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Abstract 
Gamma-radiation is frequently used as an analysis and 

characterization signal to monitor material in the nuclear 
fuel processing cycle. The selection as a diagnostic is self- 
evident since the radiation is ubiquitous, characteristic of 
the isotopes present, and sufficiently penetrating so that 
measurements may be made remotely. However, save 
through detector proximity or minimal collimation, the 
directional nature of the radiation is generally not used in 
traditional nondestructive assay (NDA) measurements. To 
demonstrate the additional information available, we used 
GRIS, the Gamma-Ray Imaging Spectrometer, at the IC-25 
and Portsmouth gaseous diffusion plants. In this facility, 
tJl?6 gas is enriched in heated equipment and piping which 
run inside an insulated housing. Occasionally, the process 
develops uranium deposits due to leakage of wet air or 
environmental changes within the housing that cause 
solidification of the process gas. When such deposits 
occur, traditional NDA techniques frequently require costly 
and time-consuming entry within the heat shielding to 
obtain precise information on the deposit unavailable from 
outside the shielding. In this paper we discuss GRIS, the 
gamma-ray imaging technique it uses, and present the 
results of measurements obtained on fuel processing 
equipment. 

Introduction 
Historically, the task of enriching uranium has been a 

massive undertaking because of the very slight difference 
between the desired product Ws and the by product G3*. 
With only a fraction of a percent mass difference as a 
parameter, the U. S. enrichment plants use the slightly 
higher speed of diffusion of the U235 to effect the separa- 
tion. Since only a small enrichment can be achieved in 
any one expansion step, the compression-expansion cycle 
must be repeated many times. The resulting plant is a 
colossal affair where the gaseous material (UFd is diffused 
repeatedly through many stages of process .equipment 
which are interconnected by piping. Because the u F 6  is 
only gaseous at elevated temperatures, the entire cascade 
equipment and piping are enclosed inside heat shielding. 
However, small changes in the operating temperatures and 
pressures can cause the material to freeze out. The 
resulting deposits pose a problem, not only because they 
block the pipes and interfere with the cascade, but, depend- 

ing on the degree of enrichment, they also pose criticality 
hazards. Hence, deposits due to this and other causes must 
be located before they reach a dangerous size. However, 
with several buildings worth of equipment and miles of 
interconnecting piping, all enclosed behind heat shielding, 
localization and access can prove difficult. 

These "hold-up" deposits are not just of interest for 
maintaining operational plants. A surplus of enrichment 
capacity exists within the U. S. today, some of which has 
been idled on either a temporary or permanent basis. The 
equipment slated for decontamination and decommissioning 
may still contain significant quantities of both low and 
highly enriched uranium which must be localized before 
decontamination can be conducted. In addition, the later 
must be monitored to verify that migration of deposits does 
not occur because of the criticality hazard a large deposit of 
that material poses. 

Finally, hold-up in either on- or off-line equipment is 
of interest for inventory control of the enriched uranium 
they represent. A proper accounting of all enriched 
uranium is of concern both in U. S. plants and in those of 
other countries where it falls under the purvey of the IAEA. 
Unfortunately, an accurate count is difficult to achieve, in 
part due to the difficulty of accessing the process 
equipment. 

The primary technique for diagnosing deposits is 
through detection of the gamma-radiation emitted by the 
uranium. The utility of this diagnostic arises from the 
penetrating nature of the radiation, allowing detection 
outside the heat shields. The approximate location of a 
deposit is found by passing an omni-directional detector 
near the equipment, but outside the heat Shielding, until an 
elevated count rate due to the deposit is observed. 
Although it is generally not recognized as such, this 
method takes advantage of the radiations directionality via 
proximity imaging. 

In general, the ability to locate a source with such a 
technique is no better than the distance of closest approach 
to the deposit. Since the heat shielding restricts close 
approach and since it encloses much equipment of varying 
sizes and pipes of many diameters in close proximity, 
localization is poor at best. To further isolate the deposit 
requires entry inside the heat shielding. This is a time con- 
suming task since such areas may be contaminated by years 
of operation and workers must don cumbersome, and hot, 
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Fig. 1 Cutaway drawing of the GRIS imaging head. 

protective gear while working inside these areas. The 
alternative of using a collimated detector to take further 
advantage of the radiations directionality is hard to achieve 
since the greater the degree of localization, the more one 
cuts the count rate at the detector, requiring long integra- 
tion times at many locations to build an "image" of the 
blockage or contamination. 

At LLNL we have developed a gamma-ray imager 
which not only uses the traditional properties of this radia- 
tion (penetration and isotope specificity through spectral 
information,) but also makes full use of its directional 
nature to passively image the source region using the light 
of its own gamma-ray emissions. These images are created 
without significant collimation. When overlaid with visi- 
ble light images-and engineegng drawings, such images 
allow one to conclusively locate deposits and map their 
extent from outside the equipment and its attendant heat 
shielding, reducing the time and personnel required for this 
task. Below we introduce the imager and its principles of 
operation followed by some of the images obtained at both 
the K-25 and Portsmouth gaseous diffusion plants. 

Coded Aperture Imaging 
The imager and how it works have been described in 

detail elsewhere [l]. In short, the Gamma-Ray Imaging 
Spectrometer (GRIS) comprises four, coaligned, indepen- 
dent imagers (each made of its own detector and mask) 
combined in a single box. (see Fig. 1). Each position-sen- 
sitive detector 123 (- 2mm position resolution and standard 
Nal energy resolution) is shielded so that it sees only its 
own coded-aperture mask. The mask, a sheet of material 
opaque to the gamma-radiation of interest, is pierced by 
holes to present 50% open area to the radiation (see Fig. 
2.) It serves in place of true imaging optics which are not 
available at the 50-500 keV energies in which the system 
is sensitive. Images are formed from the shadow pattern of 
the mask that radiation from the scene projects onto the 
dctector 131. A radiation sourcc in each pixcl of die scene 
projects a unique shadow pattern onto the dctector which 
has becn sclected so that in forming the irnagc, no cross- 
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talk occurs with sources in olhcr pixcls of tllc sccnc. Aftcr 
the data is collected, each pixcl of thc irnagc, Iiej, is 
generated by performing a wcightcd sum of lhe counts in 
each detector pixel, Dmn, with each detector sizcd pbrtion 
of the mask, sequentially stepping along the cntire mask, 
which is twicc the area of thc dctcctor: 

The weighting function, &,m. is either one if the mask is 
open at that location, meaning radiation could have reached 
the detector pixel from that direction, or zero if the mask is 
blocked, meaning no radiation could have reached the 
detector from that direction. The lack of cross-talk between 
different image pixels is embodied in the fact that this sum 
is zero if no source is in the particular image pixel, 
regardless of sources in other pixels of the image. If there 
is a source in a particular location then when the detector 
and mask are properly "aligned" during image 
reconstruction, all the counts from that direction fall on 
open holes and none from that direction are subtracted. The 
result is a count corresponding to the source strength. For 
a single point source, this technique gives a signal-to-noise 
ratio improvement of a factor dN, where N is the number 
of open holes, over a simple pinhole camera [4]. For 
GRIS we have a 19 by 17 hole pattern giving an increase 
in count rate of 160 and a singal to noise ratio 
improvement of a factor of 12.7. 

Note that this is an indirect imaging technique and 
does not perform as well as would be expected of 
conventional focusing optics. This comes about because, 
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Fig. 2. Coded apcrtures generate an image by having each 
sourcc pixcl cast a unique shadow pattcrn onto the detector. 
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Fig. 3. Video (left) and composite video/gamma-ray image (right). Objects from the video image in the composite image 
show as outlines in the gamma-ray image, allowing one to localize the source of gamma-rays to one pipe. Black represents 
more intense gamma-radiation. 

as seen in (l), all of the counts in the detector are used to 
generate each pixel of the image. In a direct imager one 
uses only the counts from one detector pixel to generate the 
corresponding source pixel. 

The position resolution of this system, x, is given by 
the simple formula: 

a 
f -  x=d- 

where d is the distance to the source, a is the pixel (hole) 
size at the mask and f is the distance between the mask and 
the detector ("focal length.") By mounting the masks on a 
movable plate, the imager has a zoom capability as shown 
in figure *. At the back of the housing is the front-end 
electronics which takes the relatively weak signals from the 
detectors and amplifies them for transmission through an 
umbilical to the data acquisition system which may be 
located remotely. This system currently consists of a 
"CAMAC" crate (commercial, multipurpose, laboratory 
electronics) which is read out by a notebook computer. 
With some further engineering, the crate can be reduced to a 
single internal computer card. Coaligned with the gamma- 
ray imagers is a video camera. Images from this provide 
both a visual aim point, and visible light images which 
can be overlaid with the gamma-ray images. 

Image collection 
The imager is mounted so that data can be collected in 

a number of directions. The primary observations were 
expected to be of pipe galleries - 13 feet overhead. To 
view these, the imager head is mounted in the upward 
facing direction on a cart allowing it to be pushed to 
locations of interest. When the desired location is reached, 

a series of jack screw feet are extended to restrict motion of 
the cart while data is collected. In addition, the imager head 
may be pivoted within the cart to allow views within * 20 
degrees of vertical to image those areas not directly 
accessible from below. A secondary mode was also 
available to look sideways by tipping the cart on end with 
special feet for stabilizing it. In the Portsmouth facility 
we desired the additional capability to look down on the 
equipment from above. The equipment in these buildings 
is serviced by a series of bridge cranes, each of which can 
access one "row" of equipment running the width of the 
building. For stability during data collection and additional 
considerations described below, we chose not to hang the 
imager from the crane hooks, rather we made an additional 
fixture comprised of two connected beams which spanned 
the rails used by the bridge crane cabbook. The imager 
head was inverted to face down in its cart and the whole cart 
assembly was lifted onto these spanning rails. Tliis 
additional fixture rode on wheels on the rails holding the 
bridge cab and could be moved manually along the bridge 
crane to view different areas below a given bridge location. 
To see any area of the row, the bridge was moved down the 
row. We went to considerable effort in the system design 
to make sure that the imager was both stable during data 
acquisitions and that access to the masks of all four 
detectors was possible without moving the system. 

As described in [l] we take the data in two equal 
integrations, one with a mask pattern in front of each 
detector, and one with its inverse. In principal, each of 
these half data sets provides data which can be deconvolved 
to form an image. In practice, one must consider that the 
images are formed by small variations in counts versus 
position observed at the detector. If count rate variations 
exist from sources other than the mask pattern, artifacts 

- 3 -  



Fig, 4. An isolated deposit in a pipe 1.2 m in diameter. The image on the right was taken by moving the imager below the 
hot smt as observed in the left image. An exDansion ioint exists where the radiation is most intense. The left image is 5.2 
x 4.8m. The zoomed image is 1.9; 1.7 m. 

will show up in the deconvolved image. Unfortunately we 
have found that, due to both to residual non-linearities in 
the detector and radiation which scatters off of the detector 
shielding, such modulations occur. By summing the 
maswanti-mask data we obtain a measure of this 
modulation (which varies by imager location) since the 
summed data represents equal exposure of all detector pixels 
to all source pixels. Any residual modulations in this 
combined data set are separately subtracted from mask and 
anti-mask data which are each deconvolved and the two 
images summed to obtain the final image. 

Oak Ridge K-25 plant 
Our first use of GRIS in the diffusion plant 

environment was at the idled K-25 plant where we looked 
at numeryus overhead pipes in the low enrichment 
building, K-33. The pipe galleries, typically 13 feet 
overhead ranged in width from a few to more 40 feet across. 
Enclosed in heat shielding, each of these pipe galleries can 
contain pipes ranging in size from four feet to only a few 
inches in diameter. The building had been entirely scanned 
by K-25 personnel walking under and on top of the gallery 
using an uncollimated radiation detector. Results from this 
survey were used to select sites of interest for application 
of the imager. 

The first image was taken of a pipe used for the 
exhaust of the numerous vacuum pumps in the building. 
This pipe was both radioactive and free of heat shields, 
allowing us to demonstrate the video gamma-overlay 
capabilities of the technique. The composite gamma- 
ray/video and video only images are shown in Fig. 3. The 
radioactive pipe is clearly identified. In general for 
visualizing the data, we use false color overlaid on a black 
and white outline of the video image which allows rapid 
identification and localization of the radiation source. 

A second exposure was taken of a more representative 
location where an isolated deposit of material was known 

to exist (Fig. 4.) This image also demonstrates the zoom 
capabilities of the imager. An initial wide field image was 
taken to see the complete deposit. Based on the results of 
this shot, the imager was moved under the hot spot and 
zoomed in on this region. The deposit is shown to be in a 
four foot diameter pipe where an expansion joint (- eight 
inches long) exists. This presumably represents the 
uranium oxide which formed when a leak developed in the 
expansion joint. 

Although so boring that it is not included here, the 
next location imaged clearly demonstrated the power of the 
technique. GRIS was taken to a spot where we expected to 
find a series of radioactive pipes running the length of the 
image as the single pipe in Fig. 3. The resulting pictures 
revealed only a few hot spots, not the contamination 
expected from the standard proximity images. 

To find several hot pipes behind heat shielding required 
removal to another location (see Fig 5.) Not only does 
this image show crossing pipes, and a hot spot, it is also 
at the end of the building where reactor waste products were 
fed into the cascade. Neptunium from this feed stream can 
be clearly Seen in the energy spectrum and when an image 
is formed using only data from this part of the spectrum, it 
localizes most of the neptunium in the big deposit 
dominating the image. 

Portsmouth Diffusion Plant 
Our work at K-25 was followed by a visit to the 
operational diffusion plant at Portsmouth, Ohio. At this 
facility, we had the opportunity to both image on-line 
equipment and work in an area where the material was more 
highly enriched. We also used some of the plant 
engineering drawings as overlays for the gamma-my images 
since this provides more relevant information of the deposit 
location then the featureless heat shielding seen in the 
video images. 
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* Fig. 5. Region of interconnecting pipes. The energy 
spectrum reveals the presence of neptunium from reactor 
waste products fed into the stream. The image on the top 
is generted with an energy cut characteristic of the 
uranium (left rectangle), the image on the bottom uses an 
energy cut characteristic of neptunium (right rectangle.) 

The f is t  image obtained was a wide angle, overhead 
view of the process equipment (Fig. 6) taken from one of 
the bridge cranes as described above. The gamma-ray 
image is generated using the portion of the spectrum 
shown in Fig. 7. The difference between the spectrum of 

Fig. 6 Overhead view of process equipment. The 
gamma-ray image clearly localizes the deposit to one 
length of pipe. The cylindrical diffusers are spaced - 2 m 
apart. 

Enaey 0 
Fig. 7 Energy spectrum obtained at the Portsmouth 
plant. Images are formed with data in the small rectangle. 

the highly enriched uranium at this location and that 
obtained at K-25 (Fig. 5,) is clearly evident. As can be 
seen from the blueprint overlay, the image includes several 
of the diffusers. A uranium deposit was known to exist in 
this area and is well localized in the image to one length of 
pipe between a compressor and diffusor. The data was 
obtained in two - 11 hour integrations. This time interval 
was more for operational convenience, allowing us to turn 
the system on and walk away for equal full day and 
overnight integrations. As are most of the images 
presented in this paper, this image is "burned-in" well 
beyond anything required to obtain meaningful 
information. This can be seen by comparing the image in 
Fig. 7 with that in Fig. 8 which results from playing back 
only 2 1/2 hours of the data. As can be seen, even with 
one tenth the data, the signal to noise ratio is still more 
than adequate. 
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Fig. 8 Same as gamma ray image in Fig. 7 but using 
only one tenth the data collected. The image still has an 
excellent signal to noise ratio. 

Two additional measurements of note were taken at 
this facility. The f i s t  involved a deposit in an overhead 
pipe gallery including highly enriched uranium. Of particu- 
lar interest was localizing the deposit to a particular pipe. 
Inside the gallery, there exist several 1.6 cm dianieter pipes 
used to monitor the process as well as 20 cm and 30 cm 
process pipes. If the deposit was in the larger pipes, then 
the specter of a criticality accident exists. If it is in the 
monitor pipes, then this is not a concern. As can be Seen 
from top panel of Fig. 9, where the gamma-ray image is 
overlaid with the mechanical drawings, the deposit clearly 
exists in the smaller instrumentation pipes. 

Based on this image, we moved GRIS directly below 
the hot pipes and zoomed-in to a position-resolution of 
3.8 cm. At this close zoom, the image shows that two of 
the small pipes are involved (lower panel of Fig. 9,) a fact 
which co,uld not be discerned from the previous image 
taken at10.2 cm resolution. 

The other unique images taken at Portsmouth were 
overhead views of on-line diffuser equipment. With the 
tennuous nature of the gas, the radiation levels at the bridge 
crane were significantly lower than those obtained from 
deposits of solid material. Although the radioactive 
materials outline the process equipment in false color 
images, the greyscale of this publication is not equal to the 
task of displaying this data. To obtain meaningful images 
of onstream equipment will require an imager with a larger 
active area. We currently plan a new generation of imagers 
where a single module represents - six times the area of 
current single modules. 

Conclusion 
The data presented demonstrates the advantages of 

gamma-ray imaging in dealing with deposits in uranium 
enrichment facilities. Overlays of gamma-ray images with 
either video or engineering drawings localize deposits 
beyond what is possible with current techniques-save 
through significant manpower expenditures. A further 
advantage will be realized when the quantitative nature of 

Fig. 9. Overlay of blueprints and gamma-ray images 
shows that a deposit is in a manifold of thin pipes used 
for insturmentation. The upper image has a resolution of 
10 cm the lower, at 3.8 cm, is slightly less than the 3.2 
cm center-to-center pipe spacing. The majority of the 
deposit is centered in the third pipe from the top with the 
fifth pipe also showing some emission. 

these data are combined with traditional neutron counting 
NDA techniques. This will allow one to determine the 
properties of a deposit beyond the skin depth information 
these images represent. 
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