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CT MULTISCAN: USING SMALL AREA DETECTORS 

TO IMAGE LARGE DENSE COMPONENTS 

. E. A. Sivers, W. A. Ellingson, S. A. Snyder, and D. A. Holloway 

Argonne National Laboratory 

Argonne, IL 60439 

ABSTRACT 

The small size and dynamic range of the best two-dimensional X-Ray detectors are 

impediments in the use of three-dimensional X-Ray computed tomography (3D-XRCT) for 

100% inspection of large ceramic components. 

systems use a "rotate-only" geometry in which the X-Ray source and the area detector remain 

stationary while the component placed between them is rotated through 360". This 

configuration offers the highest inspection speed and the best utilization of X-ray dose, but 

The most common industrial 3D-XRCT 

requires that the component be small enough to fit within the X-Ray/detector "cone." Also, if 

the object is very dense, the ratio of an unattenuated X-Ray signal to that through the longest 

path in the component may exceed the dynamic range of the detector. To some extent, both 

of these disadvantages can be overcome by using "Multi-scan CT," i.e. scanning small 

overlapping regions of a large component separately while maximizing the X-Ray dose to 

each. 

optimal contrast. 

The overlapping scans can then be combined seamlessly into a single scan with 
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INTRODUCTION 

Three-dimensional X-Ray computerized tomography (3D-XRCT) is one of the best 

nondestructive inspection methods for dimensional analysis, density measurement, and flaw 

detection in complex objects. Of the possible implementations of 3D-XRCT, the rotate-only 

geometry, shown in Fig. 1, is the one most favored because of its efficient dose utilization 

and speed. Its only moving part is the turntable, which rotates the object through 360" during 

data collection. 

In the conventional method, the scanned object must fit within the cone formed by 

the X-Ray source and the area detector, and contrast discrimination within the object is 

limited by the dynamic range of the area detectorldata collection system. Unfortunately, the 

best area detectors for use with 3D-XRCT are less than 25 cm in width (Sivers, et ai., 1994) 

and the diameter of an object that can fit within the source/detector cone is much less than 

this. However, using a simple modification of the usual geometry, it is possible to scan 

overlapping regions of a large object separately and merge them into a single data set; a 

process we call "multi-scan" CT. In many cases, it is also possible to isolate regions having a 

narrow range of thickness, permitting the maximization of X-Ray flux in these sections and 

stretching the effective dynamic range of the system. 

For multi-scan CT, the turntable is rotated at a constant radius around the X-Ray 

source in the plane perpendicular to the area detector between data acquisition periods. Most 

conventional 3D-XRCT systems have two orthogonal translation stages in this plane for object 

positioning, and one rotation of the turntable about the X-Ray source is equivalent to two 

orthogonal translations in the perpendicular plane plus a rotational increment of the turntable 
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about its own axis. Thus, multi-scan CT can usually be performed without modifling the 

hardware of a conventional 3D-XRCT system. 

Multi-scan CT image quality is limited primarily by the precision with which the 

imaging system is calibrated. It is necessary to measure the distance between the X-Ray 

source and the turntable very accurately and the overlapping regions of multiple scans must 

be scaled to equalize incident X-Ray flux. Errors in these determinations cause concentric 

rings to appear at the boundaries of adjacent scans. However, these artifacts can be reduced 

to nearly the level of the image noise in a well-calibrated system. Because of the ability to 

stretch the dynamic range of the detector, signal-to-noise ratios on a multi-scan reconstruction 

will be higher than that on a single-scan reconstruction made by the same scanner and 

contrast discrimination will be correspondingly superior. It is also possible to increase spatial 

resolution over that obtainable in a single-scan by the use of geometrical magnification, but 

multi-scan samples are often averaged to reduce the data load to manageable proportions. 

X-Ray source strength and scan time impose operational limits on the size of an object 

that can be scanned on a given system using multi-scan CT. Although the distance between 

the source and the detector is usually adjustable, X-Ray flux must be sufficiently great that a 

statistically meaningful signal can be collected in a reasonable time. As a rule of thumb, it 

is usually practicable to scan an object -one order of magnitude wider than the projected width 

of the area detector at the object. 

The steps needed to perform multi-scan CT on a conventional 3D-XRCT system are 

outlined here. Several experimental images are also presented and a qualitative comparison is 

made between a multi-scan reconstruction taken on the system shown in Fig. 1 and a single- 
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scan reconstruction of the same object taken on a two-dimensional (2D) medical system. We 

I have found multi-scan CT to be a useful tool for increasing the effective capacity and contrast 
I 

discrimination of our scanner. 

I SCANNER DESIGN 

The 3D-XRCT system that is diagrammed in Fig. 1 has been described by Ellingson, 

et al. (1991). Its primary components are a 10-pm microfocus X-Ray source, a 9"-diameter 

image intensifier @), and a CCD camera coupled to the 11 output screen via a lens. The 

object to be imaged is placed on a turntable, which is rotated through 360" about its vertical 

axis during a conventional scan. The turntable is mounted on a translational (X) stage that 

moves perpendicular to the area detector, and the X stage is itself mounted on a translational 

(Y) stage that moves parallel to the area detector. 

Also shown in Fig. 1 are optional lead "blockers" that can be interposed between the 

X-Ray source and the object. These are lead strips that are -0.5 cm wide and are thick enough 

to stop virtually all of the incident X-Ray flux. Any signal recorded by the detector in the 

path of these blockers will be spurious. In practice, each scan is taken twice; once without 

the blockers and again with them. Then, a low-order curve is fit to the data taken through 

lead paths to approximate any offset, which is subtracted from the scan without blockers. 

Typical factors contributing to the detector signal offset are the background signal of 

the detector circuit (dark current), X-Rays scattered from other paths into the detector, and 

light scattered within the output phosphor of the I1 (veiling glare), Of these, veiling glare is 

the largest for an I1 detector and can be several hundred percent larger than the true signal in 
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paths through a dense object. Dark current can be measured independently by turning off the 

X-Ray source and X-Ray scatter is usually only a few percent of the true signal if the object 

is not too close to the detector. Thus, this procedure can be omitted if an area detector that 

does not suffer from veiling glare is used. Alternatively, it is also possible to correct for 11 

veiling glare using the 2D deconvolution method of Siebert, et al. (1985) if a large vertical 

portion of the screen is used and pixel averaging is not performed in the data acquisition 

circuitry of the camera. 

Ordinarily the X and Y stages are used to position an object within the cone made by 

the X-Ray source and the 11. However, they can also be used to position the turntable for 

multi-scan data acquisition as is shown in Fig. 2. Here, R is the radius of the object to be 

scanned, STO is the source-to-object distance, STD is the source-to-area-detector distance, AX 

is the perpendicular increment from dead center, and AY is the parallel increment from dead 

center. AX and AY are constrained by the requirement that the turntable axis must remain a 

constant distance STO from the X-Ray source. In addition, when the turntable is repositioned 

from dead center, its initial orientation must be rotated by an amount A6 = tan-' (-AYISTO). 

The combination of two translations plus a rotation of the turntable is equivalent to 

rotating the turntable about the X-Ray source. As is evident from Fig. 2, rotating the 

turntable about the perpendicular axis of the X-Ray source in one direction is equivalent to 

rotating the source and detector rigidly about the same axis in the opposite direction, but the 

former is much easier to implement. It is also seen that the samples obtained by a rotated 

source and detector must be interpolated to provide the same sampling as a "virtual" extension 

of the detector in its original orientation. Analogous resampling must be performed to 
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standardize the sample increments in data obtained by rotating the turntable. 

MULTI-SCAN CT 

Fig. 3 is an outline of the procedures used to implement multi-scan CT on a 

conventional, rotate-only, 3D-XRCT system. The processes divide naturally into system 

calibration, data collection, data correction, and reconstruction. 

to veiling glarekcatter correction and can be omitted if an area detector other than an image 

intensifier is used and scatter is not significant. 

Steps in dashed blocks relate 

SYSTEM CALIBRATION 

Each time the dead-center source-to-obj ect distance or the source-to-detector distance 

is changed to accommodate a new object, the 3D-XRCT system must be recalibrated. If only 

the dead-center position of the turntable has changed, the source-to-object distance and the 

sample spacing at the turntable axis must be determined. Usually, this is accomplished by 

comparing two digital radiographs (views) of a precise grid in two known positions. It is also 

necessary to find the projection of the turntable axis on the area detector by scanning a 

vertical wire placed near the center of the turntable. 

If the X-Ray source or the detector is moved and the area detector is an image 

intensifier, is it also advisable to remake the spatial distortion look-up table. The output 

image from an 11 is distorted by the curvature of its glass envelope and by nonuniformities in 

the field accelerating the electron beam. The distortion look-up table is derived from a view 

of a uniform matrix that is placed on the face of the II. Note that all views taken on an 11 
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should be distortion-corrected before further processing. 

DATA COLLECTION 

Because of the spatial nonuniformity of the X-Ray source intensity, it is necessary to 

take a view in air for data calibration. In an idealized form, the signal I&,@ detected by an 

X-Ray detector when an X-Ray of initial intensity I,(y,z) traverses a pathlength x of a 

material having linear attenuation coefficient p can be written as 

Taking the natural logarithm of both sides of Eq. 1 gives 

which is used to reconstruct a 2D distribution of p. The digital radiograph of air provides the 

values Io(y,z). 

glare if the detector is an I1 and the exposure should be repeated with intervening lead 

Although the air view contains no scatter, it will be corrupted with veiling 

blockers. 

The number n of multi-scans to be collected for a particular object is a function of the 

width of the X-Ray cone at the center of the turntable at dead center and the width of the 

object. The object should be positioned so that there is a generous overlap between adjacent 

scans and regions of air should be available on either side. In addition, it may be desirable 

to adjust geometric magnification so that regions of the object having similar pathlengths 

appear within one scan. For instance, if the object is a solid cylinder, magnification should 

be adjusted so that center regions of the cylinder fill the detector during the dead-center scan. 
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This will allow higher flux to be used for this scan without saturating the detector. 

Because of the requirement for a precise measurement of the source-to-object distance, 

it is useful to take a multi-scan data set of some high-resolution object. By cross correlating 

overlapping regions of these scans, it is possible to determine any sample misalignment and 

adjust the estimate of the source-to-object distance to remove it. 

If the area detector is an 11 or X-Ray scatter is expected to be high, 2n scans of the 

object should be taken; n with lead blockers and n without (or a s o h a r e  veiling-glare 

correction should be performed). Note that the veiling-glarekcatter offset is more harmful to 

readings taken through long pathlengths or highly attenuating objects because it will be a 

larger percentage of the true transmitted signal. The process of taking natural logarithms of 

these corrupted readings will introduce large nonlinearities. These are manifested in a 

reconstructed image as decreased density in the center of uniform objects and as "streaking" 

between high-density objects. 

DATA CORRECTION 

Data taken with an I1 should be corrected for distortion and veiling-glarelscatter before 

further processing. The distortion correction is a simple 2D interpolation made from the look- 

up table created in the system calibration. The veiling-glarehatter correction involves fitting 

low-order curves to the data values recorded under the lead blockers in each view of each 

scan and subtracting the resulting offset curve. 

Before multi-scan data combination, it is necessary to remove the spatial variation of 
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the X-Ray intensity by subtracting the natural logarithm of each view from the natural 

logarithm of the air view as shown in Eq. 2. Because X-Ray flux is tailored to each scan 

and may fluctuate during a single scan, it is also necessary to normalize source intensity 

before combining data. We have chosen to scale the intensity of one exterior scan to the air 

view and to chain the scaling of adjacent scans by comparing overlapping regions. 

Before the n scans can be combined, it is necessary that the horizontal and vertical 

sample increments in each scan be the same. It is evident from Fig. 2 that the data collected 

when the turntable is rotated from dead center has different sample spacing. Sivers (1995) 

has shown that equilinear samples (y,z) on the virtual detector plane can be interpolated from 

equilinear samples (y",z") in off-centered multi-scans by the formulas 

and 

where STD is the perpendicular distance between the detector and the X-ray source. 

spacing is adjusted by means of 2D interpolation. 

Sample 

To minimize artifacts in multi-scan data sets, it is useful to examine the n scans of the 

This is accomplished high-resolution calibration object to estimate any alignment mismatch. 

by cross-correlating overlapping regions from adjacent scans, determining the amount of 

misalignment, and computing the value of the source-to-object distance that will eliminate it. 
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Once the appropriate value has been determined, it can be used for all multi-scans taken with 

the same geometric configuration. 

It is possible to obtain extremely high spatial resolution using geometric magnification 

and multi-scan data acquisition. However, the processing time increases as the square of the 

number of samples and it is usually preferable to average samples by the number of multi- 

scans to reduce the data load. 

The expression for transmitted radiation given in Eq. 1 is a simplification that is valid 

only for mono-energetic X-Ray sources. Conventional Bremmsstrahlung X-Ray sources have 

a normalized probability distribution of energies P(E) in the range (Emm Em= ) , and linear 

attenuation coefficients also have an energy dependence p.(E). With these modifications, Eq. 

1 becomes 

Subtracting the natural logarithm of Eq. 5 from the natural logarithm of an air path does not 

give a simple product of linear attenuation coefficient and pathlength. The nonlinearities 

introduced by a poly-energetic X-Ray source produce "beam-hardening" artifacts similar to 

those caused by veiling-glarehatter offset. If only one type of material is present, it is 

possible to build a beam-hardening calibration table by recording the signals transmitted 

through known thicknesses of the material and linearizing them. 

Scanners of the design shown in Fig. 1 have the disadvantage that a sample at a fixed 

distance from dead center is always recorded by the same detector element. Since detector 

elements are not precisely identical, their sensitivity will differ, resulting in concentric ring 
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artifacts in reconstructed slices near the plane perpendicular to the area detector. These rings 

can be mitigated somewhat by computing scan-wide averages for a given sample and 

generating equalizing factors. 

MULTI-SCAN RECONSTRUCTIONS 

Combined multi-scan data sets are reconstructed in the same manner as single-scan 

data sets. We have used the 3D algorithm of Feldkamp, et al. (1984). Objects that we have 

scanned successfully using a 20-cm-diameter I1 include; a 20-cm-diameter A1,03/A1,03 

combustor liner, a 20-cm-diameter SiC/SiC combustor liner, and a 17-cm diameter Si3N, 

turbine rotor. 

Combustor liners are hollow, right-circular, ceramic-composite cylinders with wall 

thicknesses in the range of 0.3 - 0.4 cm and densities in the range of 3 - 4 g/cm'. Fig. 4 

shows three selected 45" arcs from a reconstructed 2-mm-thick slice of an A1,03/A1,03 

combustor liner. In all of the images presented here, dark areas represent high density and 

light areas represent air. 

segment of the reconstructed image has 803x803 0.00044-cm2 pixels. Although the segment 

Five scans were used to make the composite data set and this 

in Fig. 4a shows a relatively homogeneous region, some density variation can be seen. The 

segment in Fig. 4b contains obvious voids and inclusions, and the segment in Fig. 4c shows a 

clear delamination. 

Fig. 5 shows three selected 45" arcs from a reconstructed 2-mm-thick slice of a 

SiC/SiC combustor liner. Five scans were used to make the composite data set and this 

segment of the reconstructed image has 715x715 0.0003-cm2 pixels. The segment shown in 
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Fig. 5a is a relatively "good" section with uniform structure and density. The lighter sections 

of the segments shown in Figs. 5b and 5c have mean densities only about half that of the 

good section. 

By way of comparison, the SiC/SiC combustor liner was also scanned on a 2D, 

medical CT scanner. Fig. 6 shows the same slice and segment as Fig. 5c. This 

reconstructed image is also 2 mm thick and has 512x512 0.0019-cm2 pixels. Obviously, more 

than one image is required to make a definitive comparison of two CT scanners, but the 

superior spatial resolution of Fig. 5c makes it the clear choice for this particular application. 

Fig. 7 shows one 2-mm slice from the multi-scan reconstruction of a 17-cm-diameter 

Si,N, turbine rotor. (The inner core is -10 cm in diameter.) Three scans were used to make 

the composite data set and this image has 757x757 0.0006-cm2 pixels. The image is 

comparatively free from image artifacts, but suffers from a rather high level of statistical 

noise. In this case, noise would be improved by taking five or seven multi-scans and 

increasing the flux through the central regions substantially. 

CONCLUSIONS 

We have found multi-scan CT to be an effective means of increasing the capacity and 

dynamic range of our 3D-XRCT system. The ability to increase the flux through the thicker 

regions of an object is so useful that multi-scan data collection has been used even on objects 

that fit within the beam cone. It also makes possible the use of other excellent area detectors, 

such as fiber-optic scintillators, which are even smaller than an II ( Bueno, et al., 1992). Its 

major drawback is an increase in data-collection and pre-processing time, but reconstruction 
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time is somewhat less than that needed for a single scan if samples are averaged by the 

number of constituent scans. There can also be ring artifacts at the interfaces between 

adjacent data sets, but these can be reduced to nearly the level of statistical noise in a well- 

calibrated system. 

FIGURE CAPTIONS 

Fig.1 Sketch of experimental microfocus 3D-XRCT system using an image intensifier area 

detector coupled to a CCD camera by a lens. 

Fig. 2 Sketch of geometry of 3D-XRCT data acquisition system. 

Fig. 3 Block diagram of multi-scan CT data acquisition and processing. 

Fig. 4a 45" segment from 2-mm-thick, multi-scan 3D-XRCT slice of A120,/A120, combustor 

liner: 803x803 0.00044-cm2 pixels. This section is relatively homogeneous. 

Fig. 4b 

liner: 803x803 0.00044-cm2 pixels. This section is shows inclusions and voids. 

45" segment from 2-mm-thick, multi-scan 3D-XRCT slice of A120,/A1,0, combustor 

Fig. 4c 

liner: 803x803 0.00044-cm2 pixels. This section shows a clear delamination. 

45" segment from 2-mm-thick, multi-scan 3D-XRCT slice of A120,/AI,0, combustor 
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Fig. 5a 45" segment from 2-mm-thick, multi-scan 3D-XRCT slice of SiC/SiC combustor 

liner: 71 5x71 5 0.0003-em2 pixels. This section has relatively uniform density. 

Fig. 5b 45" segment from 2-mm-thick, multi-scan 3D-XRCT slice of SiC/SiC combustor 

liner: 715x715 0.0003-cm2 pixels. The lighter portions of this region have only -half the 

required density. 

Fig. 5c 45" segment from 2-mm-thick, multi-scan 3D-XRCT slice of SiC/SiC combustor 

liner: 715x715 0.0003-cm2 pixels. The low-density portion of this region shows 

considerable detail. 

Fig. 6 

512x512 0.0019-cm2 pixels. 

45" segment from 2-mm-thick, single-scan 2D CT slice of SiC/SiC combustor liner: 

This is the same segment shown in Fig. 5c. 

Fig. 7 2-mm slice of 17-cm-diameter Si,N, turbine rotor. Three scans were used to make 

the composite data set: 757x757 0.0006-cm2 pixels. 
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