
;PQe3e6K6H<X6.T04  Method for Calibrating The Intensit Profile for a
Movable X-Rav Source Field of the Invention 5 The present invention relates
to x-ray imaging systems, and more particularly, to x-ray imaging systems
in which the x-ray source moves relative to an x-ray detector. Background
of the Invention 10 In a projection x-ray imaging system, the object to be
imaged is placed between an xray source that is typically a point source
and an array of x-ray detectors. When such arrays are densely packed, the
individual detectors are referred to as pixels. In general, the point
illumination source generates an x-ray field that is roughly isotropic.
That is, the number of x-rays that are generated per unit solid angle at
the source is roughly constant. The array of 15 detectors is typically
flat, and hence, the solid angle subtended by each detector varies across
the array, since the various detectors have different distances and
orientations relative to the source. For example, consider a system in
which the source is located over the center of the detector array and
oriented such that the center detector in the array is oriented at right
angles with respect to the ray from the center of the detector to the
source. The solid angle 20 subtended by the detectors varies with the
detector's distance from the center of the array. The detectors that are
nearer the edge of the array, and hence, far from the center, receive a
lower x-ray intensity than those nearer the center. Ideally, the proj
ection image formed by the array when an obj ect is placed between 25 the
x-ray source and the array reflects the variations in x-ray absorption or
scattering by the object without illumination artifacts. However, the
above-described illumination variation in x-ray intensity generates
artifacts, since an object that has a uniform absorbency across the object
would appear to have a density that varies with position if the image is
not corrected for the intensity variation. 30 In addition to the
illumination variation discussed above, the image must be corrected for
variations in the gain and offset of the various x-ray detectors in the
array. The image Docket No. 10020675 F. ~ .. - . ; .    2 sensors used in
these systems are generally imperfect. Both the dark current and gain
varies from pixel to pixel in the array. This variation is often called the
"fixed pattern noise" or FPN. This variation is typically corrected by
taking dark field (illumination off) and bright field (illumination on)
images and creating a gain and offset value for each pixel. A table of 5
these parameters is stored in a memory. These values are used to correct
each pixel value prior to sending that pixel to the image user. It should
be noted that this correction process also automatically calibrates the
illumination variation discussed above as well. If the relative position of
the x-ray source and the detector array is fixed, such a 10 lookup table
correction procedure provides a viable method for correcting the image. 



However, in systems in which a large number of images are taken with
different orientations between the x-ray source and the detector array,
this procedure becomes impractical because a table of correction values
must be stored for each possible orientation. 15 Summary of the Invention
The present invention is an imaging system and method for using the same.
The imaging system includes an x-ray detection array, a point x-ray source,
and a controller. The x-ray detection array includes a plurality of x-ray
detectors, each x-ray detector generating a 20 signal indicative of the
x-ray energy absorbed by the x-ray detector and is located at a unique
location in the detection array. The point x-ray source moves relative to a
detection array, each of the x-ray detectors subtending a solid angle at
the point source that depends on the - relative position of the point
source and the detection array and on the location. of the detector in the
detection array. The signal generated by each x-ray detector depends on a
calibration 25 parameter that is independent of the solid angle subtended
by that x-ray detector at the point source. The controller includes a
memory that stores a table of calibration values that determines the
calibration parameter for each of the x-ray detectors. The controller
corrects the signals generated by the x-ray detectors for variations in the
solid angle subtended by each of the x-ray detectors and for variations in
the calibration parameter. The controller may also 30 include a processor
that determines the calibration values by measuring the signal from each of
the x-ray detectors for two different relative positions of the x-ray
source and the detection array. The calibration parameter typically defines
the gain of the x-ray detector or an offset Docket No. 10020675   3 value
for that x-ray detector. The controller may utilize a pipelined processor
for correcting the signal generated by the x-ray detectors as the signals
are read-out of the x-ray detection array. 5 Brief Description of the
Drawings Figure 1 illustrates the illumination of pixels in an image array
12 when an object 13 is illuminated from two different x-ray point sources.
10 Figure 2 is a schematic drawing of an imaging system 50 according to one
embodiment of the present invention. Figure 3 is a schematic drawing of one
embodiment of a pipelined processor for correcting the image data. 15
Detailed Description of the Preferred Embodiments of the Invention 



The manner in which the present invention provides its advantages can be
more easily understood with reference to Figure 1 which illustrates the
illumination of pixels in an 20 detector array 12 when an object 13 is
illuminated from two different x-ray point sources that are shown at 15 and
16. A typical pixel in the detector array is shown at 14. For the purposes
of this discussion, it will be assumed that each of the pixels has the same
area. It will also be assumed that the illumination generated by the source
is independent of the source position. Denote the illumination intensity at
the source by I, photons per steradian. In the absence of 25 object 13, the
signal Sk generated by a pixel such as pixel 14 when the source is located
at position 15 is given by: Sk Gk*h*COS49~'~Fk ~1) 30 Here, k denotes the
k`" pixel in the array; Gk is a gain constant associated with the k'"
pixel, and Fk is an offset constant associated with the k'" pixel: It
should be noted that Gk and Fk are Docket No. 10020675   4 independent of
0. Hence, if Sk is measured for at least two different values of 0 when
object 13 is absent, the constants Gk and Fk can be determined for each of
the pixels in the array. When object 13 is inserted into the path of the
x-rays, I; is reduced by an amount Ak 5 for the k' pixel. Here, Ar is the
absorbency of the object along the paths connecting the source and the
pixel. That is, the signal form the k`" pixel when the source is at 0t and
object 13 is in place is given by: Sk Gk*I;*Ak*cos49t+Fk (2) 10 An x-ray
image is constructed by displaying values related to Ak. Hence, the imaging
system must solve Eq. (2) for the Ar values. While a single such image can
be useful, data derived from a plurality of such images 15 taken from with
different orientations of the x-ray source relative to the object being
imaged are often needed to provide sufficient data to reconstruct some
detail of interest in the object. Most objects of interest are
three-dimensional. The absorbency measured by a pixel is the sum of the
absorbencies of all of the volume elements ("voxels") along the path
between the x-ray source and the pixel. If the absorbency of one of these
voxels is much greater than that 20 of the other voxels along the path,
this "dark" voxel can mask the values of the other voxels. By utilizing a
number of different orientations of the source, the other voxels can be
viewed without this interference in at least one of the alternative views.
Accordingly, x-ray inspection systems and three-dimensional image
reconstructed systems preferably utlize a number of different images taken
at different source-object orientations. 25 As noted above, prior art
systems operate by storing a table of values, the most common having two
entries per pixel for a linear FPN correction, although some nonlinear
sensors have coefficients of higher order polynomials or other
descriptions. In the simplest linear case, the first entry specifies
Gk*cos46, and the second entry specifies Fk. Hence, the 



30 prior art systems must store a minimum of 2N entries for each possible
value of 8, where N is the number of pixels in the detector array. To avoid
having to store one table of this form for each of a number of different 8
values, prior art systems with a variable geometry arrange the Docket No.
10020675   x-ray hardware such that 0 remains the same for all source
positions when more than one source position is utilized as in, for
example, analog laminography. More typically, however, a fixed imaging
system is used, where the detector and the source are rigidly connected and
move together to provide relative rotational and translational motion
between the imaging system and object. Such arrangements, while reducing
the data storage problem, markedly increase the cost of the hardware, and
more importantly, limit the flexibility and throughput of an inspection
system utilizing this type of design. An imaging system according to the
present invention preferably utilizes a scanning 10 x-ray source or an
array of small economical fixed sources and a detector array that does not
move when the point source position changes. Since scanning x-ray sources
are known to the art, a detailed description of such sources will not be
presented here. For the purposes of this discussion, it is sufficient to
note that a scanning x-ray source is a variant of the common cathode-ray
tube that includes an electron gun that directs a beam of electrons onto a
target. 15 The position of impact of the electrons on the target is
determined by a deflection system that moves the beam in response to one or
more control signals. By moving the position of impact, the position of the
x-ray source may be moved relative to the object being imaged without any
form of mechanical motion. While the position of the x-ray target relative
to the detector array may be fixed, the position of the x-ray source with
respect to the detector array 20 varies with the position on the target
that is currently being bombarded with electrons. Refer now to Figure 2,
which is a schematic drawing of an imaging system 50 _,. . ~. _ . ~..--.
.--~.~. . ~ . - according to one embodiment of the present-invention.
Imaging system 50 utilizes a scanning x-ray source 52 to provide a point
source of x-rays in which the location of the point source is 25 controlled
by a position controller 53 that is controlled by calibration controller
54. The x-ray source preferably varies the point source position over a
two-dimensional area such that the object being scanned can be viewed from
substantially different directions. However, embodiments in which the
position is varied over a one-dimensional linear path can also be
advantageously utilized. In addition, embodiments in which the point source
remains fixed in 30 space and the detector array is moved relative to the
point source can also be constructed. Docket.No. 100206.75   6 A detector
array 51 measures the x-rays that pass through the object being imaged. The
detector array preferably includes a plurality of individual "pixel"
detectors, each detector measuring the x-rays received from a small solid
angle relative to the point source. Arrays of detectors for measuring x-ray
images are known to the art, and hence, detector 



5 array 51 will not be discussed in detail here. For the purposes of this
discussion, it is sufficient to note that detector array 51 can be readout
by calibration controller 54. In the embodiment shown in Figure 2, the
location of the point source relative to a reference point on the detector
array is stored in a memory 55 connected to calibration 10 controller 54.
Information specifying the location of each pixel in detector array 51
relative to this reference point is also stored in calibration controller
54. This information can be represented as locations within a single
coordinate system or as a coordinate transform between the respective
coordinate systems used for the detector array and the point source
addressing. Hence, for any given relative point source position,
calibration controller 54 can 15 compute the angle between the normal to
the pixel array and the ray from the point source to each pixel in detector
array 51, i.e., the angle 8 discussed above. The data stored in tables 56
is generated by measuring the output of detector array 51 for at least two
different relative source positions and then determining the constants
shown 20 in Eq. (1) for each pixel in the array. Since data fitting
algorithms suited to making this determination are well known in the art,
the details of such algorithms will not be discussed in detail here. ~y ._.
__ __ .. In one preferred embodiment, the data from the detector array is
corrected for the 25 variations in A, gain and offset via a pipelined
processor that corrects each. measured intensity value as the measured
value is received from the detector array. Refer now to Figure 3, which is
a schematic drawing of one embodiment of a pipelined processor for
correcting the image data. When the data for a pixel is read out of the
detector array, the current relative position of the point source, and the
detector array is combined with the location of the pixel 30 in question
within the array to determine cosine's 8 as shown at 60. The pixel
intensity is input to a subtraction circuit 61 that subtracts the offset
stored in the tables shown at 56 in Figure 2 for the current pixel. The
offset corrected data is then corrected for the cosine A Docket No.
10020675 _:    dependence by multiplier 62. Finally, the result from
multiplier 62 is divided by the gain using divider 63 to generate a
corrected pixel value. The above-described embodiments of the present
invention have been described in 5 terms of an array of detectors. However,
it should be noted that this array of x-ray detectors can include
sub-arrays of x-ray detectors. For example, the imaging plane may be
populated with many CCD imagers, which are multi-pixel arrays in
themselves. It should also be noted that an imaging array that utilizes a
number of sub-arrays in which the individual sub-arrays lie in different
planes might also be utilized. 10 Various modifications to the present
invention will become apparent to those skilled in the art from the
foregoing description and accompanying drawings. Accordingly, the present
invention is to be limited solely by the scope of the following claims.
TlnnkPt Nn i ~m_ns~s ' ~ ' ' ' '   8 WHAT IS CLAIMED IS: 



1. An imaging system comprising: 5 an x-ray detection array comprising a
plurality of x-ray detectors, each x-ray detector generating a signal
indicative of the x-ray energy absorbed by said x-ray detector and being
located at a location in said detection array; a point x-ray source that
moves relative to said detection array, each x-ray detector 10 subtending
at said point source a solid angle that depends on a relative position of
said point source and said detection array and on said location of said
detector in said detection array; and a controller, 15 wherein said signal
generated by each x-ray detector depends on a calibration parameter that is
independent of said solid angle subtended by that x-ray detector at said
point source, 20 wherein said controller comprises a memory that stores a
table of calibration values that determines said calibration parameter for
each of said x-ray detectors, and .. ... ~ _ wherein said controller
corrects said signals generated by said x-ray detectors -for ----- - -- -
variations in said solid angle subtended by each of said x-ray detectors
and for variations in 25 said calibration parameter. 30 2. The image system
of Claim 1 wherein said controller further comprises a processor that
determines said calibration values by measuring said signal from each of
said x-ray detectors for two different relative positions of said x-ray
source and said detection array. 3. The imaging system of Claim 1 wherein
said calibration parameter defines a gain for that x-ray detector.
DocketNo.1002067.5 .. --..-....-.. .   9 4. The imaging system of Claim 1
wherein said calibration parameter defines an offset value for that x-ray
detector. 5 5. The imaging system of Claim 1 wherein said controller
comprises a pipelined processor for correcting said signals generated by
said x-ray detectors as said signals are readout of said x-ray detection
array. 6. A method for correcting image data generated by an x-ray
detection array 10 comprising a plurality of x-ray detectors when an object
is imaged by a point x-ray source that moves relative to said detection
array, each of said x-ray detectors subtending at said 



point source a solid angle that depends on a relative position of said
point source and said detection array and on said location of said detector
in said detection array, each x-ray generating a signal indicative of the
x-ray energy absorbed by that x-ray detector, wherein 15 said signal
generated by each x-ray detector depends on a calibration parameter that is
independent of said solid angle subtended by that x-ray detector at said
point source, said method comprising: storing a table of calibration values
that determines said calibration parameter for each 20 of said x-ray
detectors; and correcting said signals generated by said x-ray detectors
for variations in said solid angle subtended by each of said x-ray
detectors and for variations in said calibration ' _. .. _ . . . parameter.
25 7. The method of Claim 6 further comprising determining said calibration
parameters by measuring said signal from each of said x-ray detectors for
two different relative positions of said x-ray source and said detection
array. 30 8. The method of Claim 6 wherein said calibration parameter
defines a gain for that x-ray detector. Docket No. 10020675   10 9. The
method of Claim 6 wherein said calibration parameter defines an offset
value for that x-ray detector. -Docket No. 10020673 . ., . .. . . .. . .. .
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