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Abstract 
 
Being able to verify the operator’s declaration in regards to technical design of nuclear facilities is an 
important aspect of every safeguards approach. In addition to visual observation, it is relevant to know if 
nuclear material is present or has been present in piping and ducts not declared. The possibility of combining 
different measurement techniques into one tool should optimize the inspection effort and increase safeguards 
effectiveness. 
 
Oak Ridge National Laboratory (ORNL) is engaged in a technical collaboration project involving two U.S. 
Department of Energy foreign partners to investigate combining measurements from a three-dimensional (3D) 
laser scanning system and gamma-ray imaging systems.  ORNL conducted simultaneous measurements with a 
coded-aperture gamma-ray imager and the 3D laser scanner in an operational facility with complex 
configuration and different enrichment levels and quantities of uranium. This paper describes these 
measurements and their results. 
 
Introduction 
 
The submission of nuclear facility design information and the verification of this information usually occur 
during the earliest stages of construction, and the information is periodically reverified over the operating life 
of the facility. The design information is verified during construction to define and include the nuclear material 
processing areas. Regional and international safeguards inspectors continue to reverify the design information 
during what are called design information verification (DIV) activities conducted over the life of the plant, 
from construction through commissioning, operation, and shutdown to decommissioning. 
 
From a safeguards perspective, being able to verify declared technical design information of nuclear facilities 
is an important aspect of every safeguards approach. In addition to visual observation, it is relevant to know if 
undeclared nuclear material is present or has been present in equipment piping and ducts. The possibility of 
combining different measurement techniques into one tool will optimize the inspection effort and increase 
safeguards effectiveness. The system under investigation, which combines a three-dimensional (3D) laser 
scanner and a coded-aperture gamma imager, will allow the identification of changes in piping configurations, 
as well as locate radioactive material where it is not supposed to be—for example in a declared cooling pipe 
that holds radioactive material. 
 
Currently the standard routine for performing nondestructive assay measurements is to use scintillator or solid-
state gamma-ray detectors to look for the gamma signature given off by uranium isotopes. Several limitations 
are encountered with this practice: (1) uranium deposits are sometimes located behind heavy processing 
equipment, hindering physical access to the source of radiation; (2) an adequate survey of a radiation area 
requires considerable manpower and time; and (3) radiation detectors are omnidirectional in that they do not 
provide information related to the direction of incident radiation. 
 
The concept of combining 3D laser maps with radiometric images arose out of a collaboration project among 
the Joint Research Centre at Ispra, Italy (JRC-Ispra), Oak Ridge National Laboratory (ORNL), and Lawrence 
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Livermore National Laboratory (LLNL). ORNL researchers had obtained a 3D laser system from JRC-Ispra, 
which they then transported to LLNL for investigation of the possibility of back-projecting its 3D maps onto 
images obtained from a Compton-based imager. As expected, the combined image enabled them to 
simultaneously examine radiometric information and pipe configuration. 
 
Building upon the work done at LLNL, ORNL investigated the performance of pinhole and coded-aperture 
gamma-ray imaging systems. The results of several measurements conducted at ORNL did not favor pinhole 
imaging system, but they showed that coded-aperture imaging was very promising for locating lower-energy 
sources (Fig. 1). 
 

 
 
Figure 1. This figure shows the energy ranges in which each imager system is more sensitive. Coded-aperture imaging is 
more sensitive at low gamma-ray energies compared to Compton imaging. However, the best performance for coded-
aperture, hybrid, and Compton imagers is system dependent. There are other gamma-ray lines important for assay besides 
those shown in the figure. 
 
The team directed the effort toward investigating Compton and coded-aperture gamma-ray imaging systems.  
This paper provides the results of some measurements conducted in an operating facility located at ORNL. 
The goal of the project is to couple data obtained from the 3D laser and the gamma imager in real time. A field 
test in an operating radiological facility safeguarded by the Brazilian-Argentine Agency for Accounting and 
Control of Nuclear Materials (ABACC) is also planned.  
 
Results of Tests Conducted in an Operational Facility 
 
For the sets of measurements conducted at ORNL, the team used a 3D laser scanning system developed by 
JRC-Ispra for DIV. The system is able to create 3D maps of rooms and objects and identify changes in 
positions and modifications with a precision on the order of millimeters. The 3D-DIV system was made 
available to ORNL by JRC-Ispra under a collaborative project concerning investigation of applications for the 
3D-DIV system at U.S. Department of Energy (DOE) facilities in the United States. ORNL tested and 
evaluated the system in 2006 (Fig. 2) and documented the procedures for use, hazard analyses, and 
identification of additional safeguards applications in a joint technical report [1]. 
 
Gamma nondestructive assay measurements were conducted using a Ge-based, coded-aperture gamma-imager 
prototype originally developed jointly by LLNL and Lawrence Berkeley National Laboratory [4–5]. The 
prototype employs a 38 × 38 cross-strip planar germanium detector 11 mm thick with a 2 mm pitch. A 5 cm 
thick, 8 cm diameter coaxial germanium detector is implemented to increase the detection efficiency of 
higher-energy gamma rays (Fig. 4). The coded aperture is a 6.1 mm thick mask made of tungsten (Fig. 5). 
Preliminary tests conducted at ORNL showed that the coded-aperture instrument provided a comprehensive 
radiometric image and also correctly predicted the geometric distribution of the source. 
 
The 1-week measurement campaign was conducted in a chemical makeup area, located immediately above hot 
cells in which neutron-activated targets from ORNL’s High Flux Isotope Reactor are dissolved for extraction 
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of the activation products. Visible images of the complex plumbing in this building were generated using a 
Zoller+Fröhlich Model 5006i 3D laser imager acquired by ORNL (Fig. 3). Sealed sources of ionizing radiation 
were placed at strategic locations corresponding to piping and valves for gamma photon imaging using a 
segmented high-purity germanium (HPGe) detector array in conjunction with a coded aperture (Fig. 6). The 
investigation was performed in support of two ongoing collaboration projects between DOE and ABACC and 
between DOE and the European Atomic Energy Community (EURATOM). These collaborative projects call 
for the investigation of combining images obtained from the 3D laser scanner and those obtained from gamma 
imagers for international safeguards applications. 
 

  
Figure 2. Portable 3D laser scanning system. Unit used in 
2006 and 2008 to conduct preliminary tests in laboratory. 

Figure 3. A Zoller+Fröhlich Model 5006i 3D laser that is 
being used to complete the project. Battery is now part of 
the single unit, which also stores the image. 

 
 

 

 

Figure 4. Images produced with coded apertures arise out 
of source pixels from a source field casting unique 
shadows onto the detector [5]. 

Figure 5. Coded-aperture imager.  Both the planar and 
coax detectors are cooled by liquid nitrogen. The coax 
detector was not used for image acquisition. 
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Figure 6. Prototype of coded-aperture gamma-ray imaging system used during measurements. 
 
A complex of piping and valves (Fig. 7) allows operators to produce aqueous solutions used for target 
dissolution and product extraction in the hot cells. Sealed sources of uranium enriched in the 235U isotope were 
placed within the framework of the plumbing to simulate pipes or valves containing nuclear materials for 
imaging. A summary of nuclear material sealed-source characteristics, placement, and imaging parameters is 
provided in Table 1. 
 

 
 

Figure 7. Photograph of area where measurements were conducted. 
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Table 1. Tests log 
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Figure 8. Diagram of combination of data 

 
The sequence of images above (Fig. 8) shows how the gamma image can be combined onto the laser scan 
using stereo data as a calibrated intermediary. The gamma-image sensor and stereo-image device are 
physically connected and calibrated to one another so that the two images can be overlaid. The stereo sensor is 
aligned to the 3D laser data using manually corresponded points that are aligned using a landmark transform. 
Using the stereo data as the intermediary because the laser and gamma data are aligned to it, the gamma image 
can be aligned/projected onto the laser data. 
 
The New Coded-Aperture Gamma Imager 
 
Upon visiting a facility in South America, for which a field trial is planned, technology developers realized the 
difficulties concerning the logistics required to move the instruments from the United States to the facility and 
then to operate them in a harsh environment. Improvements to the coded-aperture gamma-ray imaging system 
were performed during a period of 1 year to make the system transportable, sturdy, and efficient. Several 
measurements were conducted over the course of the year with the coded-aperture gamma imager to address 
real safeguards issues, such as locating undeclared nuclear material. 
 
The new instrument (Fig. 8-9) replaces the laboratory prototype (Fig. 6) that, although designed for fieldwork, 
was unsuitable for other than demonstrations. The original instrument, and the cart on which it is mounted to 
provide mobility and pointing capabilities, has a footprint of ~ 2/3 m × 2 m, weighs ~ 100 kg, and requires 
cryogen refills every few days. 
 
The new instrument is tripod mounted, weighs about 25 kg, operates with a laptop computer, and is 
mechanically cooled. It employs a 16 × 16 double-sided strip HPGe detector that is 11 mm thick and has a 5 
mm strip pitch (with 500 µm gaps). The strip detector uses an amorphous germanium contact technology and 
has custom preamps. The signal processing system is designed to output the data required to do real-time 
imaging. It is powered by a 12V supply, drawing only 18 W of power. It consists of four electronics boards, 
each with eight BNC inputs, eight 12-bit 50 MHz ADCs, and an Alterra Cyclone field programmable gate 
array (FPGA) for data processing. The FPGA operates off a global 50 MHz clock, which corresponds to a time 
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of 20 ns per clock tick. A fast filter both controls triggering and determines the 50% constant fraction rise 
times of each triggered signal with precision +/– 10 ns. Each FPGA implements fast and slow trapezoidal 
filters. Associated data-acquisition software allows for the adjustment of FPGA firmware settings for these 
filters, including signal input polarity, rise time, and flat top time. A peak-to-peak measurement of the shaped 
fast signal is recorded for use in lateral position interpolation for in-strip interactions.  An amplitude 
measurement of the slow shaped signal is recorded for energy determination. Precision energy determination is 
aided by baseline restoration and pole-zero correction. A separate FPGA functions as the motherboard, 
communicating with each of the aforementioned eight channel boards to set up a single USB 2.0 data output 
stream. For a trigger on any channel, the slow and fast filter measurements from each instrumented channel are 
passed to this output stream, providing list mode data for real-time or offline analysis. The detector and signal 
processing system were fabricated by PhDs Co. of Oak Ridge, Tennessee. 
 
The coded aperture is a 1.5 mm thick mask made of tungsten.  The mask pattern is a 31 × 31 base pattern, 
MURA, so that the antimask pattern is achieved by rotating the mask pattern by 90°.  The use of equal-time, 
mask, and antimask integrations eliminates many systematic effects in coded-aperture imaging.  To fully 
utilize the almost circular detector area, the normal 4-fold repetition of the base MURA pattern is extended to 
a partial 9-fold geometry. The parts beyond an inscribed square are scaled and folded back into the base 
detector response.  The image is recreated using cross-correlation techniques.  Novel features of the image 
generation approach include the availability of fully spectrally separated images online and the ability to use 
arbitrary zoom factors through use of fractional sampling and rebinning.  For the new instrument, ORNL’s in-
house imaging software and the commercially available data acquisition software associated with the detector 
have been integrated.  Additionally, events triggered by gamma-ray interactions in interstrip gaps have been 
added back into the data stream, producing a continuous response across the detector face and improved 
imaging efficiency.   
 

   
 

Figure 8. Mechanically cooled HPGe  
detector with coded-aperture mask. 

Figure 9. New portable detector. 

 
Conclusions 
 
During the course of 1 year, the collaboration project has advanced significantly. Tests in an operational 
facility were conducted using both the 3D laser scanner and a coded-aperture gamma-ray imager prototype. 
The principle of combining outputs from two different technologies has been proven and demonstrated; 



8 
 

images generated by the 3D laser scanner and gamma-ray imagers can in fact be combined. The combination 
of these images, however, is still performed manually. Future tests will be conducted during the summer of 
2010 when data will be coupled in real time. One of the major accomplishments was the miniaturization of the 
coded-aperture gamma-ray imager. Within the period of 1 year, experts from ORNL and PhDs Co. of Oak 
Ridge worked jointly to produce a portable system that can now be easily transported abroad. The new 
detector is currently being characterized and will be used in the next joint measurement campaign, during 
which images will be coupled in real time. In the meantime some details need to be addressed to make the 
system more efficient, including optimizing a new coded-aperture mask for better special resolution and 
calibrating the stereo camera to the gamma camera. The final task of the project aims at conducting 
measurements in real facilities, most likely fuel fabrication plants. 
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