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Abstract— Preliminary results of characterization
experiments for the New Neutron Imaging Facility (NIF) that
is being developed at the Penn State Breazeale Nuclear
reactor are presented in the following sections. The
methodology of neutron beam characterization described in
the American Society for Testing and Materials (ASTM)
documents for the neutron imaging systems have been
followed to improve the NIF at Penn State to a Category I
facility by ASTM designation of quality. Preliminary results
showed that our system is capable of producing images of
high quality, corresponding to Category I; however, further
experiments are needed for full declaration of our facility as
such. Additionally, the effective collimation ratio (L/D ratio)
of our current system is ~110 with the capability of
improvement to ~150. The thermal flux at the exit surface of
the neutron beam is equal to 𝟓𝟓. 𝟒𝟒 × 𝟏𝟏𝟏𝟏𝟔𝟔 𝒏𝒏 𝒄𝒄𝒎𝒎−𝟐𝟐 𝒔𝒔−𝟏𝟏 at
1MWth reactor power, which corresponds to the industry
comparable value.

for the Neutron Radiography (NR). This would allow us to
properly examine the capabilities of the facility at each point of
the development process. While there are some other ways,
most of the NR facilities around the world characterize their
systems using American Society for Testing and Materials
(ASTM) standards dedicated to neutron imaging techniques.
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I. INTRODUCTION

EUTRON imaging can be described as one of the most
useful techniques in non-destructive testing field that
effectively uses the attenuation properties of neutrons to image
the objects of interest. A neutron imaging facility has been
available at Radiation Science and Engineering Center (RSEC)
for the last several decades and with the newly installed core
moderator assembly and the beam ports, it has been decided to
rejuvenate the NIF at RSEC to its new levels. The new NIF has
collimators installed over the past several months with the
capability of utilizing variable apertures. It is also on the right
track of using the state-of-the-art equipment and software for
conventional neutron radiography and tomography. The
potential of all RSEC facilities is highlighted by the Penn State
Breazeale Reactor (PSBR), which first went critical in 1955,
and is the nation's longest continuously operating university
research reactor. The PSBR is a 1 MW, TRIGA with moveable
core in a large pool and with pulsing capabilities [1]. The
current layout for the RSEC NIF and the beam port dimensions
are given in the Figure 1. Although the final design for the
RSEC NIF is still under development, it has been decided to
continuously characterize our system by the universal standards

Fig. 1. RSEC NIF layout and the beam port (dimensions are in centimeters).

Therefore, it has been decided to follow the same methodology
in categorization process of RSEC – NIF. The starting point of
the system characterization was the assessment of Open Beam
(OB) configuration, which is the beam port that does not have
any collimator components installed [2]. Once the collimators
components are installed the ASTM testing can be repeated to
see the improvements in the system, and those steps are briefly
summarized in the following section.
II. CHARACTERIZATION OF THE RSEC – NIF
Although we have the capability of implementing the film
radiography, for these characterizations indirect method has
been utilized, which assumes the conversion plate to be exposed
without the film [3]. Instead, our system exploits the computed
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radiography (CR) technique that is made possible by the
CRxFlex by Baker Hughes GE company and corresponding
IPU phosphor imaging plates.
The OB configuration of the RSEC – NIF has been
characterized by the end of the 2020. As a result, it has been
determined that the images of medium level of quality can be
produced corresponding to a facility of Category IV by ASTM
designation of quality. The objective then was to improve the
system in all NR relevant aspects to achieve the Category I via
installation of collimator components shown in the figures
below and discussed further.

mentioned collimator components were based on analysis of the
existing NR facilities and runs of the appropriate MCNP
calculations.

Fig.4. Collimator components for the RSEC – NIF beam port: insertion of the
Bi-gamma-filter (left) and the boral aperture (right) in the corresponding section
of the beam port.

The figure above shows of the installation process of the
collimator components. It should be noted that this process can
also be performed in the horizontal position once the
components are installed in the beam port. The resulting view
of the Collimated Beam (CB) port of the RSEC – NIF with all
collimator components installed is shown in the figure below.

Fig. 2. Collimator components of the RSEC – NIF beam port. Note: Both, the
Bismuth and Sapphire filters can be removed and placed to the beam port
depending on the neutron spectrum needs.

To improve the collimation ratio, it has been decided to
manufacture the aperture with the selectable diameters. Boral
apertures of 20 mm and 30 mm in diameter have been selected
as the preliminary suitable choice. There is the upper limit for
the aperture diameter due to the diameter of the Bi-filter, which
is 36 mm; however, the lower limit is only dependent on the
value of the desired thermal neutron flux that will be reduced
with the smaller diameter apertures. Optionally, the cadmium
lining can also be added to the aperture to sharpen the edges.

Fig.5. The RSEC – NIF beam port (view towards the reactor); OB (left) and CB
(right).

The assessment of the system can be started by the examining
the uniformity of the beam, which can be done by taking the
image without any object placed within the beam. To consider
the beam as uniform, the optical density values across the
resulting radiograph should not deviate more than 5% as
indicated in ASTM E545 [3]. In the figure below, although the
intensities of the grey values for the OB and CB configurations
are slightly differ, better uniformity in the beam profile can be
seen for the latter.
Fig.3. Collimator components for the RSEC – NIF beam port: Bi single crystal
in the aluminum encapsulation and two boral apertures (left), installation of the
lead and poly steps using the in-house 3D printed delivery rails (right).

As the collimator beam walls (convergent and divergent parts),
the lead and borated-poly material (8% Boron content) steps
have been chosen with the filters for the gammas (Bismuth) and
optional filter for the fast neutrons (Sapphire) can be installed
pre and post aperture respectively. The choice for the

Fig. 6. The resulting image of the beam profile for the OB (left) and CB (right)
configurations (a filter is used for visual illustration).
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umbra shadow disappearing wire with the optical densitometry
measurements. For the computed radiography system, this can
be done by the grey value histogram across the Cd-wire
shadows. Subsequently, knowing the diameter of the Cd-wire
and the distance between the wire and the imaging plate, one
can calculate the effective collimation ratio. For the OB
configuration the effective L/D was between 34.6 and 42.5. For
the CB configuration, on the other hand, these values increased
to between 107 and 115, which is more than 100 (initial goal
value). For both cases the values are less than geometric L/D
ratios (46 for OB and 135 for CB), which indicates to the
existence of slight scattered neutron content.

The difference in the grey value intensity is first due to the
reduction in the thermal neutron flux at the surface of imaging
plate. Gold foil activation technique was used for the
experimental values of thermal neutron flux, that resulted in
3.7 × 108 𝑛𝑛 𝑐𝑐𝑚𝑚−2 𝑠𝑠 −1 per 1 MW reactor power for the OB
configuration. On the other hand, the value was reduced to
5.4 × 106 𝑛𝑛 𝑐𝑐𝑚𝑚−2 𝑠𝑠 −1 per 1 MW power for the CB
configuration. Deviation of the grey values across the entire
image in Fig.3 changed from ~40% for the OB to ~24% for the
CB. In the middle section of the image these numbers changed
from ~13% to ~10%. Both values are more than 5% to declare
the beam as uniform; however, this issue could be related to
IPU phosphor imaging plate and its condition throughout the
experiments. To make it right, the direct film radiography needs
to be performed to access the beam uniformity for the CB
configuration.

B. Beam Quality: Beam Purity Indicator (BPI) & Sensitivity
Indicator (SI)
There are two indicators that are described in the ASTM
E545 and can be used to define the designation of the quality
level of a NR facility. The analysis of resulting radiographs of
Beam Purity Indicator (BPI) and Sensitivity Indicator (SI) leads
to determination of two important factors, which are the thermal
neutron content and sensitivity level [5]. These two factors
define the Category of the system by the ASTM designation of
quality.

A. Effective Collimation Ratio (L/D)
Collimation ratio (L/D) of the imaging system defines the
spatial resolution and hence can be treated as one of the most
important features. The length of the beam port from the
aperture the beam shutter end surface would be equal to 257
cm. Therefore, depending on the placement of the imaging plate
post beam shutter, the value of (L) can be anywhere between
260 to around 600. On the other hand, the diameter of the
aperture (D) is currently selectable between 20 cm and 30 cm.
Simple division of two values would result in the geometric L/D
but the effective collimation ratio, on the other hand, differs
from the geometrical ratio due to the scattering events within
the beam. ASTM E803 document provides the details of the
experiment to find the effective L/D of the system using the no
umbra (NU) device [4]. Two resulting images for this device
are given in the figure below for the OB and CB configurations.

According to the ASTM E545 document, the visual analysis
of the BPI shown in Fig. 7, two areas are of special interest: the
cadmium wires (vertical lines) and the lead disks (lower two).
If one of the Cd wires is significantly sharper than the other,
which is the case for the OB configuration, the L/D ratio of the
system is considered to be low with the need to be improved. In
contrast, for the CB configuration both Cd wires are
comparably sharp. In addition to that, for the OB configuration,
the lead disks (lower two) are distinguishable comparing to the
polytetrafluoroethylene material of the BPI. That indicates to
the high gamma content within the beam. Using the Bismuth
single crystal in the CB configuration, we have filtered the
beam from the gamma, which can be seen by the absence of
lead disks in the BPI image.

Fig. 8. The resulting image of the BPI for the OB (left) and CB (right)
configurations. Note: the intensities of grey values are not comparable due to
the lower neutron flux for the CB configuration.

Fig. 7. The resulting image of the NU-device for the OB (left) and CB (right)
configurations. Note: In general, sharp shadow lines (umbra shadow) of Cdwires represent higher L/D value.

The SI, on the other hand, is a step-wedge device containing
gaps and holes of known dimensions that can be used to access
the system based on the largest consecutive numbered visible
hole (H) and the thinnest visible gap (G) between the thicknesschanging absorber steps. Basically, the analysis of SI
radiograph can give the general idea on NR system’s spatial
resolution.

There are two different techniques of finding the effective
L/D value by analyzing the image of NU-device that are given
in ASTM E803 document. One of them is the visual analysis of
the NU-device where the user should identify the wire for which
the umbra shadow disappears. The second method is finding the
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