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INTRODUCTION
X-ray backscatter tomography (XBT) is a relatively new NDE technology
which is quantitative in its ability to detect a flaw location in three dimensions. The
volume to be inspected is interrogated by a collimated x-ray beam and one or more
collimated detectors to measure the Compton scatter signal produced by each volume
element. XBT is particularly useful where access is available only to one side of the
object. Although a number of novel backscatter inspection techniques have been
demonstrated [1-4], there is a notable dearth of real applications. This can be
attributed to both the development of other, lower cost, one-sided methods and the
lack, until recently, of a commercial XBT scanner. In applications where the low cost
alternatives are inferior or unfeasible and failure costs are high, XBT affords a
solution.
We have previously reported on our work towards the development of XBT
for inspecting large steel/rubber composite sonar domes [5] and on our study of
backscatter imaging artifacts [6]. We have now completed a prototype sonar dome
inspection system which is transportable and operable within a shipyard environment.
In this paper we present our results from demonstrations on three Navy frigates in
drydock. The current dome NDE requires not only the costly drydocking but also
dome removal from the ship. Our results show that XBT provides an effective in-situ
inspection, thus eliminating the dome removal requirement. We also present our
progress towards an underwater implementation to eliminate the drydocking.
SONAR DOME STRUCTURE AND FAILURE
The AN/SQS-56 sonar rubber dome, or SRD, is installed on Perry Class
frigates. Due to a history of poor reliability, the Navy has established programs to
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provide both short and long term remedies. The cause of dome rupture is the failure
of the steel reinforcing cords within the steel/rubber composite dome wall. Various
mechanisms and design problems have been identified as contributing factors. An
inspection program has been established, based on conventional film radiography, to
detect broken cords and thus identify domes at risk of failing while at sea. While
radiography is adequate for the task, it requires access to the dome's interior and thus
is only possible when the ship has been drydocked and the dome has been removed.
As a result, inspections are too infrequent for early detection of incipient cord failure
and proper monitoring of identified damage sites. Such monitoring is important to
establish damage growth rates and other statistical data useful for the establishment of
accept/reject criteria. Replacement decisions are currently driven by spare SRD
availability and drydock schedules. An XBT inspection program promises to allow the
establishment of an inspection schedule based on technical considerations and
independent of the drydock schedule. A redesign effort has also been started to
investigate improved materials and designs for the long term.
To understand the complex sonar dome structure and the resulting problems
associated with dome NDE, it is useful to consider the SRD fabrication sequence. The
composite SRD wall is made of carbon black filled synthetic rubber reinforced by
steel cords, in a manner similar to tire construction. The basic building material for
SRD fabrication is a "fabric" made by calendaring the steel cords between two sheets
of rubber. This fabric is then manually cut and pieced into a concave mold to build up
the wall thickness. The piecing pattern is precisely specified to provide 5 steelreinforced structural layers. The cord direction is alternated orthogonally to provide
three "radial" plies and two "longitudinal" plies. During the fabrication of the dome,
each layer is cemented into the mold. First a layer of rubber treated with an
antifoulant is placed against the mold to become the outer SRD surface. Then the
alternating radial and longitudinal plies are laid in, beginning with the first, or
outermost, radial. Finally a non-reinforced cover ply is put in which becomes the
inner surface of the dome. The finished lay-up is vacuum bagged and cured under
pressure in an autoclave.
Various named sub-structures exist within the design for each ply. Two sets of
important structures in the longitudinal plies are known as keel bands and bead bands.
The keel bands are laid along either side of the keel line, or centerline. Bead bands
are laid around the upper periphery of the dome. The areas between the keel and bead
bands are filled in starting from lines which bisect or trisect the angles between the
bands. We refer to the resulting ply structures as bisectors and trisectors. The
resulting complex three dimensional structure in the vicinity of the keel/bead band
intersect is diagrammed in figure 1.
Dome rupture is caused by failure of the longitudinal plies in the forward end
of the dome. Several years of radiography data have established that keel band
failures are initiated at the band edge within a few inches of the keel/bead band
intersect. Damage progresses towards the center along lines parallel to the radial cord
direction until rupture occurs. XBT inspection is possible because we can effectively
evaluate the dome by inspecting only the small high risk area near the intersect.
THE BACKSCATTER INSPECTION SYSTEM
Backscatter imaging systems are possible because the number of x-ray photons
scattered from a volume element (voxel) within an object is a function of the average
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Diagram of the AN/SQS-56 sonar dome wall in the area of interest,

density of the voxel [6]. Images, or maps of density as a function of position, can be
created from the measured backscatter signals using various geometries and detection
schemes. After considering a number of designs, we chose to base our inspection
system on a commercially available backscatter inspection system, the Philips
ComScantm • The use of this off-the-shelf system lowered our development costs and
also provided several features appropriate to our application.
The Philips instrument is designed with the x-ray scanning and detection
systems contained in a compact remote scanning head. A unique rotating helical slit
aperture is used to sweep the collimated x-ray beam. This compact mechanism allows
the positioning of both the x-ray tube target and well-shielded detector arrays very
close to the object. The resulting high primary and scattered flux densities result in
relatively low voxel measurement times. Two arrays of eleven slit collimated
detectors are located on either side of the beam aperture to provide 22 independent
overlapping tomographs in one pass of the scanner, as illustrated in Figure 2. Sets of
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Conceptual diagram of x-ray backscatter tomography,

883

240
VIoC
l00A

SHIPPING/ UTILIZATION CONTAINER

Figure 3.

Block diagram of the transportable XBT system.

detector apertures are provided to vary the total scanning depth and resolution for
different applications. The scanner head is traversed under program control to cover a
region of interest (ROI) up to 50 mm x 100 mm in one pass. Scanning speed is
programmable (we use 375 seconds per ROI) . The x-ray subsystem is operated at 160
kilovolts and 18.7 rnA . In the digital images produced, each voxel is represented
internally by 12 bits, with 8 bits displayed and data storage and output available as 8
or 16 bit unsigned data types. The image display facilitates "browsing" by paging up
and down through the 22 planes. Basic image processing functions such as contrast
enhancement, smoothing, and edge enhancement are also provided.
While the Philips system is a robust and well-engineered inspection tool as
delivered, a number of improvements and enhancements were necessary towards
providing a tum-key sonar dome inspection system. An aluminum container was built
for transportation and environmental control and the system components were
installed within. A heating/air conditioning unit was installed and space provided for
the container to serve as a control room during inspection operations. Another need
was to modify the system to provide access to the data for porting to other platforms
and to provide improved data processing and archiving capability . A five-axis scanner
manipulator was built to support and manually position the remote scanner head.
Recirculating desiccators were made to protect the scanner's internal electronics from
the high humidity (and dirt) found in the shipyard environment. Lastly, we are
developing an underwater enclosure, umbilical, and positioning system for underwater
inspections. Figure 3 is a block diagram of the system.
IN-SITU INSPECTION DEMONSTRATIONS

We carried out inspections of domes on three Perry class frigates which were
scheduled for maintenance work in drydocks in Charleston, S.C.: the USS Nicholas,
USS Hawes, and USS Elrod. Similar procedures were followed in each case. The
XBT system container was shipped to each site where the shipyard supported us by
placing the container on the drydock floor, connecting the power, and maintaining air
pressure within the dome. In the first two cases, a work platform was also
constructed. For the USS Elrod, we brought our own hydraulic platform. After the
scanner, safety equipment, and computer peripherals were unpacked and set up,
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the container served as a control room. The x-ray system was warmed up, the safety
boundaries were surveyed, and the dome was inspected. After the inspection, the
equipment was re-packed, removed from the dock and returned to its base in
Maryland. The entire inspection typically required eight hours (not including shipyard
caused delays).
We limited our inspection coverage to the keel band edges in the vicinity of
their forward intersection with the bead bands. The approximate locations of the edges
were marked using a sheet metal template designed to fit the dome curvature. Eleven
tick marks were drawn along each edge to establish eleven overlapping ROI locations
on each side of the dome covering the range where damage has been known to occur.
The x-ray scanner was traversed manually from position to position between
exposures. A sighting device was attached to the scanner for consistent alignment with
the tick marks. Error in the estimated keel band edge location was compensated by
visually adjusting the scanner position as indicated by the imagery produced during
the inspection. We determined the locations of flaws by reference to the dome ply
structures seen in the tomographs.
After each ROI was scanned, we viewed the tomographs and noted structural
features and damage on a data sheet. The XBT data were then stored in an 8 bit per
voxel format on the computer disk while the scanner was positioned for the next ROL
Upon completion of the inspection, the data was copied to removable media for
transport to the laboratory and further processing as well as archival storage.
DATA PROCESSING
Data processing is an issue in XBT inspection work simply because the
process produces so much data. Every scan produces a backscatter measurement for
each of 2,750,000 volume elements. The analog-to-digital resolution is twelve bits,
but the data can only be saved in eight or sixteen bit formats. We chose the eight bit
format to conserve disk space. With some zero padding to produce 512 x 250 pixel
slices, this resulted in 2.816 megabytes per ROI, or about 62 megabytes per dome
inspection. In terms of imagery, there are 484 tomographic images produced.
We found the use of image processing software to interactively enhance and
view each tomograph to be prohibitively time consuming. An alternative approach
was to evaluate only those tomographs which were identified on the inspection data
sheets as containing interesting features. This approach, however, risked overlooking
features which may have been missed due to the adverse shipyard conditions (noise,
dirt, and time constraints). In order to solve this dilemma, we developed software to
automatically and adaptively enhance the contrast of each image and print a catalog of
all the images at 3/4 scale (8 images per page). A perusal of the printed data set is
considerably faster than loading and viewing by computer. Images containing the
features of interest were easily identified for further processing and printing for
reports. An example of the catalog output is shown in Figure 4. Composite paste-ups
of selected printed images were also made for establishing the position of damage
relative to ply edge features.
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Figure 4.
Example XBT image catalog page showing slices 1-8 of an ROI on the
port side of the USS Nicholas dome containing keel band damage. The last two digits
in each label indicate the slice depth. Slice 1 shows steel cords in the #1 radial ply,
slice 5 shows a failure of the #1 keel band, and slice 7 shows, much less clearly, the
failed #2 keel band.
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RESULTS
XBT images are of considerably lower resolution than the film images
obtained by sonar dome radiography. They are also subject to superposition artifacts
caused by attenuation and multiple scattering inherent in the process. In spite of these
seeming disadvantages, keel band damage is actually easier to recognize in the XBT
imagery. This is due to the fact that radiography data is completely superimposed,
while XBT images are tomographic. Additionally, the in-situ process allows the dome
to be pressurized, which increases the separation of broken cord ends. Interpretation
is straight forward: broken cords appear as such in the images. However, there is a
decrease in signal to noise ratio and an accumulation of superposition artifacts with
increasing slice depth. This results in very poor images of the deepest longitudinal ply
structure which is known to fail (#2 bead band).
All three of the sonar domes inspected for this demonstration were found to be
damaged and at risk of rupture at sea. They will be replaced. The current decision
criteria dictate replacement if both keel bands are broken at the same site. In this
situation there is no strength in the longitudinal direction except that provided by the
rubber matrix. Two of the domes were radiographed after removal and our keel band
damage results have been verified. Figure 5 is a composite of tomographs indicating
failed keel bands on the starboard side of the USS Nicholas dome.

Figure 5.
Composite of tomographs of the USS Nicholas starboard damage at the
level of the #1 longitudinal ply. The keel band failure is obvious. Structural ply
features are numbered: (1) #1 bead band, (2) #1 keel band, (3) #1 radial ply, (4) #1
keel/bead band intersect (note bisector ply between keel and bead bands). The cord
centers are spaced 2.5 mm apart.
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CONCLUSIONS AND PLANS
We have demonstrated that XBT is an effective method for in-situ detection of
failed keel band cords in AN/SQS-56 sonar domes. We have recommended to the
Navy that this inspection option be made available to the Fleet for sonar dome NDE
in situations where the dome removal is not planned. This should result in cost
savings where domes would have been removed for inspection. Radiography remains
the method of choice if the dome is removed.
The goal of the next phase of our project is to implement XBT underwater.
This will allow the inspection of sonar domes at pierside, eliminating our current
dependence on drydock scheduling. Towards this goal we have built and tested an
enclosure for the XBT scanner. Umbilical and underwater manipulator systems are in
various stages of design and fabrication. Success in this effort will result in an ability
to monitor known damage and to identify domes at risk of failure. This information
will allow advanced planning for dome replacements and will be valuable to
operational planners.
An additional effort is underway to improve the XBT images of deeper
structures by developing a reconstruction method. This work involves the
development of both Monte Carlo and analytic models with verification by
experiment. The goal is an algorithm to remove the superposition artifacts in XBT
imagery by correcting the datum for each voxel using the data from overlying voxels
in the primary and scattered x-ray paths.
ACKNOWLEDGEMENTS
This work was supported by the Naval Sea Systems Command Surface ASW
Systems Division, the Exploratory Development and Post-Doctoral Fellowship
programs of the Office of Naval Research, and Naval Research Laboratory Contract
NOOOI4-90-C-2269.
REFERENCES
1.

2.
3.
4.
5.

6.

888

B.C. Towe and A.M. Jacobs, "X-Ray Backscatter Imaging," in Transactions
on Biomedical Engineering, Vol. 26 (IEEE, 1981), p. 646.
D.G. Costello, J.A. Stokes, and P. Trippe, "Theory and Applications of
Collimated Photon Scattering," in Proceedings, 14th Symposium on NDE
(NTIAC, San Antonio, Texas, 1983), p. 342.
H. Strecker, "Scatter Imaging of Aluminum Castings Using an X-Ray Fan
Beam and a Pinhole Camera," in Materials Evaluation, Vol. 40 (1982), p.
1050.
D. Schafer, M. Annis, P. Bjorkholm, and W. Baukus, "Advancements in
Applications of Backscatter Tomography," in Proceedings, 17th Symposium on
NDE (NTIAC, San Antonio, Texas, 1989) p. 78.
E.C. Greenawald, C.F. Poranski, and D. Schafer, "X-Ray Backscatter
Tomography for NDE of Steel Reinforced Rubber Domes," in Review of
Progress in QNDE, Vol. 10, eds. D.O. Thompson and D.E. Chimenti
(Plenum, New York, 1991), p. 469.
E.C. Greenawald, Y.S. Ham, and C.F. Poranski, "Artifacts in X-Ray
Backscatter Tomography of Non-Homogenous Objects," in Review of Progress
in QNDE, Vol. 13, op. cit. (1994), p. 739.

