, this work shows how a

neutron imaging system that has worked well for a long time but
only partially serves emerging needs can be further developed. The
optimal amount of effort and cost can be achieved by changing
only those parts of the system that are really needed. In our case,
it was not necessary to change the existing and well-functioning
hardware and software components that protect the optics and the
camera against radiation or handle motor movements and image
acquisition. Therefore, we could focus on the optical system chain,
from the scintillation screen to the camera. In this chain, the main
goal was to make it easily adaptable to different measurement
tasks.

The first step was the right choice of scintillation screens with
different but complementary light yield and spatial resolution capa-
bilities. Then, the professional macro lens with fixed focus and high
brightness allowed its use both in single and tandem configura-
tions with the Heliflex lens. The current tandem setup considerably
increases the light collection effectiveness, resulting in a gain fac-
tor of 3. Moreover, the use of CCD and sCMOS cameras offers the
freedom of choosing the right detector system, too. The range of
native pixel and chip sizes provides well-tailored effective pixel size,
i.e., spatial resolution and exposure times in the adaptable field of
view. For example, according to recent camera developments, one
of the available sCMOS type cameras can provide both exceptionally
long exposure times and large well depth in small pixels, provid-
ing both high dynamic range and good spatial resolution in 16-bit
mode.

In summary, it can be said that the newly improved NORMA
facility allows the generation of high-quality neutron images, and
the planned observations (e.g., higher resolution neutron imaging,
local water kinetics in fuel cells) are possible to conduct with this
experimental station of the BNC.
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