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Abstract
The most commonly used screens for neutron imaging consist of 6LiF + ZnS. This type of screen yields the highest light 
output per detected neutron. For high resolution, gadolinium oxysulfide (GOS, Gadox) screens are employed, which have a 
much higher detection efficiency, but a light output so much lower than LiF + ZnS that measurements are often limited by 
photon statistics. Historically, screens using boron as a neutron-sensitive material have not been very successful. However, 
a new preparation method was introduced recently that produces light output higher than Gadox with detection efficiency 
greater than LiF + ZnS. Measurements of these new borated screens were performed at the NeXT facility at ILL, Grenoble, 
in comparison to a high resolution Gadox screen.

Keywords  Neutron imaging · Scintillation screen · Neutron converter · Spatial resolution · Light output · Boron · Boron-
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Introduction

As neutral particles, thermal and cold neutrons can only be 
detected by a nuclear capture reaction. Such a capture reac-
tion usually releases a lot of energy, appearing as kinetic 
energy of the reaction products, which gives them consid-
erable range in a mixture with scintillating material. That 
range produces an extended light spot per detected neutron 
that limits the achievable resolution. An ideal screen would 
have high detection efficiency, high light output and high 
spatial resolution.

The most commonly employed scintillation screens for 
neutron radiography use zinc sulfide (ZnS, doped with Ag, 

Au or Cu for color) mixed with 6LiF with the reaction [1, 
2] 6Li(n,α)3H + 4.78 MeV (938 barn). The energy of this 
reaction appears as kinetic energy in the resulting alpha and 
tritium particles, which cause scintillation in the ZnS crystal 
powder. The typical range after multiple collisions is around 
70 µm, which causes an extended light spot of at least that 
approximate size, limiting the resolution of a radiography 
screen. If all energy is deposited, the light output is on the 
order of 177,000 photons going into 4π space [1]. Slightly 
higher resolution can be achieved by using thinned screens, 
at the cost of reduced efficiency and increased graininess.

At high-flux neutron sources, Gadox screens made of 
gadolinium oxysulfide (Gd2O2S, doped with Tb or Pr) are 
also employed, using the reaction 157Gd(n,e-)Gd + 71 keV 
(e-) + γ-cascade up to 8 MeV. Gadox is a scintillator itself, 
which is mostly used for X-ray and gamma detection, and 
thus also has a high sensitivity for the gamma content pre-
sent in almost all neutron beams [2, 3]. However, due to the 
low energy of the main conversion electrons from neutron 
capture in 157Gd (29 keV + 71 keV), the range of the reac-
tion products in Gadox is very low, on the order of a few 
micrometers. Also the light yield from the smaller deposi-
tion energy is much less than that of 6LiF in zinc sulfide, 
only 3.29 photons per neutron capture on average [4]. Due 
to the much higher cross section of Gd and thus much higher 
detection efficiency, screens can be thinned to 10–20 µm for 
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nearly full absorption, delivering a resolution about equal to 
the range of the thickness. At medium to low neutron flux, 
the low light yield is a challenge for camera detectors which 
cannot capture photons from every neutron event, resulting 
in noisy images due to poor photon statistics. A possible 
path towards high resolution with higher light output would 
be to use a capture reaction that produces heavier reaction 
products with shorter range within ZnS.

Boron‑based screens

Compared to 6Li, the capture reaction 10B(n,α)7Li (3855 
barns) produces less kinetic energy (2.31 MeV) distributed 
on the alpha particle and the much heavier 7Li, which have 
a much lower combined range. A well composed scintilla-
tion screen might use boron combined with ZnS, combining 
smaller spot size than from LiF, and higher light output than 
from Gadox. However, earlier reports about trial screens 
containing boron showed much lower light output than 
expected, to an extent that made those screens practically 
unusable. Simulations performed in [4] showed the range of 
the reaction products to be on the order of only 2–3 µm in 
any boron-containing substance, as shown in Table 1. 

Since the 1950s, boron-based scintillators have been pro-
posed [5] and their improved detection efficiency has been 
proven [6]. Boron-based scintillators have been deployed 
in the form of glass [7–9] and plastic scintillators [10–13]. 
However, in previous attempts at creating boron-based scin-
tillator screens [14–16], mixtures of boron-containing pow-
ders and ZnS powder had grain sizes on the order of many 
micrometers, so the reaction products hardly had a chance 
to escape their grain if they were not created close to the 
surface. The key therefore lies in very fine milling of the 
boron-containing powders, to minimize self-shielding of the 
daughter products produced in the powders.

Several finely milled substances such as 10B-enriched 
boron powder, 10B-enriched boric acid, 10B-enriched sodium 
pentaborate, Boron Oxide, Boron Nitride, Wurtzite-Boron 

Nitride and Anhydrous Sodium Tetraborate were tried out 
in a first set of measurements at the ANTARES facility [17] 
of the FRM II reactor of Technische Universität München, 
Germany, in 2019/2020, which were published in [4].

These first measurements used wedge-shaped screens of 
0–200 µm thickness to test screen’s light output dependence 
on thickness. For these first measurements, detector resolu-
tion was low to achieve a large field of view for simultaneous 
measurement of many screens. The best-performing sub-
stances were milled into fine powders and used to fabricate 
screens of 20 µm thickness. Due to the continued shutdown 
of the FRM II reactor, they were measured at the NeXT 
facility of the reactor at Institut Laue-Langevin (ILL) in Gre-
noble [18] in 2021.

Measurements

The NeXT instrument is situated at the end of a cold neutron 
guide, followed by a 5 m long flight tube. Variable apertures 
at the beginning of the flight tube can set the collimation. 
The beam has a very pure cold neutron spectrum due to the 
curved neutron guide, which eliminates fast neutrons and 
gamma radiation from the reactor. A 90° Heliflex lens is 
used to image the scintillation screens, keeping the cooled 
Hamamatsu ORCA-Flash4.0 V2 sCMOS camera out of 
the beam (Fig. 1). Initial tests were made with an effec-
tive pixel size of ~ 7.15 µm. Figure 2 shows the measure-
ment of a gadolinium Siemens star as a test pattern with 
about 7.15 µm effective pixel size using screens made of 
boron oxide (10B2O3) and sodium pentaborate (Na10B5O8) 
mixed with ZnS:Cu. The rings correspond to 500, 400, 300, 
200, 100 and 50 µm for a line pair of spokes on the ring. A 
more accurate set of measurements used a detector setting 
of 3.6 µm effective pixel size to determine the resolution, as 
shown below in Fig. 3. Shown is the inner ring correspond-
ing to 50 µm for a line pair of spokes (25 µm for one line), 
and the outer edge of the dot corresponds to 8 µm per line 
pair, 4 µm for a line width.

Table 1   Ranges of reaction 
products inside the converter 
material, amended from [4]

The density of Na10B5O8 has been measured experimentally by Steven Cool, as indicated with an asterisk 
at the value itself (2.06 *) and an asterisk at the lower right of teh table, mentioning the explanation

Converter Density (g/cm3) Daughter product range
7Li (1.01 MeV) α (1.78 MeV) 7Li (0.84 MeV) α (1.47 MeV)

10B2O3 2.46 2.45 µm 4.84 µm 2.19 µm 3.97 µm
Na10B5O8 2.06* 2.98 µm 5.88 µm 2.66 µm 4.82 µm
10BN 2.10 2.61 µm 5.21 µm 2.34 µm 4.24 µm

3H (2.73 MeV) α (2.05 MeV)
6LiF 2.64 62.7 µm 6.04 µm

ICe- (29 keV) ICe- (71 keV) *Experimentally measured by 
Steven Cool157Gd2O2S:Tb 7.32 1.31 µm 5.46 µm
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All images clearly show that the powder was not as homo-
geneously milled as expected, and many large grains are 
interspersed on the surface. However, in homogenous areas, 
a resolution on the order of 10–11 µm can be observed for 
the 20 µm thick borated screens, which matches the resolu-
tion of the reference screen made of 10 µm Gadox in Fig. 4. 
Screen resolution was measured with an inclined Gd edge as 
shown in Fig. 5 to determine the edge spread function and 
derive the modulation transfer function (MTF).

Detection efficiency, light output 
and resolution measurements

To measure detection efficiency, the borated screens were 
mounted as absorbing samples on the outside of the Gadox 
reference screen, as shown in Fig. 6. Both Gd and B show 
a 1/v absorption behavior in the cold and thermal neutron 
energy range, so this method is valid as discussed in [19]. 
Table 2 shows the experiment parameters and Table 3 shows 
the measured results in light output, detection efficiency, and 
spatial resolution.

The reference screen was a 10 µm thick 157Gd-enriched 
Gadox screen made by RC Tritec [20]. Two types of 

screens were measured, containing ZnS:Cu as phosphor 
and 10B-enriched boron oxide, 10B2O3, or sodium pent-
aborate, Na10B5O8, as converter material, each type with 
2:1 and 1:1 mixing ratio (converter atoms to scintillator 
molecules). Screen thickness was measured several times 
by two persons using an eddy current probe, and the meas-
urements were averaged together.

The most captivating result is that all screens render a 
spatial resolution very close to the 10 µm Gadox reference 
screen (Fig. 7, 32.2–40.4 lp/mm, or 24.8–31.0 µm for a 
line pair), even though their thickness varies from four 
to seven times the thickness of the reference screen. This 
is a clear indication that the average range of the reac-
tion products is very small (a few µm) and is at first sight 
not influenced by the available screen thickness; also, the 
optical dispersion of the scintillation light does not seem 
to significantly influence the spatial resolution. This is a 
possible indication that screen thickness may be increased 
for increased detection efficiency without losing spatial 
resolution—new screens up to 200 µm thickness must be 
tested in the future. Producing thinner borated screens 
(~ 10 µm thick) might theoretically produce even better 
effective spatial resolution, but would provide much lower 
detection efficiency.

The second noticeable result is that most screens pro-
vide a higher light output than the reference screen, some 
more than two times as much. This is especially remark-
able since the calculated detection efficiency for these 
screens is only on the order of 6–19%, with 6.4–13.4% 
calculated for a 50 µm thick reference screen, while the 
detection efficiency for the 10 µm Gadox screen should 
be more than 90%. The relative grey level per detected 
neutron in the detector is only 0.5 to 1.0, which means 
that the detected neutrons are undersampled in the detec-
tor signal. This also implies that neutrons detected by the 
Gadox screen are undersampled about 20 times more. For 
the noise behavior of a detection system, the neutron sta-
tistics are the most important parameter as long as there 
are several photons detected per neutron. If the number of 
detected photons per detected neutron is about the same, 
the photon statistics influence the signal just as much as 

Fig. 1   Setup at NeXT Grenoble

Fig. 2   Images taken with 
Screen C72-08 (Table 2) show-
ing an open beam, Siemens star, 
and normalized Siemens star
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Fig. 3   Borated screen images: 
open beam, Siemens star, and 
normalized Siemens star with 
3.6 µm pixel size for 10B2O3 
(2:1), 10B2O3 (1:1), Na10B5O8 
(2:1) and Na10B5O8 (1:1)

10B2O3 (2:1)

10B2O3 (1:1)

Na10B5O8 (2:1)

Na10B5O8 (1:1)

Fig. 4   10 µm Gd reference 
screen images: Open beam, 
Siemens star, and normalized 
Siemens star with 3.6 µm pixel 
size
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the neutron statistics. [21] Neutron detectors using opti-
cal cameras must thus strive to detect several photons of 
the several thousand photons emitted into 4π space by a 
detection event.

SEM measurements of the screens

Since the neutron measurements apparently showed large 
grains of converter material, the screens were examined 
with a scanning electron microscope (SEM) after the neu-
tron measurements to prove the existence of large particles. 
The measurements show that the structure of the powders 
is comprised of completely different shapes—all of which 
demand finer milling, and particle size separation. Figure 8 
shows SEM images of 10B2O3 + ZnS:Cu at 40 ×, 100 ×, 
500 × and 1000 × magnification. There are several relatively 
large agglomerates as well as needle crystals. Sieving out 
the larger grains and crushing the needle crystals to increase 
screen homogeneity is planned for the next batch of screens.

Fig. 5   Neutron radiograph of a gadolinium edge on Screen C72-08 to 
determine resolution prior to (left) and after (right) open beam cor-
rection and cropping

Fig. 6   Example of a radiograph of 10B-based screen C72-01 on the Gd reference screen, and the cross sections for 157Gd and 10B from the ENDF 
B-VII data base

Table 2   Screen parameters Screen ID# Description Areal thick-
ness (mg/cm2)

Measured 
thickness(µm) 1

STDEV Coating 
density(g/
cm3)

10 µm Gadox from RC Tritec – 10
C72-07 10B2O3 (2:1) ZnS:Cu 4.33 68.85 8.56 0.629
C72-08 10B2O3 (2:1) ZnS:Cu 6.06 73.40 3.92 0.826
C72-15 10B2O3 (1:1) ZnS:Cu 6.06 46.70 5.66 1.298
C72-16 10B2O3 (1:1) ZnS:Cu 5.19 40.83 7.90 1.271
C72-23 Na10B5O8 (2:1) ZnS:Cu 6.06 72.60 7.08 0.835
C72-24 Na10B5O8 (2:1) ZnS:Cu 6.06 71.93 5.44 0.843
C72-31 Na10B5O8 (1:1) ZnS:Cu 3.46 46.60 9.66 0.742
C72-32 Na10B5O8 (1:1) ZnS:Cu 3.46 42.35 5.43 0.817
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Figure 9 shows SEM images of Na10B5O8 + ZnS:Cu at 
40 × , 100 × , 500 × and 500 × magnification. They show 
agglomerates of small and large grains, with large grains up 
to 120 µm size, and agglomerates up to 240 µm size com-
posed of much smaller grains from 10 to 50 µm size. The 
task for better processing will be to break up the agglomer-
ates, then sieve out the remaining large single grains.

Neutron computed tomography

One neutron computed tomography scan was performed 
using screen C72-23, showing rear section and part of the 
torso of an insect, sitting on a small snail shell. Eight hun-
dred projections, with an acquisition time of 8 s each, were 
recorded over 180° with a 2048 × 2048 pixel array. The 
left of Fig. 10 shows an arbitrary slice of the insect body. 
Since the contrast is very low, the reconstruction is noisy, 
and measuring details within the slice is difficult. The right 
side shows a 3D reconstruction of the insect and snail shell. 
The snail shell is about 6.6 mm wide. Even with the current 
graininess, the screens are already fit for use in high resolu-
tion measurements.

Conclusion and outlook

Borated screens matched the resolution of a reference Gadox 
screen despite being double the thickness and having 50% 
the detection efficiency of Gadox, but two times the light 
output. The remaining problems in development are of a 
mechanical nature—powders must be milled more finely, 
and the particle sizes in the coatings made more homoge-
neously. Borated neutron imaging screens will fill a gap 
between Gadox and ZnS screens for very high resolution 
neutron imaging.
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Fig. 7   Measured spatial 
resolution for all screens is very 
similar

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0.0 10.0 20.0 30.0 40.0 50.0 60.0

M
od

ul
at

io
n 

Tr
an

sf
er

 F
un

ct
io

n 
(M

TF
)

Effective Spatial Resolution (lp/mm)

Gadox
C72-07
C72-15
C72-24
C72-31
10% MTF

0.05

0.07

0.09

0.11

0.13

0.15

35.0 40.0 45.0

M
TF

lp/mm

Fig. 8   SEM images of 10B2O3 + ZnS:Cu at 40 ×, 100 ×, 500 × and 1000 × magnification, showing agglomerates as well as needle crystals
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Fig. 9   SEM images of Na10B5O8 + ZnS:Cu at 40 × , 100 × , 500 × and 500 × magnification, showing agglomerates as well as large grains

Fig. 10   Neutron computed 
tomography of the rear section 
of an insect on a snail shell, 
single slice of the insect body 
and 3D reconstruction of both. 
The snail shell is about 6.6 mm 
wide
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