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A B S T R A C T

A new type of scintillator screen consisting of a ZnS scintillator with a dysprosium neutron converter is
explored in a joint effort between Idaho National Laboratory (INL) and Paul Scherrer Institute (PSI). In contrast
with a traditional prompt6Li or Gd converters, a dysprosium converter generates a latent image as neutron
activated dysprosium produces an isotope which decays with half-lives of 1.26 min and 2.3 h and the decay
radiation excites the ZnS scintillator. The activated scintillator screen is physically transported out of the
neutron beam and away from radioactive samples into the imaging apparatus and emits photons as the screen
decays, which are read by a digital camera. This technology bridges the gap between traditional indirect
transfer radiography and modern digital camera-based systems. This paper describes initial development of
dysprosium-based scintillator screens and the results of initial tests performed at PSI. Some screen variants
exhibit sufficient light output to produce good quality radiographs in a matter of minutes. The basic spatial
resolution measured using a Siemens star is approximately 300 μm. This work demonstrates for the first time
that indirect digital transfer method neutron imaging is a plausible method of imaging highly radioactive
sources such as irradiated nuclear fuel.
. Introduction

Neutron radiography yields the most extensive data of any non-
estructive technique currently available for assessing the internal
ondition of irradiated nuclear fuel [1]. Traditionally, irradiated mate-
ials with high levels of gamma radiation have been imaged by transfer
ethod neutron radiography using film or image plates [2–6]. With

he transfer method, a cassette containing converter foils is positioned
ehind an object in the neutron beam. Neutrons passing through the
bject activate the converter foils, creating a latent image in the pattern
f activation corresponding to the neutrons passing through the object.
he cassette is then removed from the beam and the activated converter
oils are placed in contact with an imaging sensor, such as film [2], an
mage plate [3–5], or even mixed-dysprosium image plates [6]. The de-
ay radiation exposes the sensor, which is then processed to produce a
adiographic image. While the transfer method of neutron radiography
s both labor intensive and time consuming, it is entirely insensitive to
amma rays, making it ideal for imaging highly radioactive samples.

Advantages of modern digital neutron radiography systems include
uicker acquisition times, higher detection efficiency, position stabil-
ty, high spatial resolution, and flexibility of field-of view. In digital
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camera-based neutron radiography, a digital camera is placed in a light
tight box outside the neutron beam and optically coupled using a mirror
to a neutron-sensitive scintillator located in the neutron beam. The
object is placed in the neutron beam in front of the scintillator screen
for examination. The scintillator materials are sensitive to gamma rays
in the beam and emitted from radioactive samples, which fogs the
image and degrades signal-to-noise ratio of the resulting image.

Traditional scintillator screens for digital neutron radiography use
promptly-decaying neutron converters such as 6Li or gadolinium. This
work examines screens composed of scintillator material with activated
neutron converters that exhibit a long half-life, such as neutron ac-
tivated dysprosium isotopes, with main decay times of 1.3 min and
2.3 h. For such screens, a dysprosium converter generates a latent
image as activated dysprosium decays and the decay radiation excites
the scintillator. This novel approach integrates the gamma insensitivity
of the transfer method with digital neutron radiography’s benefits of
quicker imaging times, ease of use, and higher detection efficiency.

This study builds upon previous work of designing a scintillator
screen that replaces the prompt-decaying converter with a slower-
decaying dysprosium foil [7]. The work reported in this paper improves
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upon previous work on various combinations of scintillator materials
and dysprosium converters with a more in-depth analysis of load-
ing and decay times, effective spatial resolution, and integrated light
output.

2. Dysprosium-based scintillator screens

Natural dysprosium includes seven stable isotopes, but 164Dy (natu-
al abundance of 28.18%) is the isotope of interest for neutron imaging
urposes. Neutron activation of 164Dy creates radioactive nuclei with
wo decay paths, described in Eqs. (1) and (2). The longer decay
ath with a half-life of 2.33 h is used for transfer method neutron
adiography where radiographs are produced after several hours of
ecay [2]. The quicker decay path is ideal for digital transfer method
eutron radiography because its shorter half-life of 1.26 min allows it
o create neutron radiographs in a matter of minutes. Producing ra-
iographs quickly is particularly useful for neutron tomography, where
any radiographs must be acquired to generate a full set of images

uitable for tomographic reconstruction [8]. However, the longer lived
.33-hour half-life can cause the dysprosium-based scintillator screens
o retain an image history that more severely impacts the neutron
mage with increased exposure to the neutron beam. Digital transfer
ethod neutron radiography requires either shorter exposure times
∼10-20 min) or additional image processing to address the influence
f the 2.33-hour half-life.

64
66𝐷𝑦 + 𝑛
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A range of scintillator screens were fabricated for parametric study,
ach using ZnS:Cu as a phosphor. The range of screens represents
arious phosphor grain sizes, absorber material form (i.e. metallic
ysprosium foil or Dy2O3), substrate, scintillator to converter mixture
atio, and phosphor thickness. Three ZnS:Cu grain sizes were employed:
ine (𝑑50 = 3.05 𝜇m), medium (𝑑50 = 4.67 𝜇m) and large (𝑑50 =
.67 𝜇m). Some screens had the ZnS:Cu mixed directly with Dy2O3
n an aluminum substrate while others had ZnS:Cu deposited on a
ysprosium foil. A total of 23 screens were fabricated, each with an
rea of 25 mm × 25 mm. Table 1 lists the 23 scintillator screens and
heir characteristics. The logic and intent behind the parameter choices
or each screen are as follows:

• Screens #1-#4, containing large phosphor grains, an aluminum
substrate, and an absorber to phosphor ratio of 1:2 by weight,
were manufactured to mimic conventional neutron imaging scin-
tillators screens. Varying screen thicknesses explore the effect of
thickness on image resolution and light output.

• Screens #5 and #6 are similar to screen #3, only different
in absorber-to-phosphor ratio, in case the standard 1:2 mixture
which is optimal in the case of 6LiF-ZnS based scintillator is not
ideal with dysprosium.

• In screen #7, the absorber is applied differently than all the other
screens. While for all the other screen the absorber is mixed in
the matrix, in this case the Dy-containing molecule is applied by
spray-drying.

• Screens #8-#10 vary the phosphor grain size to explore its effects
on image quality.

• Screens 11–14 are the same as screens 1–4 but substitute the
aluminum substrate for a 125 μm thick dysprosium foil. While
this provides additional neutron absorbing material, it may also
cause self-shielding that would reduce the neutron intensity in the
coating.

• Screens #15 and #16 are the same as screens #5 and #6, with a
dysprosium foil (125 μm thick) substrate.

• Screens #17 to #19 are the same as screens #8-#10, with a

dysprosium foil (125 μm thick) substrate.

2

Table 1
Parameters for the set of 23 scintillator screen samples.

Screen
number

Substrate Absorber
material

Phosphor
(grain size)

Wt. ratio
(Dy2O3:ZnS)

Thickness
[um]

1 Al-plate Dy2O3 ZnS:Cu (large) 1:2 30
2 Al-plate Dy2O3 ZnS:Cu (large) 1:2 50
3 Al-plate Dy2O3 ZnS:Cu (large) 1:2 100
4 Al-plate Dy2O3 ZnS:Cu (large) 1:2 200
5 Al-plate Dy2O3 ZnS:Cu (large) 1:1 75
6 Al-plate Dy2O3 ZnS:Cu (large) 1:3 100
7 Al-plate Dy(O2CH)3 ZnS:Cu (medium) 1:2 60
8 Al-plate Dy2O3 ZnS:Cu (large) 1:2 90
9 Al-plate Dy2O3 ZnS:Cu (medium) 1:2 100
10 Al-plate Dy2O3 ZnS:Cu (fine) 1:2 100
11 Dy-Foil Dy2O3 ZnS:Cu (large) 1:2 35
12 Dy-Foil Dy2O3 ZnS:Cu (large) 1:2 50
13 Dy-Foil Dy2O3 ZnS:Cu (large) 1:2 100
14 Dy-Foil Dy2O3 ZnS:Cu (large) 1:2 225
15 Dy-Foil Dy2O3 ZnS:Cu (large) 1:1 85
16 Dy-Foil Dy2O3 ZnS:Cu (large) 1:3 100
17 Dy-Foil Dy2O3 ZnS:Cu (large) 1:2 100
18 Dy-Foil Dy2O3 ZnS:Cu (medium) 1:2 100
19 Dy-Foil Dy2O3 ZnS:Cu (fine) 1:2 100
20 Dy-Foil none ZnS:Cu (large) pure 60
21 Dy-Foil none ZnS:Cu (large) pure 100
22 Dy-Foil none ZnS:Cu (large) pure 200
23 Dy-Foil none ZnS:Cu (fine) pure 100

• Screens #20 to #22 are the same as screens #11-#13, with
a dysprosium foil (125 μm thick) as substrate, but no absorber
dispersed in the matrix. This is to potentially isolate the effect
of the dispersion of the absorber as compared to absorption only
in a dysprosium substrate.

• Screen 23 is the same as screen #19 (fine ZnS:Cu grains) without
the absorber dispersed in the matrix.

3. Experiment setup and data processing

Scintillator screens were tested in PSI’s Neutron Transmission Ra-
diography (NEUTRA) thermal beamline at the second measurement
position. This position places the samples 9.876 m away from the
target center and 7.292 m from the aperture. The neutron flux is
9.8×106 n/cm2/s/mA at the image plane with an L/D ratio of 350
and is proportional to the proton current (∼1.5 mA) irradiating the
SINQ target. [9]. During measurements, the Ultra Cold Neutron Source
at SINQ was non-operational, ensuring a stable beam and therefore
minimizing fluctuations in the neutron flux and energy spectrum.

The scintillators were placed in a 3 × 3 array on an aluminum
substrate in the neutron beamline. An Andor Neo sCMOS camera, con-
taining a pixel array of 2160 × 2560 with 16-bit dynamic range, housed
in PSI’s midi-box design captured neutron radiographs [10]. The cam-
era was water-cooled to maintain a temperature at −25 ◦C. Radiographs

ere acquired during exposure to the neutron beam (referred to as
‘loading’’), then the beam was turned off and additional images were
cquired while the screens decayed without neutron exposure (referred
o as ‘‘decay’’). The screens were exposed to the beam for 1, 5 and
0 min with the camera taking a total of 30, 150 and 300 radiographs,
espectively, each with an integration time of 2 s. After the exposure,
he beam was turned off and the additional sets of radiographs were
cquired as the activated screens decayed. A total of 150 decay images,
ach integrated for a total of 2 s, were recorded by the camera for a
otal of 5 min decay time for all tests. Upon completion of a set of
easurements, the array of screens was removed from the beamline

nd replaced with another 3 x 3 array. Fig. 1 shows an example image
emonstrating location of the 3×3 array of screens in the image field

of view.
After testing all 23 screens, the seven screens that produced the

highest light output were subjected to further testing. These screens
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Fig. 1. Integrated neutron radiographs of screens 1–9 taken with 10 min of beam
exposure and 5 min of decay.

underwent loading cycles of 5, 10 and 20 min with a decay time of
10 min. Spatial resolution was also measured for these screens.

A flat-field correction was taken with a standard 6LiF/ZnS scintil-
lator to account for the beam nonuniformity. Ten flat-field and ten
dark-field images were acquired. A 2×2-pixel median filter was applied
o remove outliers such as gamma-ray spots, then the ten images
ere averaged together to form one flat-field image and one dark-field

mage. The average dark-field image was subtracted from the open
eam image, then the flat-field image was divided by its maximum to
ormalize the image to 1. Each image taken with the dysprosium-based
creens were multiplied by the normalized flat-field image to correct for
eam nonuniformity.

. Results and discussion

.1. Light output

Light output was measured by taking the average per pixel grayscale
evel over an area as large as possible over the scintillator. Measuring
he average grayscale value in each neutron radiograph produced a plot
f grayscale value over time. These measurements were taken for each
f the 23 scintillator screens. As an example, Fig. 2 shows the light
utputs of Screen #4 for 1-min, 5-min, and 10-min loading times and
-min decay times. Measurements were taken sequentially: first the 5-
in exposure, then the 1-min exposure, and then the 10-min exposure.
here is a build-up of residual activity that is visible at𝑡 = 0 in Fig. 2
ue to the 2.33 h half-life of 165Dy.

Light output from the decay phase must be large enough to allow the
maging camera to capture a useful signal above the camera noise from
ndividual pixels. Decay light output was measured by integrating the
otal counts per pixel each scintillator released once it was no longer
nder neutron exposure. The integrated light output from the decay
hase should represent high enough gray value to produce a useful
igital neutron image (e.g. greater than 1000 gray values). The results
f integrating the decay light output are shown in Fig. 3. Screens #4,
14 and #22 demonstrated the highest decay light output, and light
utput increased for longer exposure times up to 10 min. In general,
creens with thicker phosphor layers exhibited higher light output.

The loading and decay times of each scintillator are important
arameters for designing an imaging system using the digital transfer
ethod. While there are many reactions that take place in dysprosium

n a neutron field, the average decay half-life is expected to be around
he 1.26-min half-life of 164Dy because this will be the dominant
eaction exhibited in the first ten minutes of decay. The loading and
3

Fig. 2. The light output of a representative scintillator screen (#4) over time. The
same scintillator screen was sequentially exposed to the beam for 5-min, 1-min, then
10-min loading times. After each exposure, the neutron shutter was closed and the
light output during the decay phase was measured for 5 min.

decay curves in Fig. 2 were separately fitted using Eq. (3) for the
loading curve and Eq. (4) for the decay curve. Curve fitting produced
calculated loading constants (𝛿) and decay constants (𝜆) for each of the
23 screens using the following equations. Doubling time is calculated
as ln2/𝛿 and half-life is calculated as ln2/𝜆.

𝐿𝑜𝑎𝑑𝑖𝑛𝑔∶ 𝐼 (𝑡) = 𝐼𝑜𝑓𝑓𝑠𝑒𝑡 − 𝐼𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛
(

𝑒−𝛿1𝑡 + 𝑒−𝛿2𝑡
)

(3)

𝐷𝑒𝑐𝑎𝑦∶ 𝐼 (𝑡) = 𝐼𝑜𝑓𝑓𝑠𝑒𝑡 + 𝐼𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛
(

𝑒−𝜆1𝑡 + 𝑒−𝜆2𝑡
)

(4)

where I(t) is the grayscale value as a function of time, 𝐼𝑜𝑓𝑓𝑠𝑒𝑡 is the
gray value at the beginning of the loading phase and the end of the
decay phases, 𝐼𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 is the gray value as 𝑡→∞, t is the time, 𝜆1 is the
decay constant of the shorter-lived isotope, 𝜆2 is the decay constant of
the dysprosium isotope with the 2.33-hour half-life, 𝛿1 is the loading
constant of the shorter-lived isotope, and 𝛿2 is the loading constant of
the dysprosium isotope with the 2.33-hour half-life. The doubling times
and half-lives were calculated keeping 𝜆2 and 𝛿2 constant based on the
2.33 half-life decay path, then fitting the equations to solve for 𝜆1 and
𝛿1.

Fig. 4 shows an example, Screen #4, of the curve-fitting of a loading
curve and a decay curve. The parameters 𝜆 and 𝛿, extracted from
the curve fits, are used to calculate the doubling time and half-life,
respectively.

The resulting doubling times and half-lives are shown in Figs. 5
and 6. Screens #11-#18, fabricated with both a dysprosium substrate
and Dy2O3 mixed with the phosphor, have the longest doubling times.
Screens #1-#10, which have Dy2O3 mixed with the phosphor on an
aluminum substrate, exhibited the shortest doubling times. Screens
#19-#23, fabricated with phosphor on a dysprosium substrate, dis-
played doubling times shorter than screens #11-#18 but longer than
screens #1-#10.

The decay times are relatively constant (see Fig. 6), with an ex-
ception of Screen #7 which employed spray-drying to incorporate
dysprosium into the screen. However, the half-lives which are approx-
imately 1 min instead of 164Dy’s 1.26-min half-life, are about 70% of
the expected value. Dysprosium has seven stable isotopes. One possible
cause for the shorter-than-expected half-life is potential impurities,
but the reported impurities of the dysprosium used in this study are
negligible and do not have short half-lives. The shorter-than-expected
half-life is more likely caused by short-lived metastable isomers that
decay into stable isotopes.

Based on the integrated decay light outputs shown in Fig. 3, screens

#3, #4, #13, #14, #20, #21 and #22 were selected for further testing
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Fig. 3. Experimentally measured integrated light output during the decay phase. Scintillators are exposed to the beam for 1, 5 and 10 min followed by 5 min of decay time.
Fig. 4. Curve fits for both loading and decay phases of screen #4. Black data points
epresent the experimental data and the solid red line represents the fitted curve.

ue to their high light output compared to the rest of the screens. These
even screens were subjugated to an extended exposure in the beamline
ith loading times of 5, 10 and 20 min followed by a 10-min decay

ime. The purpose of these experiments was to observe if the doubling
ime and half-life measurements stabilized with longer loading times.

Fig. 7 shows the resulting doubling times for the seven screens.
he doubling time increases with loading time because the longer-lived

somer with a half-life of 2.33 h becomes more prominent with in-
reased loading times. This data suggests that longer doubling times are
ssociated with an increased amount of dysprosium in the scintillator
creen.

Doubling time increases with longer exposure times up to 20 min,
o secular equilibrium during the loading phase has not been reached.
his is because the 2.33-hour half-life isomer takes 15.5 h to achieve
9% saturation. However, the 1.26-min half-life isomer achieves 99%
aturation in just 8.4 min. The short-lived isomer is the reaction of
nterest for transfer method digital neutron radiography because it
hould result in shorter acquisition times than the longer-lived isomer.

Figs. 7 and 8 show the doubling-times and half-lives of the seven
op performing screens under longer loading and decay times. Longer
xposure time introduces the possibility of building up activity from
he longer-lived 165Dy isotope with a 2.33-hour half-life. Measurements
ith the 20-min loading time were taken first, then the 10-min loading

ime, followed by the 5-min loading time. The results vary slightly
4

compared to the previous measurements which is most likely caused
by the longer irradiation times building up longer-lived activity from
165Dy, which has a half-life of 2.33 h. Similar to the behavior exhibited
in previous doubling time measurements shown in Fig. 5, Fig. 7 also
shows that saturation has still not been reached after 20 min loading
time. Fig. 8 shows that the half-life measurements were similar to
previous results shown in Fig. 6, confirming that the observed half-lives
were about 1 min.

Fig. 9 shows the integrated grayscale counts per pixel during the
decay phase. These grayscale values are all >1500, which is not near
80% of saturation desired for the 16-bit depth (max grayscale value
is 65535) for high-end digital cameras, but is sufficient for imaging
purposes. Screen #14 exhibits the highest light output in both series
of tests. Although their relative light output varied with exposure
times, screens #4 and #22 are shown to be the next brightest. These
three screens are the thickest, therefore they have the greatest neutron
detection efficiency. More neutron interactions will ultimately produce
more photons in the phosphor, resulting in a greater light output. These
results suggest that having dysprosium both in a thick foil and in the
absorber-matrix produces the highest light output due to increased
probability of neutron-absorber interactions.

Comparing screens 4 and 22, they produce roughly the same light
output. They have the same thickness of phosphor, but #4 has the
dysprosium converter mixed with the phosphor and #22 has phosphor
on a dysprosium foil. However, screen #14 has dysprosium converter
both mixed with the phosphor and as a substrate, but the light output
is less than the sum of screens #4 and #22. This is because, for screen
#22, the neutron flux must first penetrate the dysprosium substrate
before interacting with the layer of mixed converter and phosphor. The
mixed converter and phosphor layer of screen #22 would, therefore,
experience lower neutron flux compared to that of screen #4.

4.2. Spatial resolution

Spatial resolution was measured for the seven screens that exhibited
the highest light output. A Siemens star test pattern was attached to
each screen and twenty frames were acquired, ten in the direct beam
and ten with the beam closed, with 1-min for each frame. Each image
underwent post-processing as previously described and the frames were
averaged together to get the image shown in Fig. 10. Resolution was
taken with a tangential line profile along the circle’s circumference,
starting at the center of the Siemen’s star and extending until the

line-pairs become visible.
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Fig. 5. Doubling times derived from curve fitting for all 23 scintillator screens with 1-, 5- and 10-min loading times.

Fig. 6. Half-lives derived from curve fitting for all 23 scintillator screens with 1-, 5- and 10-min loading times.

Fig. 7. Doubling times of the seven screens producing the highest light output under 20, 10 and 5 min of loading time.

5
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Fig. 8. Half-lives of the screens after observing 10 min of decay time.
Fig. 9. Total counts of each scintillator screen during decay. Subsequent exposures have higher counts, even though irradiation time was lower, due to an increased activation
from previous measurements.
The dysprosium screens exhibit an effective spatial resolution of
approximately 300 μm which is 50% lower than the 200 μm resolution
measured with a standard 6LiF/ZnS with a 200 μm thickness. The beta
particle emitted from the 165Dy and the isomeric transition photon from
165mDy deposit energy across a longer range from the initial absorption
site compared to the daughter products of 6Li(n, 𝛼)3H reaction. This
creates a blurring effect, leading to decreased resolution.

5. Discussion and future work

This work provides additional insight into the first-ever measure-
ments using a dysprosium converter with a scintillator material to
produce indirect digital neutron radiographs. While the scintillator
material itself is gamma-sensitive, activating the dysprosium converter
in the beamline to produce an image and then physically transferring
6

it to a digital imaging system produces a gamma-insensitive process.
This is significant because it allows neutron radiography of radioactive
samples without gamma-ray interference. Utilizing this technique to
take advantage of the quicker acquisition times of digital neutron
radiography allows for the possibility of conducting digital radiography
in a matter of minutes, enabling neutron tomography on radioactive
samples in a single day. A conceptual design of how such imaging
would occur is shown in Fig. 11.

The successful demonstration of gamma-discriminating digital trans-
fer method neutron imaging is the first step towards developing a
system capable of neutron radiography on irradiated nuclear fuels. The
next step is to improve the performance of the scintillation screens
so they can generate improved radiographs. 164Dy comprises only
28.18% of natural dysprosium. Therefore, using scintillation screens
consisting of enriched 164Dy could improve detector efficiency by
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Fig. 10. (Left) Neutron radiograph of a Siemens star for each scintillator. (Right) A magnified neutron radiograph of the Siemens star acquired using screen #4.
Fig. 11. Illustration of the digital indirect neutron imaging with scintillator screen concept. (Left) The screen is placed in the beamline and exposed behind the imaging object.
(Right) The screen is then transported away from the fuel into the camera box and the digital camera captures the latent image on the scintillator screen. [7].
almost threefold. Additional converter materials such as 115In could
also be examined to determine if they provide improved performance.

A potential future application of this work is to perform neutron
computed tomography on irradiated nuclear fuel using the digital
neutron transfer method. Further screen testing is needed to optimize
neutron detection before neutron radiography of irradiated materi-
als is performed, along with efforts to perform neutron tomography.
Advanced image processing will be required to perform neutron to-
mography with these screens because images will retain a history of
previous acquisitions from the longer-lived isotope with the 2.33-hour
half-life. It may also be necessary to employ multiple dysprosium-based
screens so that the camera can read one screen while another is in
the beamline, which would reduce total acquisition time for neutron
tomography and reduce the impact of image history build-up.
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