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Abstract The characteristics of three digital imaging
systems for neutron radiography purposes have been
compared. Two of them make use of films, CR-39 and
Kodak AA, and the third makes use of a LiF scin-
tillator, for image registration. The irradiations were
performed in the neutron radiography facility installed
at the IEA-R1 nuclear research reactor of IPEN-
CNENY/SP. According to the obtained results, the sys-
tem based on CR-39 is the slowest to obtain an image,
and the best in terms of resolution but the worse in
terms of contrast. The system based on Kodak AA
is faster than the prior, exhibits good resolution and
contrast. The system based on the scintillator is the
fastest to obtain an image, and best in terms of contrast
but the worse in terms of resolution.

Keywords Imaging systems - Neutron radiography -
Digital image

1 Introduction

The neutron radiography (NR) is a well-known non-
destructive testing technique. The radiography is ob-
tained by irradiating a sample with a uniform neutron
beam. A converter screen transforms the transmitted
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neutron intensity into a radiation able to sensitize a film
or a scintillator, forming the image of the sample [1-
3]. Usually, the images are digitized by using a video
camera or a scanner, associated to a software to quan-
tify light transmitted intensity through the sensitized
region. These sets are known as digital imaging systems.
In the present paper, three different imaging systems,
commonly used for neutron radiography, have been
studied and some of their characteristics compared with
each other. Two are film-based systems and the images
are digitized by using a scanner and the third one is a
scintillator-based system and the images are digitized
by using a video camera. The parameters used to com-
pare them were the mean contrast value, neutron ex-
posure to obtain the best contrast, capability to discern
thickness of the materials, and spatial resolution. The
light transmitted intensity was evaluated in an 8 bits
gray-level (GL) scale ranging from 0 to the darkest
pixel to 255 to the brightest one [4-6].

2 Experimental

The irradiations were performed at the neutron radi-
ography facility installed at the beam-hole #8 of the
pool-type IEA-R1 nuclear research reactor of IPEN-
CNEN/SP. The characteristics of the neutron beam at
the irradiation position are shown in Table 1.

The first imaging system consists of a natural boron
converter screen associated to a film, the solid-state
nuclear track detector CR-39. During irradiation, the
screen and the film are kept in a tight contact inside
an aluminum cassette and the neutron-boron inter-
action generates 1.47 MeV alpha particles which will
sensitize the film. After film development, the light
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Table 1 Characteristics of the neutron beam at the irradiation
position

Flux (n.s7! cm™2) 1.75 x 10%2
Beam diameter (cm) 20
Neutron/gamma ratio (n.cm~2 mRem~!) 8 x 10°
Mean energy (meV) 7
Homogeneity (%) 10-20

aReactor power at 3.5 MW [5]

transmission readings are performed by using a light
transmission scanner and a software [5]. The second
consists of a gadolinium converter screen associated to
a conventional X-ray emulsion film, Kodak AA double
coated. During irradiation, the screen and the film are
kept in a tight contact inside an evacuated aluminum
cassette and the neutron-gadolinium interaction gen-
erates 70 KeV conversion electrons which will sensitize
the film. After a standard film development procedure,
the light transmission readings were performed by us-
ing the same scanner and software mentioned above
[4, 5]. The third imaging system consists of a ZnS-
LiF scintillator converter screen associated to a cooled
charge-coupled device (CCD) digital video camera.
The neutron-lithium interaction generates 2.05 MeV
alpha and 2.74 MeV tritium particles which will sen-
sitize the ZnS, giving rise to scintillations which are
captured by the camera [7]. During irradiation the
screen and the camera are kept inside an aluminum
light tight box. In order to minimize damages in the
camera’s CCD caused by neutrons and gamma rays,
the light generated by the scintillator is reflected by a
mirror positioned at 45° with respect to the radiation
beam.

3 Data Acquisition and Analysis

3.1 Mean Contrast Value and Exposure to Obtain
the Best Contrast in the Image

The contrast is defined by Eq. 1. It is determined
by means of curves that relate “gray level (GL)” as
functions of the “neutron exposure (E)”, given by E
(n.cm™2) = ¢(n.s~! cm~2)*#(s) where ¢ is the neutron
flux at the irradiation position and ¢ is the irradiation
time.

G = d(GL)/d(logE) (1)

The mean contrast value corresponds to the slope
of the straight line fitted to the steeper region of the
“GL vs E” curves and the exposure to obtain the best
contrast in the image is the one corresponding to the
end of the steeper region. The curves for the studied
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Fig. 1 Gray level as functions of the neutron exposure for the
a CR-39, b Kodak AA, and ¢ scintillator imaging systems

Table 2 Values for the exposure and contrast for the three
studied imaging systems

Imaging system Exposure (n.cm~?2) Mean contrast

CR-39 7.7 x 10° 90 +6
Kodak AA 1.5 x 108 226 + 15
Scintillator 1.4 x 107 330 £ 26
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Fig. 2 Gray level as functions of the sample thickness for the
a CR-39,b Kodak AA, and c scintillator imaging systems

imaging systems, shown in the Fig. la—c, have been
obtained by irradiating the converter screens in the
direct neutron beam (without sample).

The evaluated parameters are indicated in the
figures and given in Table 2.

According to the results, the CR-39 system provides
the worst images in terms of contrast and requires the
greatest exposure. Based in the exposure value, the ir-
radiation time to obtain an image is 67 min. By taking
into account the time spent for film development, wash-
ing, drying, and scanning, the overall time spent to ob-
tain an image is about 110 min. The Kodak AA system
provides better contrast images than the CR-39, the
irradiation time is 1.5 min and the overall time is about
70 min. The scintillator system provides the best images
in terms of contrast and since development is not nec-
essary, the images are captured simultaneously to their
formation and the overall time is about 0.13 min.

3.2 Capability to Discern Thickness of Materials

The capability to discern thickness was evaluated in
terms of the minimal discernible thickness of a material,
as follows [8]. For radiography purposes, the neutron
transmission by matter is given by the following expo-
nential law [9]:

@ (x) = o - exp (—Lefr - X) ()

where ¢y and ¢(x) are the incident and transmitted
neutron fluxes through the sample, having thickness
“x” and effective total macroscopic cross-section “eg”
which takes into account the contribution of the neu-
trons scattered by the sample to the image forma-
tion [10].

For images obtained in the best contrast region,
where GL = G log(E), the gray level as a function of
the material thickness, is given by the following linear
function [1, 4]:

GL=GLy—-S-x 3)
where S = 0.43 G Z.¢ and GLy is the gray level for zero
thickness.

The discernible thickness of a material can be evalu-
ated from Eq. 3 as:

Ax = AGL/S 4)

where AGL is the gray level variation in the image.

Table 3 Values for the

e . . - Imaging system  Min AGL  Minimal discernible thickness (cm)
minimal discernible thickness
for the three studied imaging Iron Brass Perspex Lead
systems CR-39 7.5 0.19 + 0.01 0.26 + 0.01 0.14 £0.02 1.2+02
Kodak AA 6.7 0.120 + 0.004 0.14 £ 0.01 0.10 £ 0.01 09+03
Scintillator 2.7 0.024 £0.001  0.027 £0.001  0.016 £ 0.004  0.056 % 0.005

@ Springer



126

Braz J Phys (2011) 41:123-128

2607
255
250

2457

gray level

240+
2357

230

2257

220 T T T T T T T T T T T
0 200 400 600 800 1000 1200
scanning coordinate (um)

gray level

20 T T T T T T T T T T

0 500 1000 1500 2000 2500
scanning coordinate (um)

2501

200

150

gray level

100

501

T T 1
0 2000 4000 6000 8000
scanning coordinate (ium)

Fig. 3 Gray level as functions of the scanning coordinate for the
a CR-39, b Kodak AA, cscintillator imaging systems
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The minimal discernible thickness is evaluated by
Eq. 4, by taking AGL as the minimal discernible gray
level variation by the imaging system [8]. It was deter-
mined for the materials, iron, brass, Perspex and lead.
The samples are step wedges with thicknesses varying
between 2 and 12 mm, which have been irradiated as
close as possible to the converter screens and at the
exposures for which the best contrasts were achieved
(see Table 2). Figure 2a—c show the behavior of the
gray level as functions of the sample thickness for the
three studied imaging systems as well as the fit of Eq. 3
to the data sets. The obtained results for the minimal
discernible thickness and for the minimal discernible
gray level variation are shown in Table 3.

The scintillator system exhibits the best capability to
discern thickness of materials. This is expected because
besides presenting the best mean contrast, the value of
AGL is at least 2.5 times smaller than the value for the
two other imaging systems.

3.3 Spatial Resolution

In radiography, the spatial resolution is defined as the
minimum distance that two objects must be separated
before they can be distinguished from each other [11].
Since the particles emitted by the converters (alphas,
protons, and electrons) are randomly distributed in all
directions, they will sensitize the film or the scintillator
in an area greater than the area from which they origi-
nate. Hence, the resolution depends on [12]:

Sample thickness

Sample to film(scintillator) distance
Film(scintillator) grain size

Range of the particles in the converter and in the
film (scintillator)

Saow>

The resolution is usually quoted in terms of the
total unsharpness (Ut) and is obtained by scanning the
light distribution at the interface between the images
of a neutron opaque sample and the one corresponding
to the direct neutron beam. An edge spread function
Eq. 5, is fitted to the resulting distribution and the total
unsharpness is given by Eq. 6 [13, 14].

GL = pl + p2(arctan(p3 (X — p4))) (S))

Table 4 Values for the resolution for the three studied imaging
systems

Imaging system Ut (micrometers)

CR-39 33+1
Kodak AA 671
Scintillator 357 £ 15
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where X is the scanning coordinate and p;, p», ps3, and
P4 are free parameters in the fit.
The total unsharpness is given by

Ut =2/(p3) (6)

The opaque sample used was a 100 um cadmium
strip which was irradiated as close as possible to the
converter screens and at the exposures for which the
best contrasts were determined (see Table 2). The
Fig. 3a—c show the obtained distributions for the imag-
ing systems as well as the fit of Eq. 5 to the data.

The obtained results for Ut are shown in Table 4.
As can be seen, the CR-39 system presents the best
resolution followed by the Kodak AA, and by the scin-
tillator system. These results are in accordance to the
mentioned above because since A and B are the same
for the three studied imaging systems the resolution
depends on C and D and in such case both parameters
are smaller for the CR-39 system.

4 Conclusions

Based on the obtained results we can underline the
following conclusions:

— The CR-39 system exhibits the worst contrast and
the worst capability to discern thickness of the
materials. However, this system is able to pro-
vide the best image in terms of spatial resolution.
It is also worth mentioning that because of the
large time spent for irradiation, development pro-
cedures, scanning, and film price, the obtainment of
an image is the most expensive. However, the over-
all cost can eventually be reduced by using a poly-
mer manufactured in country, like the Durolon [5].

— The Kodak AA system provides intermediate val-
ues for the studied parameters when compared with
the CR-39 and scintillator systems. Furthermore,
by considering the overall time spent to obtain the
image and the film price, the cost to obtain in an
image is somewhat smaller than the CR-39 system.

— The scintillator system provides the best contrast
and the best capability to discern thickness of the
materials, however the worst image in terms of res-
olution. This system also offers the smallest irradi-
ation time and since it is not necessary neither film
development nor scanning to digitize the image it
provides the smallest cost. However, if we consider
the prices of the LiF scintillator and of a cooled
CCD video camera, the initial cost to install this
system is relatively high when compared with the
other two.

In order to illustrate the characteristics of the studied
systems, Fig. 4a—c shows images of same sample (a 5-
mm hole in a cadmium strip), obtained by using the
CR-39, Kodak AA, and scintillator imaging systems
respectively. Figure 4a exhibits the lowest contrast but
the highest resolution since the edge of the hole is
sharply defined, Fig. 4b exhibits good contrast and good
resolution, and Fig. 4c exhibits the best contrast but the
lowest resolution since the edges of the hole are not
well defined.

Fig. 4 Images of a hole in a cadmium strip obtained by using the
a CR-39, b Kodak AA, and ¢ scintillator imaging systems
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