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57 ABSTRACT 

The Invention provides practical apparatus and methods for 
Significant improvements to conventional radiography prac 
tice. It can image objects having negligible X-ray absorption 

th-" 

as human Soft-tissue, by obtaining edge-enhanced contrast 
from an object's (BDY) X-ray refractive-index gradients. In 
mammography, the contrast of Small micro-calcifications is 
increased typically 4-fold, or more. It can be “tuned” to 
obtain element-Selective refractive-indeX enhanced contrast 
to resonantly image minute quantities of a specific element 
with Z-35-56 and only that element. With only a single 
brief X-ray exposure it can produce two independent images, 
e.g. of the object's X-ray absorption and refractive-index 
distributions. It virtually eliminates the blurring and contrast 
reducing effects of X-ray Scatter, especially of very Small 
angle Scatter. It does not use a Bucky grid, and the associated 
increase in effective detector quantum efficiency results in a 
Significant decrease in image quantum mottle. It can produce 
CT Scan 3D images with a much reduced Scanning time. The 
Invention provides radiograms with greatly improved 
resolution, contrast and Versatility, and edge-enhanced fea 
tures. It operates via the fractional Talbot effect using two 
pre-object microfabricated gratings (G1, G2) and a detector 
(D) preferably containing a periodic pixel array. It further 
includes an in-situ laser interferometer for aligning the 
gratings (G1, G2) to the detector (D). While the Invention 
has a wide range of application, it is ideally Suited for 
medical imaging of biological Soft-tissue, and especially for 
mammography, angiography, and CT (or CAT) scans. 

100 Claims, 28 Drawing Sheets 
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Part I. Technical field of the Invention 
The Invention relates to the fields of X-ray radiography 

and radiology and provides practical apparatus and methods 
for important improvements to practice in these fields. It 
provides new apparatus and methods for totally eliminating 
the blurring and contrast reducing effects of X-ray Scatter. It 
does not use a Bucky grid, whereupon the associated 
increase in effective detector quantum efficiency results in a 
corresponding decrease in image quantum mottle. Nor does 
it require a narrow Solid-angle Source collimator to reduce 
Scatter induced blur, whereupon 3D images are produced via 
computed tomography (CT) using many simultaneously 
recorded paths through the examined object at considerably 
reduced Scanning time. It provides new practical apparatus 
and methods for realizing two fundamentally new radio 
graphic imaging methodologies, wherein previous attempts 
to do So by other workers have been unsuccessful. Conven 
tional radiography uses the methodology of “absorption 
contrast imaging”, wherein the image derives from an X-ray 
shadow of the objects opacity distribution. One new meth 
odology is "refractive-indeX contrast imaging, wherein the 
Invention images an object's refractive-indeX gradient dis 
tribution to give Strong edge-enhancement of imaged 
artifacts, and to image low-Z artifacts (e.g. in Soft-tissue) that 
are totally invisible with conventional radiography. In 
mammography, the contrast of Small micro-calcifications is 
increased typically 4-fold, or more by Said edge enhance 
ment. The other new methodology is “element-selective 
contrast imaging”, wherein the Invention resonantly images 
only artifacts that contain a specific “tracer-element'. An 
image can be obtained during a single brief X-ray exposure 
with the examined object present. The Invention also can be 
configured So that with one Such exposure it produces 
Simultaneously two independent images, Such as one of the 
object's opacity distribution and one of its refractive-indeX 
distribution. By these improvements, the Invention provides 
radiograms with greatly improved resolution, contrast and 
versatility. While the Invention has a wide range of 
application, it is ideally Suited for medical imaging of 
biological Soft-tissue, and especially for mammography, 
angiography and whole-body CT. 
The fields of physics whose mastery are required for a full 

understanding of the Invention's operation are listed in Sect. 
I.2. Part II, consisting of Sects. II.1-II.3 describe related 
prior art. Part III, consisting of Sects III-III.10.3, discloses 
the basic operational principles for the Invention along with 
design Formulae for calculating critically important appa 
ratus dimensions. Part IV provides descriptions of the draw 
ings. Examples of preferred embodiments and their associ 
ated representative dimensions and fabrication methods are 
described in Part. V, consisting of Sects. V-V.7. Part VI then 
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4 
gives a brief Overview of the Invention's industrial applica 
bility. The Invention is thus disclosed sufficiently to allow its 
construction and understanding by one skilled in all of the 
various arts discussed herein. 
I.1. Notation and mathematical definitions 
The following abbreviations and symbols are used: i=(- 

1)'', 1 m=1 meter, 1 cm=10 m, 1 mm=10 m, 1 um=10 
m, 1 nm=10 m, n=refractive-index, Z=an element's atomic 
number. Italic Symbols, e.g. the Symbols b, g, j, k, m, m, n, 
n, p, q, r, r, U, V, V, and X, always represent integers. (Note 
to compositor: please carefully observe this font distinction.) 
X-ray energies are always given in keV (kilo-electron 
Volts). 
A function f(x,a), parameterized by the period a, is 

defined as 1D-periodic with period a with respect to the 
independent dummy Variable X if it Satisfies 

for all applicable values of X, where j is any integer (positive, 
negative or Zero). The function f(x,y,a), parameterized by 
the period a, is defined as 2D-periodic with period a with 
respect to the independent dummy Variables X and y if it 
Satisfies 

for all applicable values of X and y, where similarly j and k 
are any pair of integers. For “practical purposes' the func 
tions f(x,a) and f(x,y,a) are considered as 1D and 
2D-periodic functions if respectively Eqs. (I.1) and (I.2) 
hold for “applicable' x, y, and k for each within a large 
positive and negative “applicable' finite range, but wherein 
said ranges are Sufficiently large (i.e. their “ends” are Suf 
ficiently far away from the region of interest) that the 
existence of Said finite range limits has negligible effect on 
the problem at hand. A “separable'. 2D-periodic function of 
X and y with perioda is defined via Eq. (I.1) as one that may 
be written as a product of a 1D-periodic function of X with 
the same function of y, as per 

where f(x,a) satisfies Eq. (I.1), f(x,y;a) satisfies Eq. (I.2) 
and g is a constant. A “checkerboard’ 2D-periodic function 
is defined as one that is written as the Sum of two separable 
2D-periodic functions, each offset by a half-period from the 
other, as per (I.4) 

). 
where f(x,a) Satisfies Eq. (I.1), f(x,y,a) Satisfies Eq. (I.2), 
and g is a constant. 
A unit rectangle-function is defined as 

1 for x s 1/2, 
rect(x) = 

O 

fokha(x,y: a) = g it ?t al?o: a) (r. 4 : ) ( 4. ; a 

(I.5) 

otherwise. 

A 1D-periodic rectangle function of the independent vari 
able X, parameterized by its period a and duty-cycle S/a, is 
defined as a periodic String of rectangle-functions by 

a +ia 1. 
s ) 

where j is any integer. The function H assumes only the 
discrete values 0 and 1. 

(I.6) for x + jas S/2, 
otherwise, 
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I.2 General physics background 
Discussions of the physics of X-ray generation, 

absorption, Scattering, diffraction, fluorescence, and refrac 
tion are given by Leighton 1959 and by Michette and 
Buckley 1993). General discussions of the field of X-ray 
medical imaging are given by Meredith and Massey 1977 
and by Hendee 1995). Light and penetrating (hard) X-rays 
are both forms of electromagnetic radiation. X-ray wave 
length ) in meters is 

hc 
E 

w = (I.6) 

where E is the X-ray energy in keV, h is Planck's constant, 
c is the speed of light, and hc=1.24x10 m-keV. The 
principles of physical optics, as given for example by Born 
and Wolf 1967), apply to both forms. The operation of the 
Invention relies on applications of physical optics to the 
wavelength regime of hard X-rayS. Given the Significantly 
different photon energies for light and X-rays, then a very 
different technology is required for each form. Michette and 
Buckley 1993, Chapts. 7.8 discuss cross-over applications 
of physical optics principles and techniques that are com 
monly used with light, and that have been applied to Soft 
X-rays; however, except to X-ray diffraction by atomic 
microStructure, physical optics principles are rarely consid 
ered important for hard X-rayS. 

The Invention uses the X-ray analog of what is known in 
the physics of light as the “fractional Talbot effect”, and for 
the first time employs important features of Said effect to the 
domain of hard X-rays. The Talbot effect and the more 
general fractional Talbot effect have been demonstrated with 
light Patorskii, 1989). Array illuminators, based on the 
fractional Talbot effect have been demonstrated with light by 
Lohman and Thomas 1990 and by Leger and Swanson 
1990). Related theoretical treatments of these effects are 
given by Cowley and Moodie 1970), Winthrop and Wor 
thington 1965), Berry and Klein 1996), M. Mansuripur 
1997), and by Clauser and Reinsch 1992). Demonstrations 
of applications of the fractional Talbot effect to atom inter 
ferometry are given by Clauser and Li 1997). 
II.1 Prior art for reducing Scatter-induced image blur 

X-ray Scattering within an examined object displaces 
X-ray photon detection points on the detector plane from 
“X-ray-bright' image areas to "X-ray-dark' ones. Thereby, it 
blurs the resulting radiograms weak features and Severely 
limits the resolution and contrast. Tight Source collimation is 
used (esp. for CT-Scan 3D imaging) to reduce Scatter 
production, and tight detector collimation is used to reduce 
the detection of Scattered X-ray photons. The only imple 
mentation of detector collimation for wide-angle planar 
imaging currently practical and in wide-spread routine use is 
the Bucky incli-Scatter) grid. A Bucky grid is included in an 
X-ray imaging apparatus between the object and the detector 
to attenuate scattered X-rays Meredith and Massey, 1977, 
pp.250-263). A Bucky grid is inherently thick. Its structure 
is similar to that of a louver or a venetian blind, with said 
louvers made from lead. Its operation is also similar. Its 
louvers are either all parallel or are “fanned' to match the 
X-ray incidence-angle. It Selectivity attenuates Scattered 
X-rays by Vignetting, i.e. it absorbs obliquely incident X-rays 
and allows passage of X-rays that are incident nearly parallel 
to its louvers. Ideally, it provides minimal attenuation of the 
nearly parallel X-rays that are useful for reduced-blur image 
production. Unfortunately, a typical Bucky grid also signifi 
cantly attenuates (typically 3 to 4-fold) the parallel X-rays. 
The resulting loSS of transmitted X-ray flux, in turn, raises the 
detector's photon Shot-noise level and its associated image 
“quantum-mottle'. 
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6 
The ratio of the absorption cross-section to the Scattering 

croSS-Section increases with increasing X-ray energy. Thus, 
low energy X-rays provide minimum Scatter-induced blur 
and are generally used for imaging low-contrast Soft tissue. 
However, at low energy, elastic scattering (i.e. X-ray diffrac 
tion by the tissue's molecular structure) dominates and 
produces mostly Small-angle (<5) Scattering that is not 
removed by a Bucky grid. Elastic Scattering is further 
enhanced by the presence of long-chain periodic organic 
molecules in biological tissue that act as miniature randomly 
oriented diffraction gratings (i.e. as linear micro-crystals). 
The average Scattering angle is then So Small that it requires 
an impractically large object-to-detector distance for it to be 
sufficiently widely distributed on the detector to become a 
uniform background. The Scattering angle is still, however, 
large enough to cause Significant image blur. As a result, 
minimum object-to-detector distance is generally used, and 
the sharpness and contrast of weak image features Smaller 
than about 4 mm are degraded, especially for Soft-tissue 
imaging. 

Three noteworthy inventions Anno, U.S. Pat. No. 4,651, 
002; Barnea, U.S. Pat. No. 4,433,427; and Ema U.S. Pat. 
Nos. 4,688,242 and 4.837,796), use a method, referred to 
herein, as the image Subtraction method for reducing the 
blurring effects of Scatter. All three inventions use normal 
absorption imaging. To implement this method, two (or 
more) independent images are taken via Subsequent expo 
Sures. One image is produced only by highly-Scattered 
photons, while the other is produced by both highly 
Scattered and minimally-Scattered photons. The two images 
allow a third image to be produced by digitally Subtracting 
the first image from the Second. The third image is then due 
to minimally-Scattered photons alone. 

These three inventions use what are herein called 
"gratings”, or more specifically “binary absorption grat 
ings'. A binary absorption grating contains a Spatially peri 
odic array of X-ray transmitting apertures and is otherwise 
X-ray absorbing. It acts as a Spatially periodic mask. While 
a grating also may be designed to refract and diffract X-rayS, 
none of the gratings used by prior art is So designed. On the 
contrary, the gratings used by these three inventions are 
specified clearly by their inventors to be negligibly diffract 
ing (i.e. to have large periods), and these inventors totally 
ignore any possible X-ray refraction by the gratings. 
To create the two images, all three inventions Start with a 

conventional radiography apparatus configuration, and fur 
ther include one (and only one) pre-object periodic grating. 
The pre-object grating is positioned between the X-ray tube's 
focal Spot and the examined object. Then, by using a very 
Small focal spot, it and the pre-object grating create a 1D or 
2D-periodic shadow on the detector's surface with X-rays 
that pass through the object. Anno's fourth embodiment and 
Barnea's invention further include a Second post-object 
periodic mask (grating). In Barnea's invention the post 
object grating is thick and also acts as a Bucky grid. Ema's 
invention uses no post-object grating but instead uses a 
continuously recording 2D imaging detector, that is effec 
tively made periodic by a post-exposure recognition of the 
periodic shadows formed on it. In one exposure, the two 
gratings and focal spot occult each other, and then only 
widely-Scattered X-ray photons are recorded. The gratings 
and focal Spot are then relatively repositioned for an addi 
tional exposure. Said repositioning is accomplished by mov 
ing either the gratings or the focal Spot between exposures. 
One (or more) Subsequent independent exposure(s) is (are) 
then made, wherein Such occultation does not occur and both 
widely-scattered and minimally-scattered photons are 
recorded. The Subsequent exposure thus includes the image 
data, which is extracted by subtraction of the two (or more) 
images. 
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The Scattering angle of the X-ray photons that are rejected 
by these inventions depends on the angular change in X-ray 
propagation that a Scattering event must cause to move a 
photon's final image registration point from an X-ray dark to 
an X-ray bright grating Shadow or Vice-versa. Anno's and 
Ema's pre-object gratings create wide Shadows and image 
details of the object within the widths of these shadows, 
whereupon this angle is quite large. These inventions thus 
reject only photons with moderately wide Scattering angles, 
and Scatter-induced blur from Small-angle Scattering persists 
in the un-shadowed areas. Ema's invention does, however, 
provide an in-Situ method for apparatus alignment, by its 
post-exposure recognition of the Shadow positions. In Bar 
nea's invention each un-shadowed portion of the image is 
Specified to be aligned with an image pixel; however, no 
method is provided for obtaining Said alignment. Barnea's 
method is Superior to that by Anno and Ema Since it rejects 
Small-angle Scattered photons. However, a critical analysis 
of Barneas's geometry reveals that the finite width of the 
focal Spot Strongly geometrically blurs each of the image 
spots produced by the pre-object grating unless an unreal 
istically Small focal Spot is used. Barnea ignores this crip 
pling deficiency and throughout assumes the focal Spot's 
width to be zero. The multiplicity of exposures and/or the 
post-object gratings required by these inventions reduce 
detector quantum efficiency and cause increased patient 
dosage. The apparatus realignment intervening between 
exposures, as required by these inventions, prevents a rapid 
Sequence of images to be taken and further allows significant 
movement blurring (e.g. between exposures) in the Sub 
tracted image. 
II.2 Prior art for X-ray refractive-index imaging 

Structure may be present in the refractive-index distribu 
tion of an object that is transparent to light. A transparent 
object casts no shadow, So that Said structure is not revealed 
by its light absorption. Nonetheless, methods have been 
developed for use with light to image this structure. Methods 
for imaging otherwise transparent air-flow patterns include 
the Mach-Zehnder interferometer, Schlierin, and 
Shadowgraph, as well as leSS well-known methods that are 
based on the Talbot and the related Lau effect Lohman and 
Silva, 1971; Yokozeki and T. Suzuki, 1971). Physical-optics 
principles are used to give the phase-contrast refractive 
indeX imaging method used by the phase-contrast micro 
scope and invented by Zernike 1935; see also Born and 
Wolf, 1967, pp.424-428). These methods work for light; 
however, they all use components Such as lenses, lasers, etc. 
that do not have X-ray analogs, and thus are not adaptable for 
use with X-rayS. 

X-ray refraction is due to the fact that X-rays are coher 
ently elastically forward-scattered via zeroth-order diffrac 
tion by all of the electrons along their path Slater and 
Franck, 1947; Leighton, 1959, pp.454-457; Michette and 
Buckley, 1993, pp.184-198). The energy-dependent value 
for the X-ray refractive index n may be calculated to rea 
Sonable precision (away from absorption edges) at X-ray 
energy E by using the classical Lorentz Formula Michette 
and Buckley, 1993, Eqs. 5.84-5.86). The value of n-1 is 
negative for X-rays in Virtually all materials, and is very 
small (s10'). However, the wavelengths of hard X-rays are 
also very Short, and only a very thin layer of material is 
needed to produce Significant X-ray phase shift. 

There are two important characteristic lengths for any 
material that may be used to compare the relative impor 
tance of X-ray absorption and X-ray refraction by the mate 
rial. The length L is the path length of material needed for 
1/e intensity absorption, and the length L is the path length 

15 

25 

35 

40 

45 

50 

55 

60 

65 

8 
of material needed for -2 tradians phase shift by refraction. 
The ratio L/L then gives the comparison. At Say about 20 
keV for a low-Zlow-density material such as water this ratio 
is about 760 while it is only about 7 for a very high-Z very 
dense material Such as gold. From this viewpoint, all 
materials, and especially low to medium-Z materials, are 
Seen as much more refractive than they are absorptive for 
X-rayS. At the radiographic energies 17-40 keV a low-Z 
layer less than 1 um thick provides significant X-ray phase 
shift with negligible absorption, while a layer with typically 
10-60 um of a very high Z very dense material is needed for 
Significant absorption. Biological Soft tissue is dominantly a 
low-Z material. The high L/L for Soft tissue then implies 
that its radiographic refractive-indeX contrast is potentially 
much higher than its radiographic absorption contrast, and 
the motivation for an ability to perform refractive-index 
imaging with X-rays is then evident. 
The above considerations have motivated many workers 

to seek a method for performing refractive-indeX imaging 
with X-rays; however, techniques used with light for refrac 
tive indeX imaging are not readily adaptable for use with 
X-rays, for which quite different techniques are required. 
Bonse and Hellkötter 1969) measured n for 8 keV (Cu KC) 
X-rays using an X-ray interferometer. Using 8 keV X-rays 
reflected by crystals, Somenkov, et al. 1991), Davis et al. 
1995), and Gao et al. 1995 imaged refractive-index gra 
dients of very thin objects. Using X-rays reflected by 
crystals, but further employing a Synchrotron radiation X-ray 
Source, Cloetens et al. 1995), Snigirev et al. 1995, 1996), 
and Nugent et al. 1996 demonstrated refractive index 
imaging for moderate X-ray energies. Using an X-ray inter 
ferometer similar to that by Bonse and Hellkötter 1969) and 
13.5 keV X-rays produced by a synchrotron and reflected by 
crystals, Momose et al. 1995 demonstrated X-ray phase 
contrast imaging of an object's refractive indeX distribution. 
Unfortunately, none of these methods is readily adaptable to 
routine medical radiography. The thickest Sample thusly 
imaged So far is less than 1 mm thick and the extreme cost 
of a Synchrotron prohibits its clinical use for medical imag 
Ing. 

Consider the effect of transmission of X-rays through a 
thin layer of material with thickness Z on the propagation 
of a complex-valued Scalar electromagnetic field amplitude, 
expi(kz-Cot), for X-rays propagating in the +z direction, 
where k=2 te/(hc) and ()=2 te/h. Behind the layer, the field 
amplitude that would have been present otherwise in 
Vacuum without the layer's presence is now multiplied by 
the complex phase factor, 

non-ep-(-, -,-): LR 2LF s 

where, the energy-dependent “refraction length', i.e the 
thickness needed to give a -2. It radian phase shift, is given 
via the Lorentz Formula as 

(II.1) 

4JLeonec (II.2) 
neh LR(E)=-21 EF - - 

and where e is the permittivity of vacuum, m, and e are the 
mass and charge of an electron, and n is the density of 
electrons in the matter. Since n-1 is negative, the phase shift 
is negative. 
II.3 Prior art for X-ray element-selective imaging 

There are various examples of prior art for element 
Selective X-ray imaging. Commonly, these are identified 
under the names “dual-energy X-ray angiography” (DEXA) 
and “digital Subtraction angiography (DSA). Dual-energy 
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X-ray imaging reputedly was invented by L. AlvereZ at 
Lawrence Berkeley Laboratory, and works via the fact that 
at moderate X-ray energy, photo-electric and Compton croSS 
Sections have different energy Scalings, along with different 
Scalings with an elements atomic number Z. Two images 
taken at respectively high and low energies then Show 
different relative opacities for high and low Z image arti 
facts. Differently weighted linear combinations of these two 
images are then calculated to enhance, for example, high-Z 
bone artifacts relative to low-Z Soft-tissue artifacts, or Vice 
versa. Fuji Corporation markets a system for DEXA in 
which two Stimulated luminescense plates are Stacked to 
provide two independent detectors with an energy filter (thin 
foil) Sandwiched between them. Only high energy X-rays 
pass through the first plate and filter to be recorded on the 
Second plate, while low energy X-rays are preferentially 
recorded on the first plate. The two associated images are 
then digitized and computer processed together to yield 
independent third and fourth (high-Z and low-Z) images. 

The best examples of digital Subtraction angiography are 
discussed by Michette and Buckley 1993, p.35), and by 
Thomlinson et al., 1992), and utilize the high X-ray bright 
neSS available from a Synchrotron. ADSA System is vaguely 
Similar in concept to a DEXA System, except that the abrupt 
opacity energy variation for a specific tracer element acroSS 
that element's K absorption edge provides the different 
relative opacities for tissue with and without the tracer 
element. In a DSA System using Synchrotron radiation, the 
X-rays are energy-filtered by a crystal monochromator to 
produce two beams of narrow bandwidth x-rays with ener 
gies above and below the K-absorption edge of the element 
to be selectively imaged. Umetani et al. 1992 further 
include an energy-filter comprised of Said element. 
Unfortunately, these latter methods rely on the use of a 
Synchrotron X-ray Source, that is impractical for routine 
clinical usage. 
Part III. Disclosure 
The Invention may operate in any of three “modes'- 

“geometric-shadow mode”, “amplitude-interferometric 
mode”, and “phase-interferometric mode”. The two inter 
ferometric modes, in turn, are each a multiplicity of dis 
cretely definable modes, and geometric-shadow mode is a 
limiting case of one amplitude-inteferometric mode. Virtual 
elimination of image blur by scatter is featured by all three 
modes. The Invention also may employ any of three 
methodologies-absorption contrast imaging, refractive 
indeX gradient contrast imaging, or element-Selective con 
trast imaging. The choice of mode depends to Some extent 
on the choice of methodology and/or on the Invention's 
application. Geometric-shadow mode is used only for 
absorption contrast. Either of the interferometric modes give 
refractive-index contrast (see Sect. III.7), and/or element 
selective contrast (see Sect. III.8). Additionally, the Inven 
tion can employ more than two methodologies Simulta 
neously (see Sect. III.9), and can produce two independent 
images simultaneously from a single X-ray exposure, e.g. 
one that shows only refractive-index-gradient contrast and 
one that shows only absorption contrast. 

The fact that the Invention can operate in its various 
modes and methodologies is due to a quantitative “window' 
for the Invention's parameter values. The Inventor's discov 
ery and exploitation of Said parameter window underlies the 
inventive concept herein disclosed. Section III.1 Summa 
rizes the basic teaching by the Invention, and discloses the 
components of its inventive concept. The teaching listed in 
Sect. III.1 then provides the Invention's basic objectives. 
The Invention is distinguished from a conventional appara 
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tus by its deletion of the Bucky grid, and by its further 
including important hardware components. The added hard 
ware components are configured with the dimensions Speci 
fied by Formulae/Equations disclosed herein. Specific 
examples of the Scaling of these dimensions are shown on 
FIGS. 21a-f. These scaling examples are then used to 
provide preferred embodiments, as discussed in Part V. It is 
very important to recognize that the Invention's basic teach 
ings are realized only when dimensions calculated from 
these Formulae/Equations and Scalings are used and applied 
in the manner disclosed herein. 

In a conventional planar-imaging radiography apparatus, 
X-rays are generated at focal Spot S within X-ray tube T, 
filtered by energy filter F, collimated by collimator C, pass 
through imaged object BDY, and are detected by imaging 
detector D. FIG. 1 shows the simplest overall configuration 
for the Invention, used for planar imaging. It includes the 
above components of a conventional apparatus (and no 
Bucky grid) and further includes additional hardware com 
ponents. The center of focal Spot S defines one point on the 
X-ray axis, C, while the center of imaging detector D 
defines a Second. Where appropriate, all Figures display 
coordinates X, y, z, denoted as coordinate System XyZ. X-ray 
axis C, is oriented in the z-direction. The terms “lateral” and 
"longitudinal” refer respectively to the X and y directions 
(both perpendicular to C.) and the Z direction (parallel to 
C.). Pinholes PH1 PH2 and mirror M2, shown in FIG. 1, are 
positioned within the apparatus (on axis C, ) during align 
ment only. FIG. 2 shows a laterally expanded view of a thin 
ribbon-shaped slice through the Invention taken along X-ray 
axis C. X-rays propagate dominantly along the longitudinal 
+z-axis, downward in FIGS. 1 and 2, in a divergent beam 
(limited by collimator C) roughly centered on axis C, FIGS. 
6a-12c Show details of apparatus components. The configu 
ration of FIG. 1 uses a single large-area imaging X-ray 
detector D, whose Surface is periodically Segmented into 
image pixels. Inter-pixel gaps are kept minimal to minimize 
the loss of X-ray flux there-through. FIGS. 3a, b show details 
of alternative detector arrangements for use with continuous 
detector media, e.g. film. FIG. 4a shows an alternative 
overall configuration in which the detector is further Seg 
mented to consist of a sparse mosaic of Small pixel arrayS, 
and in which the whole apparatus is rotationally Scanned 
about an axis SCN, passing through focal Spot S, acroSS 
object BDY. FIG. 5 shows a configuration used for a CT 
Scan, in which the detector is either a single array, as per 
FIG. 1, or is segmented, as per FIG. 4a, and in which the 
whole apparatus is rotationally Scanned around object BDY 
about an axis SCN, passing through object BDY. 

Consider FIG. 1. Within X-ray tube T focused electron 
beam eB is produced by electron gun eG and accelerated to 
focal Spot S on anode A. X-rays are produced at focal Spot 
S. The tube's accelerating high Voltage is from a regulated 
ripple-free DC supply HV. The kinetic energy of the elec 
trons (in keV) is set by the Supply’s DC high voltage (in kV). 
This Voltage then Sets an upper limit to the X-ray energy. The 
X-rays pass through energy-filter F and collimator C to 
produce a collimated beam of energy-bandwidth-limited 
X-rays. The X-ray beam then propagates Sequentially through 
two very thin pre-object Spatially-periodic material 
Structures, herein referred to as gratings G1 and G2, and 
thence through object BDY to imaging detector D. Each of 
these very-thin Spatially-periodic material Structures is gen 
erally supported by an associated thin substrate SUB (as 
shown in FIG. 2). The DC high voltage, anode A, and filter 
F (and additional minor energy filtering by the Substrates) 
are Specified by the Invention's teachings to control the 
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X-ray average energy E and energy bandwidth AE of X-rays 
eventually reaching object BDY and/or the detector. 

Optionally, a post-object Spatially-periodic grating G3 is 
further included, positioned between object BDY and detec 
tor D, as closely as possible to detector D, as shown in FIG. 
2. Its inclusion then extends the range of the parameter 
window, and/or allows the use of a detector with a large 
pixel period, and/or allows refractive-indeX contrast to 
obtain with a continuous media detector, and/or acts as an 
alignment fiducial. Unfortunately, the presence of grating 
G3 frequently causes Some increased object dosage (for the 
same degree of quantum mottle). Grating G3 is preferably 
omitted in dosage-Sensitive applications; however, when 
either detector configuration of FIG. 3a or 3b is used, then 
grating G3 is always present. In the detector arrangement of 
FIG. 3b (giving only Small increased dosage) grating G3 is 
present and made from a periodically structured fluor (X-ray 
converter) material, whereupon it becomes a component of 
detector D. 

GratingS G1, G2 and G3 are longitudinally very thin, i.e 
their spatially periodic structures each have a typical thick 
neSS that is generally leSS than about 60 lum, in most 
embodiments is only a few um thick, and in Some cases is 
even slightly less than 1 um, depending on the kind of 
grating used. Within fabrication tolerances the gratings are 
Substantially-planar and Substantially-mutually parallel. (It 
should be noted in passing, however, that it is also possible 
for the Invention to work with all gratings and the detector 
very gently curved with Such curvature centered on focal 
Spot S, and/or for it to work with all gratings and the detector 
configured in a piece-wise planar arrangement. Such 
configurations, however, are not considered to depart from 
the notion of their being "Substantially-planar' and/or 
“substantially-mutually parallel”.) The needed spatially 
periodic structures for the gratings are fabricated using 
current-practice microfabrication technology. They are most 
readily fabricated by laminating the Spatially periodic struc 
tures onto a supporting Substrate SUB, as shown in FIGS. 
6a, b for binary absorption gratings. Free-standing 
(unsupported) thin membrane grating structures or grating 
Structures embedded within a Substrate are also possible 
without departing from the Invention. For Supporting grat 
ingS G1 and G2, the Substrate is typically a thin wafer about 
200-300 um thick that is made from an X-ray and light 
transmitting dimensionally stable material Such as fused 
Silica. When grating G3 is included, it may use a similar 
substrate; however, as shown in FIG. 2, it is preferably 
laminated directly to the Surface of detector D, during the 
detector's fabrication. 

The thickness Z of the very thin layer comprising each 
grating varies spatially as a 1D-periodic (in x) or 
2D-periodic (in X and y) Step-function profile that usually 
includes Zero-thickneSS Steps. The gratings are unlike Bucky 
grids, in that the layer is kept as thin as possible while Still 
performing its desired function. Said thinneSS provides 
minimal Vignetting So that the grating's periodic absorptive, 
transmissive, and refractive character is minimally affected 
by the incidence direction of impinging X-rays. A 
2D-periodic grating preferably has the same period in both 
the X and y directions. Together, the gratings are either all 
1D-periodic or all 2D-periodic. The grating planes are 
accurately parallel to each other and in X-y planes. The 
Spatial periods of gratingS G1, G2, and G3 are respectively 
a1, a2, and as, and are precisely Specified. (If they have 
unequal X and y-directed periods then they are respectively 
a1 and a1, a2, and a2, and as and as, respectively, with 
obvious notation.) In FIGS. 1 and 2 imaging detector D (e.g 
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a CCD array with a built-in front-surface fluor) has a 
Substantially planar 2D-periodic pixel array. The detector is 
Sensitive to X-rays (preferably with a high quantum 
efficiency) and to light (at least weakly). Its plane is also an 
X-y plane. Usually, it is a Square array with a carefully 
Selected pixel period, a, although a rectangular array (with 
asSociated X and y periods aro and ap), or even a hexagonal 
array also may be used, if desired. 
The Spatially periodic grating Structures of gratingS G1, 

G2, and G3, may be viewed as each being contained within 
an associated and respective very thin slab-shaped Volume, 
with the three associated slab-volumes denoted as SV1, 
SV2, and SV3. Portions of slab-volumes SV1, SV2, and 
SV3 are shown on FIG. 2. Each Such slab-volume is 
bounded between an associated mutually-parallel pair of 
Substantially planar and very closely spaced imaginary Sur 
faces BS, shown on FIG. 2 by dotted lines. (Mutual 
parallelism of two thin slab-Volumes is then taken to mean 
mutual parallelism of the associated bounding Surfaces BS, 
wherein these bounding Surfaces are the Slab faces of the 
associated slab-volumes.) A spatially periodic structure 
always occupies each of these slab-Volumes, including slab 
volume SV3. When grating G3 is present it becomes the 
spatially-periodic structure within slab-volume SV3, and 
then detector D may or may not be spatially periodic. When 
grating G3 is absent, then the Spatially-periodic front Surface 
of detector D takes its place and instead occupies slab 
volume SV3, whereupon the detector's front Surface then 
must be spatially periodic. For scatter induced blur to be 
removed by the Invention, not only must the front surface of 
detector D be spatially periodic, but the individual pixels 
within its Spatially periodic array must also simultaneously 
and independently record the locally incident flux of X-rays 
incident on them. However, in a very simple Embodiment of 
the Invention that use the detector arrangement of FIG. 3a, 
refractive indeX imaging is obtained without the Subtraction 
of Scatter induced blur, and then only grating G3 is spatially 
periodic. Furthermore, even when the detector's basic 
makeup is continuous and not spatially periodic (e.g. a 
Screen-film detector), it may be made spatially periodic by 
a post-exposure digital Scanning of its Surface, as per Sect. 
V6. 

Grating G1 is preferably located longitudinally as close as 
possible to focal spot S, as allowed by intervening 
components, and as shown on FIG. 1. The longitudinal 
positionings of the gratings and of the detector are critical. 
The longitudinal spacing between grating G1 and grating G2 
(i.e. between slab-volume SV1 and SV2) is the carefully 
controlled length R, while the longitudinal spacing between 
grating G2 to the Surface of detector D, or to grating G3 
instead, if grating G3 is included (i.e. the perpendicular 
distance between slab-volumes SV2 and SV3). is the care 
fully controlled length R. The sum of these two lengths is 

as shown by appropriate dimensioning on FIGS. 1 and 2. 
The total Source-to-detector distance is 

L==Rs+R, (III.2) 

also as shown on FIGS. 1 and 2. It is slightly greater than L 
Since the gratings are between focal spot S and detector D. 
Since the front surface of detector D and grating G3 are 
interchangeable as the contents of slab-volume SV3, and 
Since the slab-Volumes containing these various spatially 
periodic structures are all very thin, then measurements of 
R and R2 in general may be taken to these slab-shaped 
Volumes, whether or not grating G3 is present. 
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The Invention's description uses the parameters C. and M. 
The parameter C. is defined as the ratio of R to R, 

(III.3) 
C. E 

Relative to a fictitious X-ray point S' located on the plane of 
grating G1, as shown in FIG. 2, the parameter M is the 
geometric magnification for a geometric projection from S' 
of the periodic structure of grating G2 onto the Surface of 
slab-volume SV3. It is given by 

R1+R2 (III.4) 
M = - R - - 1 + C. 

Note that R, R, L, O, and M are all determined by 
Specifying any one of the lengths R, R2, or L, and either one 
of the dimensionless parameters M or C. One may specify 
R and R, in terms of L and C., by 

R1 = L 1. R2 = L (III.5) 

The length p is defined as 

- - - oil (III.6) 
p = R+ R. T (1 + C)? 

Once L, O, and E are chosen, then the seemingly minor 
but, in fact, critically important chosen value for a, along 
with the Structures, shapes, dimensions and material com 
positions of the periodic layerS on gratingS G1, G2, and G3, 
determine the Invention's mode. Operation of the Invention 
occurs in the interferometric modes only at or near Specific 
discretely allowed values for a that, in turn, depend on L, 
C, and E, as disclosed in Sects. III.3, III.4, and III.8. For 
fixed L., E and a chosen mode, the associated discretely 
allowed value for a then depends only on C. This 
a-dependence is shown as the Solid-line curve on each of 
FIGS. 21a-f for various associated Invention modes and 
chosen L and E. Operation in geometric-shadow mode 
occurs only for a specifically allowed range of values for a 
In the interferometric modes and/or at the range limit for 
geometric-shadow mode, then given L, C, E and mode 
choice, the period a is determined by Equations/Formulae 
given in Sects. III.2-III.2.4, the period al in Sect. III.5, the 
period as in Sect III., and the perioda in Sects. III.6-III.6.4. 
A more convenient design starting point and associated 
apparatus definition is also provided in Sect. III.6.4, where, 
given choices for L., E., a, and mode, then the associated 
allowed values for C, a, a and as are determined in an 
equivalent manner. 
Two kinds of gratings are used by the Invention-binary 

absorption gratings and phase gratings. Each has a Spatially 
periodic Surface layer. The layer XAL on a binary absorption 
grating is strongly X-ray (and light) absorbing, so that it acts 
as a Spatially periodic mask for X-rayS. Its 1D-periodic 
Spatially-dependent transmission (ideally) is proportional to 
the periodic rectangle function H, as defined by Eq. (I.6). 
This function assumes only two values 0 and 1, that then 
correspond to layer thicknesses Z and 0. A binary absorp 
tion grating defined by function H with period a and with the 
Zero-thickness area width S, has 0<S/as 1. The ratio S/a is 
called the “duty-cycle”. The elevation X-Z views of cuts 
through gratings that are shown in FIGS. 2, and 6a,b are 
drawn with the surface layer profiles of binary absorption 
gratings. Grating G1 and, when present, grating G3 are both 
always binary absorption gratings. 

In the geometric-shadow and amplitude-interferometric 
modes grating G2 is a binary absorption grating. In 
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geometric-shadow mode grating G2 simply acts as a peri 
odic X-ray absorbing mask that casts a periodic geometric 
Shadow in the transmitted X-rayS. In the interferometric 
modes, however, given finite X-ray wavelength and Small a, 
grating G2 acts as a diffraction grating that deflects trans 
mitted X-rays. In phase-interferometric mode grating G2 is 
a non-absorbing phase grating that casts no Shadow and can 
only act as a diffraction grating. Elevation X-Z views of the 
thickness profile of the Surface layer of typical 1D-periodic 
phase-grating thickness profiles are shown in FIGS. 7a-e. A 
phase-grating has negligible absorption of X-rays. Instead, 
its laminated layer is made from a minimally absorbing 
X-ray refractive material, whose Spatially-periodic thickneSS 
variation provides a Spatially periodic variation of the trans 
mitted X-ray phase-shift. Said thickness varies as a 1D or 
2D-periodic step-function that assumes two or more discrete 
values (including Zero) within a period. There are m, steps 
per period a, each of width a?m, where m is a chosen 
integer, as disclosed in Sect. III.4. 

For 1D-periodic gratings the X-dependent Spatially 
periodic profile of the Surface layer persists for all y (to the 
grating's edge), while for 2D-periodic gratings the profile's 
shape varies periodically in y with the same period. The X-y 
plan View of a 1D-periodic binary absorption grating is 
shown in FIG. 8a. Its absorbing areas XAL, shown as 
shaded (by //-hatching) on FIG. 8a, form stripes. The 
Zero-thickness X-ray (and light) transmitting areas between 
these stripes, shown unshaded on FIG. 8a, are called “slits”. 
The width of all slits on grating G1 is S. When grating G2 
is a binary absorption grating, its slit widths are all S. When 
grating G2 is a phase grating, its Step widths are all a 2/m, 
where m is an integer defined in Sect. III.4. 

Plan x-y views of 2D-periodic binary absorption gratings 
that may be used for gratings G1 and G2 are shown in FIGS. 
8b-d. Plan x-y views of two 2D-periodic phase gratings that 
may be used for grating G2 are shown in FIGS. 9a,b. When 
gratings G1 and G2 are 2D-periodic, then either may be 
independently configured as a separable or as a checker 
board 2D-periodic function of X and y, as per Eqs. (I.3) and 
(I.4), and as shown respectively in FIGS. 8b-d for binary 
absorption gratings. Shaded areas (by ///-hatching) on FIGS. 
8b-d are the X-ray absorbing layer XAL, and unshaded areas 
are X-ray (and light) transmitting areas on binary absorption 
gratings with Zero-thickness of the Surface layer. The trans 
mitting areas shown on FIGS. 8b,c are squares and the 
absorbing layer XAL is contiguous throughout the grating. 
These planforms are generated by the use of the function H 
as defined by Eq. (I.6), and Eq. (I.3) or (I.4) with the + sign 
and g=0. Similarly, the planform shown on FIG. 8d uses the 
function H with g=1 with the - Sign, So that the absorbing 
and transmitting areas are interchanged. The plan views 
shown on FIGS. 9a, b correspond to separable 2D-periodic 
functions for phase gratings, where unshaded areas have 
Zero thickness of the refractive Surface layer and areas 
shaded with oppositely inclined (// and \\\) hatching have 
different thicknesses of the X-ray refracting phase-shifting 
layer. 
When the detector is a periodic array of detector pixels, 

each pixel’s Side has the dimension 
ap=asful, (III.7) 

where u is a positive even integer greater than or equal to 2. 
Additionally, to allow subtraction of scatter induced blur, the 
detector's individual pixels are all labeled in a 2D-periodic 
manner by the labels band d, or by b, c, and d to denote their 
use by the Invention. The 2D-periodic X-y layout for these 
labels is provided by “tiling”. That is, the layout may be 
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Viewed as having been formed by laying Square tiles in a 
Square array pattern on top of the pixel array, with all tiles 
having the same orientation and kind. Each tile has a side 
equal to as and exactly covers upixels, as per Eq. (III.7). 
The tile is thus auanxua Square, comprised of u pixel 
sized (i.e. axar) labeled areas. 

The preferred tiling choice uses u=2, whereupon each tile 
is then divided into quadrants; however, it is also possible to 
construct ua Xua, pixel-labeling tiles for use in the 
Invention, where use2 is an even integer. Five kinds of u=2 
pixel-labeling tiles are then preferably used by the Inven 
tion. These are denoted as PT1-PT5, and shown in FIGS. 
10a-e. Each tile includes at least one b and one d-labeled 
pixel. The tile PT5 also includes two c-labeled pixels. 
Portions of pixel layouts tiled with PT1, PT3 and PT5 tiles 
are shown respectively in FIGS. 12a-c. Straight lines are the 
covered pixel boundaries, with the tiles butted edges shown 
as heavy Solid Straight lines and the labeled area boundaries 
within a tile shown as medium-breadth Straight lines. Each 
pixel’s associated label (b, c, or d) is at the center of the 
asSociated pixel. The thin curved lines are constant X-ray 
intensity contours when object BDY is absent, as disclosed 
further in Sects. III.5 and III.9. 

The 1D or 2D-periodic X-y planform of the absorbing 
layer XAL on grating G3 also may be viewed as having been 
formed by tiling, again with tiles all having the same 
orientation and kind. A structure occupying slab-Volume 
SV3 is then always tiled with the tiling period as, and via its 
tiled construction, grating G3 then automatically has the 
Spatial period as Note that the period as is always defined 
for the Invention, whether or not detector D consists of a 
Spatially periodic array of pixels. The tiles used for config 
uring the planform of grating G3 are then all axa in size. 
When grating G3 is present and detector D is also 

Spatially periodic the G3-forming tiles have the same size as 
that of the pixel-labeling tiles. The grating G3 tiles are then 
also similarly divided into u Square pixel-sized (i.e. axar) 
areas, and grating G3 is aligned (by methods discussed in 
Sects. III.10-III.10.3) so that each G3-forming tile is 
directly over and covers an associated pixel-labeling tile on 
detector D, whereupon each of the upixel-sized areas of the 
G3-forming tile obtains the associated label of the respec 
tively covered pixel. 
When present, grating G3 has an associated defining 

positive integer V. For cases with V>1 each of the pixel-sized 
labeled areas of a G3-forming tile is further subdivided into 
a Square array of v Small Squares, where ve2 is an integer, 
so that each full G3-forming tile now contains uv' small 
Squares, and the side of each Such Small Square is a/v. Each 
Small Square has either Zero or Z, thickness of the gratings 
X-ray absorbing layer XAL. Cases with grating G3 config 
ured with V=1 are used with the detector arrangements of 
FIGS. 3a, b, and discussed in Sect. V.6. For v=1 the gratings 
x-y planform is similar to that shown in FIGS. 8a–d, 
whereupon it automatically has a tiled planform, even 
though detector D is not necessarily periodic in Such case. 
Cases with V=1 generally also include a fluor that converts 
X-rays to light. While grating G3 may be X-ray absorbing and 
may be positioned ahead of the fluor for these cases, the 
grating is more easily fabricated and thinner if it is located 
behind the fluor, whereupon it then only must be light 
absorbing. 

For each of the 5 kinds of u=2 pixel labeling tiles, 
PT1-PT5, there is an associated set of G3-forming tile 
kinds, wherein each member of each Set contains a multi 
plicity of possible tiles further identified by the associated 
value for V. If grating G3 is included in the apparatus, then 
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a given pixel-labeling tile is used only with G3-forming tiles 
from the associated set. Examples of x-y planforms for G3 
forming tiles are shown in FIGS. 11a-d for u=2 and various 
values of V. G3-forming tiles are denoted on FIGS. 11a-d as 
G3TgV, where the first indeX g denotes the associated 
pixel-forming tile PTg, and the Second indeX V gives the 
defining integer (divisor). The method by which these lay 
outs are derived and their use by the Invention is disclosed 
in Sect. III.6.1. 

For the Invention to function properly, it is critically 
important that gratings G1 and G2 (and G3, if present) are 
all carefully and accurately aligned with each other and with 
a periodic detector D. FIG. 1 shows further added compo 
nents that are used for alignment. Typical required alignment 
accuracy is to within <1 um laterally and to within <100 um 
longitudinally throughout the planes of the slab-Volumes 
and the associated components G1, G2, G3 and D. Sections 
III.10-III.10.3 disclose methods, components, and prin 
ciples of operation for an in-situ laser interferometer that is 
used to align these four components to Said required accu 
racy. Said methods and added apparatus components for 
alignment are also an important part of the teaching pro 
Vided by the Invention. Other important components, needed 
for data processing and apparatus alignment, include digital 
computer CP(internally including associated image process 
ing electronics and Software) and associated monitor TV, as 
shown on FIG. 1. 
A “resolution element” of the final image produced by the 

Invention corresponds to the axar Square area, as measured 
on the detector Surface. Said area then corresponds to the 
pixel Size of the final image produced by the Invention. 
Unlike other art, in the Invention the size of an image-pixel 
a is not equal to the size of a detector-pixel, a. The length 
a is generally chosen as greater or equal to two resolution 
limiting lengths, arc, and aro, and greater than or equal to 
the SV3 tiling period (i.e. to u times the detector pixel 
period) as per 

(III.8) 3 3 - a s. crg SCR (RoS (R, it does S (tr. 

The length a is the resolution length Set by “geometric 
blurring Meredith and Massey, 1977, pp.220-221. It is 

WSRD 
arg -- R - , 

(III.9) 

where Rs is roughly the distance between object BDY and 
focal spot S, where focal spot S (viewed longitudinally) has 
an approximately elliptical profile with a maximum lateral 
width Ws, and where the spacing between object BDY and 
detector D is roughly R, as shown on FIGS. 1 and 2. The 
length aro is the resolution limit set by "quantum mottle" 
Meredith and Massey, 1977, pp.202-203), i.e. by photon 
shot-noise at detector D. For a faintly imaged object artifact 
that produces an image feature with Some minimum detect 
able change (say about 1%) in image gray-Scale, and whose 
projected area on the detector has the area arxa, then the 
length a sets the minimum area for Said image feature to 
allow the detector to integrate Sufficient X-ray flux So that 
Said feature is distinguished at 1-to-1 Signal-to-noise ratio 
from quantum-mottle induced features on the image with the 
same area. The length a may be reduced only by using an 
X-ray detector with increased quantum efficiency, and/or by 
increasing the X-ray flux transmitted by object BDY. (In a 
conventional radiography apparatus it also may be increased 
by removal of the Bucky grid.) For medical imaging, 
however, patient dosage limits restrict improvements via 
increased flux. 
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III.1 The Invention's teaching 
There are basically six key ingredients to the Invention's 

inventive concept. Minimally, the first two are required for 
the Invention to produce new useful effects. (1) The first key 
ingredient is using a periodic grating G2, configured either 
as a binary absorption grating or as a phase grating, as 
disclosed in Sects. III., III.3, III.4, and III.8, and configured 
So that a (fictitious) point X-ray Source S' located on the plane 
of grating G1, as shown on FIG. 2, forms a generally 
non-sinusoidal spatially-periodic X-ray intensity interfer 
ence fringe pattern Q with a very Small period, ao, on 
slab-volume SV3, wherein detector D or grating G3 resides. 
This fringe pattern Q is formed by wave interference via the 
X-ray analog of the fractional Talbot effect. The more 
commonly discussed but less general non-fractional Talbot 
effect is then automatically included as a special case of the 
more-general fractional Talbot effect. While it is less com 
monly recognized but basically evident upon Study, 
Spatially-periodic geometric-shadow formation is then also 
automatically included as a special case of the more-general 
Talbot effect. Via wave interference effects the fractional 
Talbot effect allows point Source S" and grating G2 to create 
an “aliased' pattern Q whose dominant Spatial frequency is 
an integral multiple (harmonic) of the geometric-shadow's 
dominant Spatial frequency, and also to create a spatially 
periodic X-ray intensity interference fringe pattern Q when 
grating G2 is a non-absorbing phase grating. 

(2) The Second key ingredient, as disclosed in Sect. III.5, 
is forming a periodic Source via the further inclusion of 
grating G1 positioned near to but spaced from focal Spot S, 
configured with a period a So that a high-contrast, high 
intensity, G1-averaged Spatially-periodic pattern P is formed 
via registration of the various contributions by each of the 
grating G1 periods. Pattern P, is thus projected by gratings 
G1 and G2 acting together, and has the spatial period ar, 
with ap-o. Simple geometric considerations indicate that 
grating G1 can create pattern P with a dominant spatial 
frequency that is a rational fraction of of pattern Q's 
dominant spatial frequency. It is seen that pattern P, as 
created by gratings G1 and G2 acting together and projected 
on slab-volume SV3, is quite different from a pattern created 
by focal spot S and either grating acting alone (i.e. in the 
same position but with the other absent) and similarly 
projected on slab-Volume SV3. Acting alone, either grating 
acts Similarly to the Single pre-object grating used by 
Barnea. Given the finite width Ws of focal spot S, however, 
a single grating produces a pattern that, although spatially 
periodic, has a much diminished spatial intensity variation 
(contrast) relative to the pattern projected by gratings G1 
and G2 acting together. Furthermore, given the finite spacing 
between focal Spot S and either grating, the Single-grating 
pattern also has a dominant spatial period that is different 
from pattern P (as projected by gratings G1 and G2 acting 
together). 

(3) The third key ingredient, as disclosed in Sects. III.6 
III.6.4 and III.8, is providing a harmonic matching of the 
actual spatial period and phase of pattern P (with no object 
present) to the detected spatial period and phase of pattern 
P. This method is conceptually similar to one introduced by 
early radar technology (reportedly by R. Dicke) in the 
temporal-frequency domain, therein called Synchronous 
detection, although here, it is used in the Spatial-frequency 
domain. There are various ways for applying the 
Synchronous-detection method here. Some require no fur 
ther added hardware components and may be performed 
during a post-exposure reduction of image data. Thus, in a 
realizable (but not preferred) configuration for the Invention 
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a Spatially continuous detector may occupy slab-Volume 
SV3, whereupon only phase and period-specific attributes of 
its recorded image are then used to compute the final image. 
Obtaining accurate phase and period matching with Such a 
configuration, however, is both difficult and not readily 
adaptable to a clinical environment. Thus, added hardware 
components are preferred for doing So. 

Such components take various configurations and gener 
ally occupy slab-volume SV3. A spatially periodic detector 
in slab-volume SV3 does so, with its periodic pixel array 
period and phase matched to pattern P. A Spatially periodic 
grating G3 occupying slab-Volume SV3 also does So with its 
Spatially-periodic structure then period and phase matched 
to pattern P whereupon it then acts as a mask to mask the 
recorded spatial profile of pattern P. The masked pattern P 
then may be detected using a Spatially-continuous detector, 
or it also may be period and phase matched to the Spatially 
periodic pixel array of a Spatially-periodic detector. 
When the grating periods are Sufficiently Small So that a 

is appropriately Small, as disclosed in Sect. III.7., then the 
refractive-indeX contrast methodology can obtain from these 
three ingredients alone. For Scatter-induced image blur to be 
eliminated by the Invention, however, two more key ingre 
dients (4 and 5) are required. (4) The fourth key ingredient, 
disclosed in Sects. III., III.6 and III.6.1, is configuring the 
detector with a pixel array wherein all pixels simultaneously 
and independently record the X-ray intensity locally incident 
on them, and wherein a tiling algorithm is used to provide 
interlaced b and d pixel labels. The periods at and a must 
be both Smaller than the size as of an image resolution 
element, and the third key ingredient must be performed So 
that the phase and period of pattern P matches the phase and 
period of the detector pixel labels. (5) The fifth key 
ingredient, as disclosed in Sects. III.6.2, III.8 and III.9, is 
performing an image Subtraction for each resolution element 
using X-ray intensities measured by the b-labeled (and in 
Sect. III.9, c-labeled) pixels within said resolution element 
and by d-labeled pixels that are either within said resolution 
element or are within neighboring resolution elements. 

In principle, the above five key ingredients are Sufficient 
for the Invention to function fully, and to include its removal 
of Scatter-induced blur. However, as a critically important 
practical matter, it is necessary to include additional appa 
ratus components and methods So that the above required 
phase matching can be achieved conveniently in practice. (6) 
The sixth key ingredient, as disclosed in Sects. III-III.10.3, 
is providing an in-situ laser interferometer (herein a collat 
eral Invention) for apparatus alignment that then allows 
phase matching to obtain in practice. 

Additional inventive features of the Invention all rely on 
these six key ingredients. The following teachings then 
underlie the objectives of the Invention: 

The Invention first teaches the 6 key ingredients behind its 
inventive concept, as given above. 

Regarding key ingredients 1-5, the Invention teaches that 
the method of image Subtraction for removing the blurring 
effects of Scatter, as taught by the prior art of Anno, Barnea, 
and Ema (wherein Said prior art includes a single pre-object 
grating), is significantly improved by the further inclusion of 
a Second pre-object grating located near the finite area 
diffuse source S of X-rays, and that source S with the further 
added pre-object grating together effectively create a 
Spatially-periodic X-ray Source, and that the two gratings 
together with X-ray illumination from the finite area diffuse 
Source S of X-rays form a high-contrast high-intensity 
Spatially-periodic X-ray intensity pattern P on the Surface of 
slab-volume SV3 when no imaged object BDY is present in 
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the apparatus. In the Invention, the grating nearest the X-ray 
Source S is labeled G1, while the grating next encountered 
by the propagating X-rays is labeled G2. Regarding key 
ingredients 1-5, the Invention teaches that the method of 
image Subtraction for removing the blurring effects of 
Scatter, as taught by the prior art of Anno, Barnea, and Ema, 
wherein Said prior art requires a multiplicity of Sequential 
exposures with imaged object BDY present and a relative 
realignment of apparatus components between these various 
exposures, is improved significantly by allowing the method 
to obtain with image data all recorded simultaneously during 
a single exposure and without concomitant component 
realignment needed, and wherein Said improvement obtains 
by configuring the image recording detector D with a 
periodic array of pixels with period a, by periodically 
interlacing sparse arrays of b- and d-labeled pixels within 
the detector's pixel array via a tiling algorithm, wherein each 
different label indicates a different use of the associated 
pixel’s recorded data, by configuring the period at So that 
the phase and period of the b-labeled pixels matches that of 
the high-contrast periodic intensity pattern P, and finally by 
using recorded data from the b- and d-labeled pixels in an 
image Subtraction algorithm. 

Regarding key ingredients 1-3, the Invention teaches that 
for period and phase matching to obtain, then a very precise 
relationship between the grating G1 period a, the grating 
G2 period a, the SV3 tiling period as, the period at of 
pattern P, the detector period ar, and the dimensionless 
parameter C, that is the ratio of the distance from slab 
volume SV2 to the slab-volume SV3 (grating G3 or detector 
D) to the distance between gratings slab-volumes SV1 and 
SV2 (i.e. between gratings G1 and G2), is necessary, and 
that the slab-Volumes must be kept precisely parallel. 

Regarding key ingredients 4 and 5, the Invention teaches, 
in consideration of very Small-angle (less than 1) X-ray 
Scatter by biological tissue, that the improved image Sub 
traction method is further improved by the use of gratings 
with grating periods that are typically much Smaller than 
those used by prior art, that are Smaller than the resolution 
length a, as measured on the detector's Surface, and that are 
Smaller than the typical lateral displacement of X-ray photon 
detection points caused by Said Scatter. 

Regarding key ingredient 1 the Invention teaches what is 
the appropriate lower limit Set by physical optics principles, 
by the apparatus geometry, and by the X-ray energy for the 
choice of period a for the formation of geometric Shadows 
by grating G2, and how to calculate this limit. 

Regarding key ingredients 1 and 2, the Invention teaches 
that the Talbot and/or fractional Talbot effects can be used 
for the formation of a high-contrast G1-averaged interfer 
ence pattern P, with values of a Smaller than those that 
no-longer give geometric Shadows, and that these Smaller 
values are useful for high-resolution radiography. 

Regarding key ingredient 1, the Invention teaches that the 
Talbot and fractional Talbot effects obtain only at very 
Specific choices for grating G2 period a, that are typically 
much smaller than and mutually exclusive of the allowed 
range of values for a that provide geometric Shadows. 

Regarding key ingredients 1 and 2, the Invention teaches 
that when grating G1 and G2 are used together, then the 
Talbot and fractional Talbot effects obtain over the whole 
detector area when precision alignment is maintained, that 
these effects occur without the presence of one or more 
lenses, as are commonly used in demonstrations of these 
effects with light, and that Said effects may be applied 
usefully to radiography practice. 

Regarding key ingredients 1 and 2, the Invention teaches 
that the Talbot and fractional Talbot effects occur with viable 
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microfabricated grating Structures, made from realizable 
materials and used with hard penetrating X-rays with ener 
gies useful for radiography, and that the microfabricated 
Spatially-periodic grating Surface layers then have thick 
neSSes that provide acceptably low Vignetting by their struc 
tureS. 

Regarding key ingredients 1 and 2, the Invention teaches 
how Said microfabricated grating Structures are configured 
either as phase gratings or as a binary absorption gratings, 
and how Such gratings are designed and fabricated. 

Regarding key ingredients 1 and 2, the Invention teaches 
that at Specific choices of a that depend on X-ray energy and 
on the apparatus geometry, then periodic X-ray interference 
pattern P with period at is formed on slab-volume SV3 
grating by G1 multi-period averaging of pattern Q, and that, 
in turn, pattern Q is formed with period a via the X-ray 
analogs of the Talbot and fractional Talbot effects by the 
Invention's geometry when grating G2 is a binary absorp 
tion grating, and further teaches appropriate values for a, 
profiles, planforms, Structures and materials for said grating, 
and that these specific choices of period have values at 
which geometric Shadows are not cast by grating G2. 

Regarding key ingredients 1 and 2, the Invention teaches 
that at Specific choices of a that depend on X-ray energy and 
on the apparatus geometry, then periodic X-ray patterns Q 
and Pare similarly formed on slab-volume SV3 via the X-ray 
analogs of the Talbot and fractional Talbot effects by the 
Invention's geometry when grating G2 is a non-absorbing 
phase grating, and further teaches appropriate values for a, 
profiles, planforms, Structures and materials for said grating, 
and that geometric shadows are not cast by Such a grating. 

Regarding key ingredient 1, the Invention teaches Suitable 
choices for filter F and anode A materials and for an 
AC-ripple-free DC high Voltage Specification for power 
supply HV for generating X-rays with a conventional X-ray 
tube T, that then allow the X-ray spectral bandwidth AE 
there-produced to be sufficiently narrow to allow the X-ray 
analogs of the Talbot and fractional Talbot effects to obtain. 

Regarding key ingredients 1-3, the Invention teaches the 
needed values of a and apparatus geometric parameters 
whereby the Talbot and fractional Talbot effects obtain in the 
Invention in a manner wherein image contrast is obtained 
from refractive-index-gradients of object BDY, and that said 
refractive-index-gradients produce an edge-enhanced image 
of artifacts within object BDY. 

Regarding key ingredients 1-3, the Invention teaches that 
images with refractive-indeX gradient contrast may be 
obtained with the Invention by using three Spatially periodic 
gratingS G1, G2, and G3, appropriately configured and a 
continuous recording media for the detector, Such as a 
fluor-screen and film. 

Regarding key ingredients 1-3, the Invention teaches, that 
the fractional Talbot effect provides energy-dependent con 
trast reversals of periodic pattern P. These contrast reversals 
may be used to provide a dual energy X-ray imaging System. 
When the energy of Such a contrast reversal is appropriately 
configured in the X-ray analog of this effect to match the 
energy of the abrupt absorption and/or refractive index 
change of a given element that occurs at an absorption edge 
that is characteristic of that element, then Such a configu 
ration further allows image contrast to obtain for only Said 
element distributed within object BDY. It further teaches 
that the refractive-index variation with energy of Said ele 
ment provides added image contrast. It further teaches that 
higher element-Selective contrast is much higher when grat 
ing G2 is a phase grating than when it is a binary absorption 
grating. It further teaches methods for configuring the Inven 
tion So that element-Selective imaging obtains with the 
Invention. 
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Regarding key ingredients 1-5, the Invention teaches how 
to obtain Simultaneously two independent images, Such as 
an image of an examined object's absorption distribution 
and an image of its refractive-indeX gradient distribution 
with the Invention from data recorded during a Single X-ray 
exposure via the additional interlacing of c-labeled pixels 
within the detector's periodic pixel array via a tiling 
algorithm, wherein the data from b-, d-, and c-labeled pixels 
are used in an image Subtraction algorithm. 

Regarding key ingredient 3, the Invention teaches that the 
further inclusion of a third grating, G3, that is located 
immediately in front of or immediately behind a detector's 
periodic pixel array and is configured as a binary absorption 
grating and with a periodic planform that is devised via a 
tiling algorithm, can be used to mask portions of each 
detector pixel So that phase and period matching then occurs 
for detectors having pixel periods larger than ap/2, whereby 
the useful range of apparatus parameter values is extended. 
The Invention also teaches that use of grating G3 to mask a 
Spatially continuous detector facilitates phase matching and 
alignment, and also may be used to obtain refractive-indeX 
imaging by masking BRIGHT fringes of pattern P (to 
provide an otherwise DARK field with object BDY absent) 
without requiring a periodic detector-pixel array and the 
asSociated expense. 

Regarding key ingredient 6, the Invention teaches Suitable 
methods by which a collateral Invention, consisting of a new 
form of laser interferometer, is used in-situ for obtaining and 
maintaining precision alignment of its apparatus, by further 
exploiting the Inventor's discovery that exactly the same 
Equations and parameter values that allow the Invention to 
function with X-rays, then also allow said in-situ optical 
interferometer to be built, that, in turn, forms with light 
interference pattern O with the same period a as that of 
pattern P, and thereby allows pattern O to be used for 
apparatus alignment with light. The Invention further 
teaches methods for using this laser interferometer to obtain 
accurate apparatus alignment and to achieve accurate period 
and phase matching. 

Regarding key ingredients 1-6, the Invention teaches that 
the Invention's not requiring realignment between expo 
Sures allows acquisition of image data via a rapid temporal 
Sequence of X-ray exposures, wherein the apparatus is reori 
ented relative to the object between exposures, and wherein 
during each exposure a portion of the final image data is 
acquired, and wherein these various acquired data Sets for 
the various exposures of the Sequence eventually can be 
Synthesized to form the final image. So doing, the Invention 
can use a sparse array of inexpensive Small CCD detectors. 
Also So doing, the Invention can be used for a CT Scan. 

Regarding key ingredients 1-6, the Invention teaches that 
the Invention's reduced scatter-induced blur allows removal 
of Source collimation in a CT Scanning apparatus So that the 
Invention may be used therein, whereby an increased num 
ber of paths through object BDY is recorded simultaneously, 
and whereupon the required total Scanning time is then 
reduced. 

Regarding key ingredients 1-6, the Invention teaches 
apparatus configurations and methods, for realizing the 
above teachings in practice and with detector arrays with 
various different sizes, and further teaches associated fabri 
cation details and appropriate materials. 

Other teachings and objectives of the Invention also will 
become apparent as remaining details of the Invention are 
disclosed. 
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III.2 Calculation of pattern Q using physical optics prin 
ciples 
To provide details of the operation of the Invention, it is 

helpful to define two X-ray intensity patterns, Q and Q'. 
These are idealized intensity profiles of interference patterns 
that would be formed on the surface of slab-volume SV3 by 
X-rays emitted by an idealized (fictitious) point Source S, 
shown on FIG. 2, located at lateral position X y 
(referenced to C.) on the plane of grating G1. Patterns Q and 
Q' correspond to situations with object BDY respectively 
absent and present. With object BDY absent, X-rays emitted 
by point Source S' propagate through grating G2 directly to 
slab-volume SV3, and pattern Q is then formed on the 
surface of slab-volume SV3. Pattern Q is spatially periodic, 
with Said periodicity displaying high contrast. When object 
BDY is present, X-rays are transmitted both by grating G2 
and object BDY, whereupon object BDY modulates pattern 
Q so that pattern Q' is formed instead. 
The intensity of pattern Q has a periodic spatial 

dependence, Specified by the function I(Xaya; Xy), 
where X and y are measured laterally on the Surface of 
slab-volume SV3 (e.g. on the surface of periodic detector 
D). When grating G2 is 1D-periodic, then interference 
pattern Q is also 1D-periodic and given by the function 
I(X;X). When Source S is located on axis C, (at Xiy= 
0.0), I is then specified by the 2D and 1D-periodic func 
tions 

lo(Xsys)-loxsys;0.0), (III.10) 

and 

Io(xs)=lo(x3:0). (III.11) 

In geometric-shadow mode grating G2 is a binary absorp 
tion grating. An unscattered X-ray photon's path from Source 
S' to Surface D may be viewed as along a negligible 
thickness Straight-line path through a single transmitting 
aperture in grating G2. This path is similar to that for a point 
particle. Indeed, the inventions by Anno, Barnea, and Ema 
assume Such a propagation model. In Such case pattern Q is 
immediately Seen to be the binary transmission distribution 
of grating G2 geometrically projected onto slab-Volume 
SV3. In an interferometric mode, period a has a small 
numerical value. Since X-rays are a form of electromagnetic 
radiation, then physical optics principles govern their propa 
gation. X-rays acting as electromagnetic waves (rather than 
as point particles) coherently propagate simultaneously 
through adjacent G2 periods, whereupon grating G2 diffract 
the X-rays. Thus, for Small a the wave-like nature of X-rays 
must be considered, and the evaluation of pattern Q then 
involves Solving the physical optics problem for diffraction 
by grating G2. At typical periods for a and typical hard 
X-ray wavelengths used by the Invention, virtually all Fraun 
hofer diffraction orders overlap, whereupon under certain 
additional conditions the (non-fractifractional Talbot effect 
or fractional Talbot effect then obtains. 
The above formulated general physical-optics diffraction 

problem for scalar waves of any kind was first solved by 
Cowley and Moodie 1970 for the case wherein G2 is an 
infinitely-wide planar grating with periodically varying 
transmission. The Cowley and Moodie solution uses the 
Huygens-Fresnel-Kirchoff diffraction integral Born and 
Wolf, 1967, p.380 from physical optics. It is adapted for use 
with complex-valued transmission functions by Clauser and 
Reinsch 1992, Appendix B. It is expressed as a complex 
valued Fourier Series expansion for the wave amplitude that 
impinges on the surface of slab-volume SV3. Clauser and 



5,812,629 
23 

Reinsch 1992 also solved a similar problem for grating G2 
having finite number of periods. While their solution has a 
different appearance from that by Cowley and Moodie, for 
a very large number of periods, the Solutions give asymp 
totically equivalent results, and either Solution may be used. 
Applied to the above problem, both Solutions assume that 
the electromagnetic waves are monochromatic with Some 
energy, E, wherein the functions 1(x) and I(x, y) are then 
obtained as the Squared modulus of the complex amplitude, 
as calculated via Said diffraction integral. 
The general form of the physical-optics Solutions imme 

diately provides two important features of pattern Q that 
always obtain, regardless of the Invention's operational 
mode. The first is referred to as the “seesaw effect”. Said 
effect, for example, explains the operation of a "pinhole 
camera'. The effect is that when source S is laterally 
displaced by increasing X by a distance Ö, then the whole 
resulting pattern Q is correspondingly laterally displaced in 
the opposite direction by the distance C.ö. Given the Seesaw 
effect one can then write 

I(xsix)=lo(x+Cux), (III.12) 

and 

The Second feature is that Since the transmission function of 
grating G2 is (for practical purposes) spatially periodic with 
period a, as per Eq. (I.1), then pattern Q, as formed by a 
reasonably broad grating G2, is also Spatially periodic with 
Some period ao, and one may neglect any corresponding 
residual error created by distant ends of grating G2 (as per 
the aforementioned asymptotic equivalence of the two Solu 
tions and caveats of Sect. I.1). Periodicity then implies 

I(x)=lo(xtkao), (III.14) 

and 

where k and k" are integers. Equations (III.12)-(III.15) are 
fundamental to the operation of the Invention in all modes. 

If grating G2 is 1D-periodic, its complex-valued ampli 
tude transmission is denoted by t(X) as a function of lateral 
position X on G2, with its periodicity implying 

The associated intensity transmission function of grating G2 
is then just the Squared modulus of t (X), 

With Eq. (III.16) (and thus with a very broad grating) the 
physical-optics Solutions show quite generally that I is 
always periodic with the period Ma. Notwithstanding, I 
also may or may not be periodic at a higher harmonic of this 
period. Thus, its period is, quite generally, 

(III.17) 

Ma2 
p 

(III.18) 
s 

where p is an integer that depends on the value of a 
fundamental Scaling parameter B, introduced below. If the 
amplitude transmission function of grating G2 is 
2D-periodic and separable as per Eqs. (I.2) and (I.3), it may 
be shown via reference to the form of the diffraction integral 
that I(x,y) is then also 2D-periodic and separable, also 
Satisfying Eqs. (I.2) and (I.3), as per 
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With t a periodic checkerboard function Satisfying Eqs. 
(I.2) and (I.4), then under Suitable (no overlap) conditions 
I(Xaya) is also given as a checkerboard function Satisfying 
Eqs. (I.2) and (I.4), as per 

do do Ioka(x,y) = loser (x,y) + Io.sp. v +- - , y +- ) (III.20) 
The solutions show that for small a the shape of pattern Q 

depends in a complicated manner on the detailed shape of 
the grating's periodic transmission function. However, for 
illumination by quasi-monochromatic X-rays with wave 
length) =hc/E, where E is the associated photon energy, then 
the Solutions basic Scaling properties and resulting value for 
p are comparatively simple and hold for all a and E, 
including values of a and E for which geometric Shadows 
obtain. With respect to variations of a, Cl, L, and v=hc/E, the 
Scaling is determined by the Single parameter, B, defined as 

(III.21) Wp hcp hcot, 
ap Ea22 Ea(1 + C)? 

s 

where the definition of p from Eq. (III.6) and of C. from Eqs. 
(III.3)-(III.5) are incorporated. The relative shape of pattern 
Q, the value of p, and the period a for Eq. (III.18) depend 
only on the value of B. To use Eq. (III.21) under independent 
variations of either a or E while the other is held fixed, it 
is helpful to define two functions 

12 (III.22) 
1. hcot, 

a 2(E) = 1 + O. E s 

and 

hcot, III.23 
E(a2) - C 2 ( ) 

a 22(1 + C) 

For L=1 m, C=1, and E=17.4 kev, Eq. (III.22) gives 
a-(E)=4.2 um. A variation of as with E held fixed provides 
an associated variation of B given by 

Similarly, a variation of E with a held fixed provides an 
asSociated variation of B given by 

a2(E) ) 2 (III.24) 

E(a) (III.25) 
B = E 

The physical optics Solutions show that for -quasi 
monochromatic illumination, then pattern Q displays quite 
remarkable periodic features that occur via Superposition of 
the Fraunhofer diffraction orders formed by grating G2, for 
values of B with 

(III.26) f = i. e. 

where n and m are both integers, and where e is a Small real 
number. These features are examples of the “fractional 
Talbot effect”. A special case of the more general but 
Subsequently discovered fractional Talbot effect, is a truly 
remarkable effect that is known in light-optics as the “Talbot 
effect”. The (non-fractional) Talbot effect occurs when Eq. 
(III.26) obtains for integers ne0 and m=1, and for e=0. At 
the corresponding values of B, pattern Q then has the form 
of a nearly exact Self-image of the grating's periodic trans 
mission function, magnified by M, whereupon the image has 
the period Ma. Geometric Shadows correspond to a special 
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case of the Talbot effect with the integers m=1 and n=0 and 
Small e. Perhaps even more remarkable than the non 
fractional Talbot effect is the more general fractional Talbot 
effect, that obtains for B having a value such that Eq. (III.26) 
obtains with Small e and with integers m>1 and ne 1, where 
the fraction n/m is reduced to lowest terms, i.e. where the 
integers n and m have no common integer divisor. Such a 
pair of integers are Said to be "coprime' or “relatively 
prime'. In Such cases pattern Q consists of a coherent Sum 
of m Side-by-Side amplitude Self-images per period, all 
magnified by M, each having the period Ma, and with each 
Such Self-image laterally displaced from the next by the 
distance Ma/m. This feature is commonly referred to as 
m-fold "aliasing. Each component Self-image is thus an 
“alias”, and the integer m is the “alias multiplicity'. There 
are m Such coherent aliases that occur per period. 
To observe aliased Self imaging in practice in amplitude 

interferometric mode, the integer m must be kept Sufficiently 
Small So that only a modest number of aliases are formed. 
When the Self-images do not overlap, they form a periodic 
pattern with the period Ma/m. When they do overlap, they 
interfere and produce a variety of interference effects. Note 
Worthy among these effects is the formation of a binary 
intensity pattern (i.e. one with either Zero intensity of a 
constant finite intensity) by a carefully designed step 
function shaped periodic phase grating. When the illumina 
tion is highly monochromatic and the grating contains a very 
large number of periods so that Fraunhofer orders still 
overlap, then the integer n may be quite large and the Talbot 
effect still obtains. 
III.3 Action of grating G2 when configured as a binary 
absorption grating 
When grating G2 is a binary absorption grating, the 

Invention then operates either in geometric-shadow or in 
amplitude-interferometric mode. Neglecting the effects of its 
ends and of the finite "leakage' of its X-ray absorbing layer 
XAL, the grating's binary amplitude transmission as a 
function of lateral position X on grating G2, is given 
(ideally) by Eq. (I.6) as 

t(x2)=H(x-S2, a 2). (III.27) 

Since the function H is always 0 or 1, then via Eq. (III.17) 
the associated intensity transmission function is given by 

T(x)=|H(xS.a.) =H(xjS., a2). (III.28) 

If the grating duty-cycle satisfies the “1D no-overlap” 
restriction 

S2 1 (III.29) 

then when Eq. (III.26) is satisfied for quasi-monochromatic 
illumination with m and n integers and with es0, then, via 
aliased Self imaging, the intensity Spatial distribution of 
pattern Q is given by 

Ma (III.30) Io(x3) - h(r. tg Ma2; MS2, ) 
In Such case pattern Q is spatially periodic with period a. 
The period is given by Eq. (III.18) with 

p=m. (III.31) 

Equation (III.30) is plotted in FIG. 13.a versus X for p=1. 
High intensity stripe-shaped 1D fringes labeled BRIGHT 
have the width So-Ms, and alternate with Zero-intensity 
stripe-shaped fringes labeled DARK. The binary intensity 
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pattern's duty-cycle is 

So S2 (III.32) 
= - 

do (i2 

For m=1 the pattern's duty-cycle is the same as that of the 
geometric Shadow pattern. Additionally, a lateral half-period 
pattern shift Ma/2 occurs via Eq. (III.30) when the integer 
product mn is odd. While this shift is totally negligible if it 
remains constant, it has important consequences used by the 
Invention (and discussed below) when it does not. 

Geometric-shadow mode in the Invention consists of the 
Special limiting case associated with large a- (and/or for 
large E). It corresponds to the case with m=1, n=0 and Small 
e, whereupon pattern Q then consists of the geometrically 
projected and thereby magnified periodic geometric shadow 
of the grating. Pattern Q is then Spatially periodic with the 
period ac-Mae Thus, for geometric-shadow mode the 
period at is given by Eq. (III.18) with 

p=1, (III.33) 

and the binary-intensity pattern's duty-cycle is So?a=S/a2. 
Since geometric shadow mode obtains in the large E limit, 
it thus also obtains for broad-band illumination in this limit. 
When grating G2 is 2D-periodic via Eqs. (I.1)-(I.3) with 

f(x,a)=t(x), and with the “2D no-overlap' restriction, 

2 - 1 (III.34) 
s 

used in place of Ineq. (III.29), then the 2D functional form 
of I is given by Eqs. (III.19), (III.20) and (III.30). For 
configurations with Basin/m, pattern Q has the typical result 
ing 1D and 2D-periodic profiles shown respectively on 
FIGS. 13a and 14a-c with X-ray-bright and dark fringes 
indicated as BRIGHT and DARK. The displayed patterns 
are shown for negligible “leakage' transmissions of the 
X-ray absorbing areas of grating G2. Finite leakage gives 
non-Zero DARK intensity fringes and slightly reduced inten 
sity BRIGHT fringes. If the grating G2 planform is that of 
FIG. 8d, then the associated 2D-periodic intensity distribu 
tion I(Xsys) shown on FIG. 14c is found by similarly 
setting f(x,a)=(x) in Eq. (I.3) with g=1 and the minus 
Sign. This latter grating choice produces a higher net trans 
mission for grating G2. 

For fixed a Eqs. (III.25) and (III.26) with es0 imply that 
m-fold aliased Self-imaging occurs via the fractional Talbot 
effect for X-rays with energy E at the Specific X-ray energies 

hcLC. 

(1 + C)2a22 
Enm(a2) = E(a) = (III.35) s 

whereupon pattern Q then obtains with period a given by 
Eqs. (III.18) and (III.31). The special case m=1 gives 
(un-aliased) Self-imaging and the (non-fractional) Talbot 
effect. To obtain either form of self-imaging and thereby to 
produce a binary intensity pattern Qin the Invention, grating 
G2 is configured as a binary absorption grating for operation 
in the n,m amplitude-interferometric mode. For Such opera 
tion in an apparatus of length L with X-rays whose average 
energy is E, the Values for C, a2, n and m are correspond 
ingly chosen so that the associated value of E. (a) occurs 
at the average X-ray energy E, as per 

EysE,(a2), (III.36) 

with B then correspondingly at or near the designs operating 
point value 
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f, (III.37) 
in 

So doing, e=0 obtains for X-rays whose energy E is approxi 
mately equal to the average energy E. In turn, Eq. (III.36) 
obtains by Selecting the value for the grating G2 period a 
from an associated Set of discretely allowed values, given by 

12 12 12 12 (III.38) 

a-(+) (E)-(1)(---) (--), 
where n and m are coprime integers, and where the Second 
half of Eq. (III.38) follows from Eqs. (III.1), (III.3) and 
(III.22). 

Exact Self-imaging wherein pattern Q correspondingly 
has exactly a periodic rectangular functional form, occurs 
only for X-rays whose energy exactly satisfies Eq. (III.36), 
and thus only for values of Bsatisfying Eq. (III.26) with c=0, 
and with infinite-width gratings and monochromatic illumi 
nation. Importantly for the operation of the Invention, 
however, nearly exact Self-imaging also occurs for values of 
B giving modestly small but finite ez0, and with wide 
gratings and narrow bandwidth illumination, wherein pat 
tern Q is then slightly rounded but deviates only a little from 
the form of the periodic rectangular functions given above. 
For large e and X-rays with energy E far from E, however, 
Said deviation becomes large and the contrast of pattern Q 
(at period a) then deteriorates or vanishes entirely, or even 
CWCSCS. 

The effective contrast (at period a) of pattern Q for any 
f3 may be determined by expanding I as Fourier series, and 
then by examining the B., a, and/or E-dependence of the 
spatial-frequency component of I with period a Clauser 
and Reinsch, 1992, FIGS. 5a-e). For a grating that is 
Symmetrical with respect to C, the Fourier-Series expansion 
S 

RR2 
R1 -- R2 

hc 
E. 

ce . . (III.39) 

loc)-2, O.B)cos ( 2-ti-Ai, ) s 
where the various (real-valued) Fourier coefficients Q,(B) 
are given by 

Ma2?2 (III.40) 
Q;(B) = M ? o(x)cos ( 2Ji Af )d. ' J -Ma/2 (i2 

The various coefficients Q,(B) then specify the magnitudes 
of the associated spatial-frequency components of I. The 
lowest Spatial frequency has the period Ma, i.e. that of the 
geometric Shadow pattern formed on the Surface of slab 
volume SV3 at large a. The Fourier coefficient Q is 
independent of B and a but does depend on the gratings 
Structure. To remove its bias, it is useful to normalize by Qo 
all of the Q, for j>1. The contrast of pattern Q is proportional 
to the amplitude of the Spatial variation of its intensity 
fringes. Said contrast (i.e. the non-sinusoidal generalization 
of the fringe visibility of Sinusoidal fringes) at the period 
Ma/m, is determined by examining the B-dependence of 
Q(B)/Qo. The contrast of the pattern Q at the geometric 
Shadow period Ma, for example, is determined by exam 
ining the f-dependence of Q(B)/Qo. Aliased (m-fold) Self 
imaging is then evident as a strong "resonance' of the 
associated O/O at values of f given by Eq. (III.26) with 
es0. 

FIG. 15 shows a numerical evaluation of Q(B)/Q as a 
function of B for a binary absorption grating, with each 
curve on FIG. 15 corresponding to a different choice for the 
grating G2 duty-cycles/a. Via the equivalent Eqs. (III.21), 
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(III.25) and (III.26), FIG. 15 is plotted with three equivalent 
horizontal axes. The lowest of these gives the controlling 
value of B, with B increasing to the left. FIG. 15 shows 
isolated Sharp peaks in Q/Qo for B centered on the values 
B=n, where n is an integer. These are the m=1 resonances 
that occur when a m=p=1 Self-image is formed via the 
(non-fractional) Talbot effect. For integers mid 1 similar 
resonances occur in the dependence of a similar plot of the 
Fourier coefficient Q/Q, respectively centered on the 
values f=n/m. Similarly, these are the m>1 resonances that 
occur whenever a m-fold "aliased' p=m grating Self-image 
is formed via the fractional-Talbot effect. These finite-width 
resonances were first discovered and explained by Clauser 
and Reinsch 1992). For fixed a such resonances corre 
spondingly occur for X-rays with energies given by Eq. 
(III.35). As shown by Clauser and Reinsch 1992, see Sect. 
1.3, Eq. (65) the full width of a resonance at B=B for any 
integers n and m in Eq. (III.37) is given by 

2S2 (III.41) Af 
f, 

In an apparatus configured via Eq. (III.38) a binary 
intensity pattern Q forms for X-rays with energy EsE. 
However, in operation the Invention's X-ray energy Spec 
trum is not monochromatic, but instead has a finite spread of 
X-ray energies E of bandwidth AE centered on the average 
energy E. Once the values for the parameters L, C, E, and 
a are chosen, and thus may be viewed as fixed quantities, 
then by reference to the upper horizontal axis, drawn via Eq. 
(III.25), FIG. 15 may be used to determine the effective 
contrast for pattern Q formed with p=1 for X-rays with 
energy EzEsE,(a2), and that have an associated value of 
f3 for which ez0. Similar plots of Q./Q versus B e.g. 
Clauser and Reinsch, 1992, FIGS. 5a-e) may be used to 
determine the effective contrast for pattern Q formed with 
p=m. In turn, Such plots may be used for defining a maxi 
mally allowed energy spread AE, Such that if the band 
width AE of the illuminating X-rayS is maintained at less than 
AE, then the energy distribution is Sufficiently close to 
monochromatic that energy E is always within the finite 
resonance width, and for practical purposes then, all X-rays 
at energies within AE, in turn, provide acceptably high 
contrast to pattern Q. Via Eq. (III.41), said acceptably high 
pattern contrast occurs in the n,m amplitude-interferometric 
mode when the X-ray energy bandwidth is limited by 

na2 

2S2Em 2S2E. III.42 AE,------, (III.42) 
iida iida 

whereupon B is within the resonance width, 
B-AB/2s?s?-AB/2. (III.43) 

Resonances with n=1 have the largest AE. The desired 
bandwidth limitation for the Invention is then 

AESAE. (III.44) 

It is noteworthy that AE, limits the X-ray Spectral band 
width to values. Somewhat narrower than those commonly 
used in radiography. Nonetheless, Sections III.8, V.1 and V.3 
teach how in the Invention the materials comprising anode 
A and filter F are chosen and how the energy of electron 
beam eB is set by the ripple-free constant DC high-voltage 
from supply HV to provide a spectral bandwidth AE satis 
fying Ineq. (III.44). 
Allowed limits for a for operation of the Invention in 

geometric-shadow mode also may be found from FIG. 15. If 
the values of L, C, and E are held fixed and the energy 
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bandwidth AE is Small, then a variation of a gives a 
corresponding variation of B and an associated variation of 
the shape of pattern Q. The associated variation of B via Eq. 
(III.24) provides the middle horizontal axis for FIG. 15. The 
geometric-shadow limit occurs for large a, and thus occurs 
for B->0 via Eqs. (III.21). Via Eq. (III.26) this limit occurs 
for f3=e as the wing of the m=1, n=0 resonance that, in turn, 
is centered at B=0. Geometric-shadow formation thus occurs 
at one specific resonance, among a Set of many Such 
resonances, and in the large a limit the function I then 
asymptotically becomes the grating's magnified geometric 
Shadow pattern, with pattern Q periodic as per Eqs. (III.18) 
and (III.33). The ratio Q/Qo gives the contrast of pattern Q 
at the Fourier component in Eqs. (III.3) and (III.40) at spatial 
period Ma, which for the geometric-Shadow pattern is the 
dominant component. 

Consider a variation of apparatus design, with grating G2 
configured as a binary absorption grating, that varies a but 
holds L., C., and E constant. Observe from FIG. 15 the 
associated variation of Q(B)/Qo by reference to the middle 
horizontal axis. It indicates for which a values the 
geometric-shadow pattern does or does not obtain. AS 
expected, it does obtain for large a and Small f. A limiting 
value of a below which it no longer forms depends on the 
grating duty-cycle S/a. Indeed, it is possible to show that 
geometric Shadows never form for any of the discrete values 
specified by Eq. (III.38) with ne1 and m21 and any duty 
cycle Sfas 1. Thus, the geometric-shadow and amplitude 
interferometric modes obtain for mutually exclusive values 
of a. For a typical duty-cycle the geometric-shadow limit is 
crudely given from FIG. 15 at Bs16. In terms of L, O, and 
Ex, 

a- (shad-limit)s4 i(E), (III.45) 

is then the approximate value of a for which Q/Qo assumes 
a reasonable fraction of its ultimate value for very large a. 
This value then may be taken as a rough limiting value for 
a for operation in geometric-shadow mode, while Small 
S/a requires Somewhat larger a for the mode to obtain. 
Thus, the Invention may operate in geometric-shadow mode 
only for choices of a larger than a(Shad-limit). For L=1 m, 
C=1, and E=17.4 kev Eq. (III.45) gives a(shad-limit)=17 
plm. 
III.4 Action of grating G2 when configured as a phase 
grating 
A binary absorption grating is not the only grating Struc 

ture that produces a 1D or 2D-periodic rectangular-function 
binary intensity pattern at a Talbot-effect or fractional 
Talbot-effect resonance. Pattern Q with Such a form is also 
produced via the fractional Talbot effect by a non-absorbing 
Step-function shaped 1D or 2D-periodic phase grating, as 
was demonstrated with plane-wave illumination by light by 
Lohman and Thomas 1990 and by Leger and Swanson 
1990). This disclosure, however, is the first effort to propose 
X-ray phase gratings with Similar properties. 

Consider an X-ray grating that is structurally similar to a 
binary absorption grating grating, as shown in FIG. 6a, in 
that it has a thin Spatially-periodic layer on the Surface of a 
negligibly absorbing Substrate SUB. Instead of the layer 
being made from an X-ray absorbing material, however, for 
a phase grating it is made from a negligibly-absorbing low-Z 
material that is highly-refracting for X-rays. The layer's 
thickness varies Spatially in a step-function fashion, and 
further may assume not only two values including Zero, but 
in Some cases it may assume 3 or more locally Stationary 
values on locally flat steps, as shown in FIGS. 7a-e and 
9a,b. Within a step, the layer's thickness is locally constant 
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(to within suitable fabrication tolerances). The layer's thick 
neSS profile variation, in turn, provides a Spatially periodic 
variation of the phase of the transmitted X-rayS. AS per the 
discussion of Sect. II.2, a very thin layer of said low-Z 
material is Sufficient to give Substantial X-ray phase shift. 

Consider a family of 1D-periodic phase gratings, wherein 
all gratings in the family have the same period a. Each 
grating in the family has a different profile shape that is 
identified by the symbol PG(n..m.,r), and is thus specified 
by three integers, ne 1, me2, rz1, wherein the integers n. 
and m. are further specified to be relatively prime (coprime), 
i.e. they have a greatest common integer divisor of 1. Each 
period of a PG(n,m,n.) profile is divided into m, constant 
thickness, equal-width locally flat Steps to give it a step 
function shape. Each Steps width is then a ?m. The com 
plex transmission function of a 1D-periodic phase grating 
with the profile PG(n..m.,r) is specified to be the unit 
modulus complex Step function given by 

nk-1 (i2 (III.46) 
t2(x2) = so in H ( x2 - 6 (n+, m+)a2: , a2 ) 

where the unit-modulus phase factor m is 

n=expi (p(n..m.,r.). (III.47) 

The offset for the kth step, Ö(nm)a, within a period is 
defined as 

(n+k) modulo n : (III.48) 

Since the numerator in the right-hand side of Eq. (III.48) is 
an integer, one may set it equal to Some integer j=m.ö(n, 
m.) that now represents the sequential ordering of Steps 
within a period, and Since there are m. Steps per period, and 
via Eq. (III.46) 6 is the fraction of a period that each Step 
is laterally offset. 

It can be shown that Eq. (III.48) specifies lateral offsets of 
the steps within a period that may (or may not) give a simple 
periodic permutation of a simple Sequential ordering of the 
Steps, i.e. the ordering of values in associated Sequences of 
j and k values used in the Summation of Eq. (III.46). The 
choice n=1 does not permute the Step order. For example, 
for n=1 and m =5, Eq. (III.48) gives a one-to-one mapping 
between the integer Sequences j=0, 1, 2, 3, 4 and k=0, 1, 2, 
3, 4. However, a different choice of n may (or may not) 
cause a permutation of the Step order. For example, for n=2 
and m =5, Eq. (III.48) gives a one-to-one mapping between 
the integer Sequences j=0, 1, 2, 3, 4 and k=0, 3, 1, 4, 2. 
Nonetheless, whether or not the Step order is permuted, Eq. 
(III.47) provides the fact that each value of k occurs once 
and only once per period. Inclusion of the offsets Via Eq. 
(III.48) provides a further generalization of the design 
Formulae used by Leger and Swanson 1990 that also 
includes the results of their Formulae. 

Equations (III.17), (III.46) and (III.47) imply that the 
grating's intensity transmission function, T(x), is defined 
and equals one for all X2. The phase shift p(n...m.,r) in Eq. 
(III.47) for X-rays with energy E=E., passing through the 
kth Step of this grating is specified in radians for a PG(n, 
mr.) grating profile to be given by 

k2 (III.49) 
Pl: 

The Spatially constant term (p(n,m,n) in Eq. (III.49) is 
independent of k, and given by 
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(III.50) Junkir-n +/4 for n : even, 

J(n+r-(m+2 - 1)/(4m) forms odd. 

It is included to keep all (p(n..m.,r) less than or equal to 
Zero. The Step-function shaped Surface layer on the phase 
grating generates the desired transmission function Specified 
by Eqs. (III.46)–(III.49) for X-rays with energy E. if the 
thickness of the layer's k-th Step is 

where L(E.) is the thickness of Said low-Z material that 
gives a -2 at phase shift at energy E., as may be calculated 
via Eq. (II.2). The energy E., is specified by 

Pl: - Pl: hcR1,R2 (III.52) 
E+ = i: E(a2) : i: (R1 -- R2)a? s 

where the second half of Eq. (III.52) follows from Eqs. 
(III.1), (III.3) and (III.23). The overall thickness scale of 
grating G2 is determined also by Specifying the integer r. 
Note that the phase shift produced by such a periodic layer 
depends on energy via Eq. (II.2), So that the gratings 
transmission function is given by Eqs. (III.46)–(III.49) only 
for X-rays with energy E.; however, the profile is fully 
specified by Eqs. (III.46)–(III.52), so that its complex trans 
mission function may be calculated for X-rays with any 
energy E via Eqs. (II.2), (III.46)–(III.48), (III.51) and 
(III.52), since Eq. (II.2) implies that the phase shift by any 
Step for X-rays at energy E is E/E times the phase shift by 
that Step at energy E. 

Given the grating's period a, then it and the choices for 
the three integers n, m, and r, Via Eqs. (III.46)–(III.52), 
completely define the associated PG(n...m.,r.) Step-function 
thickness spatial profile, Z(x), for the low-Z Surface layer 
on a 1D-periodic phase grating. FIGS. 7a-e plot the nor 
malized thickness profile Z(x)x2 JL/L(E.) versus X, as 
specified by Eqs. (III.46)–(III52) for r=1 and for various 
choices of n, and m. The coefficient in Square brackets 
rescales the thickness to display in radians the (negative) 
magnitude of the associated negative phase shift produced 
by the profile at energy E. (A positive phase shift would 
appear below the abscissa.) The profiles steps in FIGS. 7a-e 
are labeled by associated values of j and k, where j=mö 
(n..m.) via Eq. (III.48) is an integer. FIG. 7e shows the 
above-mentioned possible permutation for n >1. 

Next, consider a 2D-periodic phase grating whose com 
plex transmission function is given via Eqs. (III.46)–(III.52) 
by the separable function 

to se(x2y2)=t(x2)t2(y2), (III.53) 

where t2(X2) Satisfies Eq. (I.1) and t2 (x2y2) Satisfies Eq. 
(I.2). It is then 

nk-1 (i2 (III.54) 
t2(x2, y2) = ko (s - 8 (n...,m)a?:- - , a ) X 

nk-1 (i2 

kio f(y. –6,(n-, m-)a?:- -, a ) s 

where the function H is defined by Eq. (I.6). A similar 
definition via Eq. (I.4) (with g=0 and the + sign) may be used 
to give the analogous 2D-periodic checkerboard amplitude 
transmission function. FIGS. 9a and 9b respectively show 
for PG(1,2,1) and PG(1.3.1) profiles the x-y plan views of 
their associated 2D-periodic step-function thickness 

15 

25 

35 

40 

45 

50 

55 

60 

65 

32 
distributions, where, as with FIGS. 7a-e, the step thick 
nesses are again normalized and multiplied by 2 JL/L(E.). 
By Eq. (III.54) the 2D-periodic surface layer's steps all have 
Square or rectangular X-y planforms, as shown on FIGS. 
9a, b. Since the function t(x,y) on any Such 2D Step is the 
product of the two 1D-periodic phase factors m and m K, 
given by Eqs. (III.49) and (III.54), then the associated phase 
shifts add, as do the Steps thicknesses. That is, the thickness 
of Such a 2D Square or rectangular Step is just the Sum of the 
thicknesses associated with each of the phase factors m, and 

i. 
Although the phase shift by any step of the above-defined 

phase grating profiles is energy dependent, the profiles are 
Still spatially periodic with period a Consider pattern Q 
produced by illumination of phase grating G2 by point 
Source S" with quasi-monochromatic X-rays with energy E. 
Via the physical optics Solutions for this problem outlined in 
Sect. III.2 the pattern exhibits the Talbot and fractional 
Talbot effects at values of B with es0 in Eq. (III.26). The 
values of E and a that give B=n with es0, give the 
(non-fractional) Talbot effect whereupon pattern Q is an 
un-aliased magnified amplitude Self-image of the gratings 
complex transmission function. However, while this self 
image now has a Spatially periodic Step-function phase shift, 
it has constant unit intensity throughout. Thus, the intensity 
distribution for pattern Q is just that of the magnified 
geometric shadow amplitude, which is constant (since T. 
(X)=1 for all X), whereby said phase grating casts no 
intensity geometric shadow. At B=n the intensity of pattern 
Q thus exhibits no spatial variation and its contrast is Zero. 

For other values of B given by the rational fraction of Eq. 
(III.26) with es0 and the integer mid1, however, the intensity 
contrast is not Zero. Then, m-fold aliased Self-imaging 
occurs via the fractional Talbot effect. The gratings 
geometrically-magnified amplitude-shadow pattern is added 
(aliased) m times per period, with each Successively added 
amplitude pattern phase shifted and laterally displaced from 
the next. All m of these patterns overlap each other and 
interfere. On Some Steps there is constructive interference, 
and on others, destructive interference. The 1D and 
2D-periodic PG(n...m.,r) grating profiles are specified by 
Eqs. (III.46)–(III.53) in such a manner that upon illumina 
tion of a grating G2 having Such a profile by X-rays from 
point Source S" at energy E=E., the interference of the 
Superposed amplitudes produces pattern Q with a binary 
intensity distribution, i.e. destructive interference occurs in 
all image Steps within each period except one. The 
1D-periodic PG(n,m,n.) profile for grating G2 gives pat 
tern Q with the binary periodic rectangular-function shaped 
intensity distribution 

(III.55) 
i: 1. Ma2 

Io x3 - 2 -- ao = n+H x3: n: Ma2 . 

where the constant offset in the argument of Io is inconse 
quential. (The profiles in FIGS. 7a-e have been laterally 
shifted by (n/2)+(%)la to remove the effects of this 
offset.) Pattern Q now has the period a-Mae, a BRIGHT 
stripe-shaped fringe width so with the duty-cycle 

So 1. (III.56) 
do =- , 

and has its period a given by Eq. (III.18) with 
p=1. (III.57) 

The 1D-periodic pattern Q is similar to that produced by a 
1D-periodic binary absorption grating, as shown on FIG. 
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13a. The corresponding 2D-periodic intensity pattern Q 
produced by grating G2 configured with a 2D-periodic 
PG(n..m..r.) profile via Eq. (III.53) is similarly given by Eq. 
(III.19), or by Eq. (III.20) for a checkerboard configuration. 
A typical 2D-periodic pattern Q thus produced has a form 
Similar to that produced by a 2D-periodic binary absorption 
grating, as shown in FIG. 14a. 
A phase grating So configured is used in the Invention for 

grating G2 as an alternative to a binary absorption grating, 
whereupon the Invention then operates in phase 
interferometric mode via the fractional Talbot effect. For 
very large m, a PG(1,m, 1) profile asymptotically 
approaches the shape of a co-phased periodic array of 
parabolic lenses. A2D-periodic phase grating G2 is far more 
efficient than is a binary absorption grating that produces the 
Same pattern Q, in that the phase grating effectively focuses 
X-rays onto Square spots (in 2D) or onto Stripes (in 1D), with 
negligible absorption of X-rays by grating G2. Given that a 
phase grating produces a binary pattern Q with a Small 
duty-cycle, it allows a large duty-cycle to be used for grating 
G1 without an associated loss of contrast of pattern P. Since 
the required thickness for a phase grating is generally much 
Smaller than that of a binary absorption grating, it also 
features significantly reduced Vignetting. Thus, when 
2D-periodic gratings are used in the Invention, then config 
uring grating G2 as a phase grating, rather than as a binary 
absorption grating provides a more efficient and practical 
apparatus with a higher net X-ray transmission by gratings 
G1 and G2. 

Following the discussion of Sect. III.3, the contrast of 
pattern Q with p=1 is indicated by the ratio of coefficients 
Q/Qo in the Fourier series expansion of I via Eqs. (III.39), 
and (III.40). The f-dependence of Q/Q for the various 
respective phase grating profiles of FIGS. 7a-e is shown in 
FIGS. 16a-e, by reference to the lower horizontal axis, with 
f3 increasing to the left, that is obtained via Eqs. (III.25) and 
(II.2). As with FIG. 15, the associated energy dependence is 
given by reference to the upper horizontal axis, while the 
asSociated a-dependence is given by reference to the middle 
horizontal axis. AS on FIG. 15, resonances are also evident 
on FIGS. 16a-e. Strong resonance peaks indicate the for 
mation of pattern Q with a binary intensity distribution 
(rectangular functional form) and with p=1, as may be 
Verified by directly evaluating the pattern's shape at the 
resonance, via the Cowley Moodie Formulae. The formation 
of a binary intensity pattern described by Eqs. (III.55)- 
(III.57) at E=E. corresponds to the Strong resonance peak on 
each of FIGS. 16a-e (all for r=1) at B=n/m., indicated as 
E. Resonances with Q/Q positive, give the intensity 
distribution of Eq. (III.55), while those with Q/Qo negative 
give the same distribution shifted laterally by Ma/2, in a 
similar manner to the behavior of Eq. (III.30). Points of 
Vanishing Q/Qo that occur at the values B=n and marked by 
diamonds on FIGS. 16a-e are a vanishing of the contrast via 
the non-fractional Talbot effect, as mentioned above. Con 
trast reversals (sign changes of Q/Q) occur for r=1 for 
profiles with m-odd on FIGS. 16b, d,e, and are marked by 
+ signs. Said reversals occur at the values B=n/2 with n-odd. 
These are discussed in greater detail in Sect. V8 and are used 
to obtain element-Selective contrast. A periodic binary inten 
sity pattern also generally forms for values of B=n/m, with 
coprime n and m. In general, patterns used by the Invention 
in phase-interferometric mode all have p=1, even for m>1 
and es0 in Eq. (III.26). However, patterns with p>1 also 
Sometimes occur, and these may be used also, if desired. 
Profiles with r.>1 have additional resonances, narrower 
resonances, and additional Sharper contrast reversals. 
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To obtain operation of the Invention in the n,m phase 

interferometric mode, grating G2 is configured as a phase 
grating with a PG(n,m,n.) profile and r-Odd. Its period a 
is selected as per Eq. (III.36) in the same manner as that of 
Sect. III.3. The desired coprime integers n and mare chosen, 
as per Eq. (III.36) and (III.37) to give the associated value 
of f=E/E=n/m, to provide the desired operating point, as 
shown, for example, by reference to FIGS. 16a-e. The 
period a is then one of the discretely allowed values, given 
by Eq. (III.38). For example, to obtain a binary intensity 
pattern Q with the Invention, as per Eq. (III.55)-(III.57), the 
resonance at E is centered (by the appropriate choice of a) 
to Occur at 

E. sE, (III.58) 

thus placing the designs operating point at Basin/m. The 
associated value for period a is 

12 

-(+) st-(+)(ii) (+), 
where the second half of Eq. (III.59) follows from Eqs. 
(III.1), (III.3) and (III.22). Alternatively, to obtain the same 
binary intensity pattern Q that occurs at Basin/m with values 
of n>1, i.e. at E=mE/n, the corresponding choice for a is 

12 
Pl: -(+) st-(+)(ii) (+) 

If one desires to center E with Ben/2 (with n-odd) on a 
contrast reversal, as is needed for obtaining element 
Selective contrast (see Sect. III.8), then the grating period a 
is chosen to be 

(III.59) 

Pl: Pl: RR2 hc 
E. i: i: 

(III.60) 

Pl: RR2 

(III.61) 
12 12 12 12 

a- (i) (E)-(i) (, , ) (--) 
Typically, a binary intensity pattern forms at resonances 
whose energy-widths are comparable to but slightly wider 
than those typical of amplitude-interferometric mode, So that 
if Eq. (III.34) and Ineq (III.44) hold, then moderately high 
contrast obtains for pattern Q with finite AE, as may be 
produced by X-ray tube T and filter F via methods given in 
Sect. V.3. Following the discussion of Sect. III.3, a more 
precise value for AE may be determined by consulting 
the curves shown on FIGS. 16a-e, or those calculated 
Similarly for other chosen grating profiles and/or operating 
points. Application of phase-interferometric mode to the 
imaging of refractive-indeX gradients, as discussed below in 
Sect. III.7, is done via Eq. (III.59) and either Eq. (III.60) or 
(III.61), with Eq. (III.60) providing a grating that is more 
easily built. 
III.5 Action of grating G1 

Consider two actual X-ray intensity patterns that are 
formed by the Invention on the Surface of slab-volume 
SV3 pattern P formed when object BDY is absent, and 
pattern P' formed when object BDY is present. As with 
idealized pattern Q, actual pattern P is spatially periodic and 
exhibits high contrast. Patterns P and P' are formed by 
averaging respectively patterns Q and Q" over the multi 
period X-ray emission by grating G1. Patterns P and P' are 
conceptually similar to those of a dot-matrix television raster 
(assuming dark areas interlaced between the raster dots), 
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respectively with and without an image present. Pattern P' is 
approximately Spatially periodic, but modulated in a manner 
that provides an image. AS with the television dot-matrix 
raster, the period of these patterns is at or below the Visual 
resolution limit of the viewed image, and is not visually 
evident within the image. 

Periodic pattern P is formed on detector D only when all 
three of the Invention's components-focal Spot S and 
grating G1 and grating G2-are all present and are all 
properly aligned, configured and acting together. Unlike 
prior art, in the Invention no components are moved (or 
removed) for the final image to be obtained. On the contrary, 
once these components are precisely positioned relative to 
slab-volume SV3 via the alignment system, as disclosed in 
Sects. III.10-III.10.3, their positions thereafter remain fixed, 
unless an unavoidable apparatus drift necessitates their 
realignment. 

Grating G1 is always a binary absorption grating. It may 
be 1D or 2D-periodic. In the latter case it is described by 
either a separable or a checkerboard function, as per Eq. (I.3) 
or (I.4). In order for pattern P to exhibit high contrast, 
however, there are two important requirements regarding its 
period, a,. The first is that a must be carefully chosen to 
Satisfy 

E (to (III.62) 
a1 = - - : 

C. 

Ma R1 + R * -- d - to a -- B- - - )a, Cup p C. p R2 

where b and q are positive coprime integers, So that their 
greatest common integer divisor is 1, and where Eqs. (III.3), 
(III.4) and (III.18) are used in forming the various forms of 
Eqs. (III.62). Equations (III.62) give a set of allowed choices 
for a, that depend on the associated choices of b and q. The 
choices b=q=1 are preferred, Since these yield the highest 
grating G1 net transmission and give minimum Vignetting. 
These choices give 

) (III.63) 
(i2. 

The effect of Eqs. (III.63) is to guarantee that each Succes 
Sive G1 Slit or Square aperture of G1 is positioned So that it 
individually illuminates G2 from such a position that the 
asSociated contribution to pattern P is the same high-contrast 
periodic pattern with the same period, but shifted by exactly 
one whole period of pattern Q from the previous 
contribution, whereupon Such shift is inconsequential. For 
the choices bz1 and q=1, the effect of Eqs. (III.62) is to 
guarantee that it is shifted by b full periods, and for bz1 and 
qz1, that it is shifted by 1/q times the period. The choice qz1 
is consequential, Since it reduces the period of pattern P 
relative to that of pattern Q by the factor q. Thus, in general 
the period at of pattern P for all coprime b and q is given by 

do 

When Eq. (III.63) holds (i.e. for b=q=1), then all of the 
individual contributions to pattern P by individual G1 slits 
are exactly aligned with each other, whereupon pattern P. 
itself, is periodic with period as and has the same high 
contrast as that of each Such contribution. Equations (III.62) 
-(III.64) are called the “pattern registration conditions”. 
They provide a mathematical formulation for key ingredi 
ents (1) and (2) of the inventive concept, as disclosed in 
Sect. III.1. 

(III.64) dp = 
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The Second important requirement for the period a is that 

a plurality of G1 periods spans the Set of Straight-line paths 
from all points on the finite-width of focal spot S to any one 
point on the surface of slab-volume SV3, as per 

(III.65) 

For slab-volume SV1 near focal spot S, La-L holds and 
Ineq (III.65) is then 

a<<Ws. (III.66) 

Fortunately, Ineqs.(III.65) or (III.66) are readily satisfied, 
given Eqs.(III.62) and typical apparatus parameter values, as 
discussed in Sect. V.1. Given Ineq. (III.65), then the X-ray 
pattern produced on the surface of slab-volume SV3 by focal 
Spot S, and gratings G1 and G2, all acting together, is quite 
different from the pattern produced when either one of the 
gratings is removed. Given the constraint by Ineq (III.65), 
given the associated finite area of focal spot S (along with its 
proximity to grating G1), and given well known principles 
of radiometry, then binary absorption grating G1 and focal 
Spot S together effectively create a “spatially periodic 
Source' at the plane of G1. Said Spatially periodic Source is 
an essential feature of the Invention that allows the high 
contrast periodic pattern P to be produced when focal Spot 
S and gratings G1 and G2 are all present. Given that Ineq. 
(III.65) holds, it has a spatially periodic X-ray brightness 
distribution functionally described by B(x,y), which, 
throughout the finite width of focal spot S approximately 
satisfies Eqs. (I.1)–(I.2) and is proportional to f(x,y1,.a.) 
or f(x,y1,a), of Eqs. (I.3) and (I.4). 
On the other hand, if Ineq (III.65) is not satisfied, so that 

insteadWs spans only a Small number of grating G1 periods, 
and given a finite spacing between focal spot S and grating 
G1, then these two components by themselves create a 
long-period blurred periodic shadow with very low contrast, 
on and through object BDY and onto slab-volume SV3. 
Thus, when object BDY is absent and both gratings are 
present, but Ineq. (III.65) is not satisfied, then said blurred 
Shadow gives pattern P an associated Spatial modulation 
(periodic envelope variation) of its intensity and/or an 
occultation by the edges of grating G1, whose presence is 
undesirable. Although Said modulation and/or occultation 
can in Some cases be renormalized by image processing, this 
modulation also provides non-uniform object dosage and 
non-uniform quantum mottle. However, when Ws is much 
larger than a So as to Satisfy Ineq (III.65), then this 
variation disappears, and focal Spot S and grating G1 acting 
together without the added presence of grating G2 produce 
a uniform X-ray illumination of object BDY and slab-volume 
SV3, and when grating G2 is also present then no Such 
intensity modulation occurs. Given the results of Sects. III.3 
and III.4, the period a of G2 is generally even Smaller than 
a, and is similarly Small with respect to W. So that focal 
Spot S and grating G2 without the added presence of grating 
G1, similarly provides uniform X-ray illumination of object 
BDY and slab-volume SV3. 
The intensity distributions of patterns P and P' are denoted 

respectively by I(Xaya) and Ip(X-ya), where Xaya are 
lateral coordinates measured relative to axis C, of points on 
the surface of slab-volume SV3. The presence of object 
BDY modulates intensity distribution I to become intensity 
distribution I. The various mechanisms by which said 
modulation occurs are discussed in Sects. III.6.2, III.7., and 
III.8. The functions I and Io, may be viewed as intensity 
Green's functions. The functions I and I, are calculated 
respectively in terms of Io and I for all modes by using 
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Lambert's law and well known principles of radiometry 
Born and Wolf, 1967, Chapt. 4.8, by integrating 
(averaging) I and I over the Spatial profile B(x,y), 
whose finite envelope is the lateral intensity profile of focal 
spot S. The integration is then over the back-illuminated 
X-ray transmitting areas of grating G1, Viewing each differ 
ential area on the G1 plane as an independent, incoherently 
emitting, elementary radiator of X-rays, i.e. as fictitious point 
Source S. Lambert's law then gives 

and 

where the integration limits are set by the finite number of 
back-illuminated G1 periods. 

Given Ineq. (III.65) and Lambert's law, the small but 
finite spacing between G1 and S has negligible effect on the 
shape of pattern P, since via Lambert's law the illumination 
by a Spatially incoherent diffuse Source of any point on G2 
or on SV3 does not depend on the longitudinal spacing 
between said point and Said diffuse Source, but instead only 
depends on the Surface brightness of the diffuse Source and 
on the associated Solid-angle Subtended by it from the point. 
Said Solid-angle now is constrained by Ineq. (III.65), and/or 
by the periodic structure of grating G2. In Such case the 
plane of G1 then may be regarded as the effective Source of 
illumination (rather than S) and components G1 and S then 
together create a Spatially-periodic, but otherwise Spatially 
incoherent Source. 

Given I and B, given the periodicity and see-saw 
conditions as disclosed in Sect. III.2, and for q=1, then Eq. 
(III.67) may be evaluated approximately for 2D-periodic 
gratings to give 

where C is a constant. (For 1D-periodic gratings the inte 
gration is only over X.) For q>1 the function I(Xy) is 
given by a Sum of q Such integrals, each with the form of Eq. 
(III.69) but with X and y each shifted within the arguments 
of I by at So that for all q pattern P has period ar, as per 
Eq. (III.64). For OS/a=S/a1s 1 not too large, then Eq. 
(III.69) implies that I will maintain reasonably high 
contrast, despite the averaging of I over the finite width, S. 
of a transmitting Square (or Slit) on grating G1. Choices of 
q>1, however, require reduced S (and associated increased 
Vignetting) for Such reasonably high contrast to obtain. 
A typical 1D-periodic intensity profile of pattern P is 

shown on FIG. 13b, assuming negligible “leakage' trans 
missions of the X-ray absorbing areas of gratings G1 and G2. 
To use 2D-periodic gratings, the Invention may be config 
ured with grating G1 (and/or G2 if it is a binary absorption 
grating) described either by Eq. (I.3) or Eq. (I.4). The 
resulting pattern P then has the form of a 2D-periodic 
Separable or checkerboard periodic lattice of Spaced trun 
cated Square pyramids (with rounded corners at mid-height), 
as shown in FIGS. 14d. f. The flat-topped region of each 
BRIGHT fringe is referred to as the “umbra', and the 
Slopping SideS as the "penumbra'. Corresponding to FIGS. 
14d and 14e, FIGS. 12a,c and 12b respectively show 
constant-intensity closed contours for 2D-periodic checker 

(III.69) 

15 

25 

35 

40 

45 

50 

55 

60 

65 

38 
board and separable patterns P, that surround the umbra. The 
width (relative to the pattern's period) and shape of a 
BRIGHT fringe, is determined by S/a, and on S/a or 1/m . 
The base width of the pyramid is S-Cla. For S/a1 =S/a (or 
S/a1 =1/m) and p=1 the pyramid tops are pointed and the 
umbra disappears (c.f. FIGS. 12b and 14e). 

While the variously described absorption and phase grat 
ing Structures specify ideal periodic Step or rectangle func 
tions for their profiles, practically fabricated gratings pro 
vide only approximations to these ideal profiles. However, 
the Invention operates as described herein, even when 
gratings with moderate departures from these profiles are 
used. Said departures include profiles that are trapezoidal or 
rounded (in Some cases rounded Sufficiently to become 
nearly sinusoidal), and only diminish the contrast of periodic 
pattern P. While high-contrast for periodic patterns Q and P 
is highly desirable, it is not essential, and moderate contrast 
is acceptable. Indeed, grating "leakage', averaging Via Eq. 
(III.69), and averaging over the X-ray finite energy band 
width AE already provide moderate rounding of patterns Q 
and P and associated contrast diminution. 

Also, it should be noted that the Invention may be 
configured with periods a 1, a2, as, a, etc. that differ in the X 
and y directions, wherein a then is replaced by the two 
Values, ao and ao, ap is replaced by two values, ap and 
ap, and ar is replaced by two values, as and ar, etc. The 
directions for coordinates X and y need not be exactly 
perpendicular to each other, but must be the same for all 
gratings and the detector. Indeed, it is even possible, if So 
desired, to configure the 2D-periodic grating G2 with a 
hexagonally tiled form to give pattern Q a similar hexagonal 
symmetry (Winthrop and Worthington, 1965). In such case 
detector D, grating G1, and pattern P then all have hexago 
nally tiled forms. However, neither the hexagonal nor the 
unequal-period configuration appears to Serve any particu 
larly useful purpose beyond that of Square arrayS. For Such 
gratings the periodicity direction is generally perpendicular 
to Straight-line edges of the grating's periodic structure, and 
thus gives a minimum measured period for an infinitesimal 
rotation of the grating (relative to the measurement 
direction) about a grating's Surface-normal as a rotation axis. 
III.6 Harmonically matching the phase and period of pattern 
P to the detector pixel array 

All of the pixels within a periodic detector D pixel array 
are physically the same as each other; however, they are not 
all used in the same way by the Invention. Key ingredient (4) 
of the inventive concept disclosed in Sect. III.1 involves 
configuring the detector pixel array with interlaced b and 
d-labeled pixels, and with a and a both Smaller than the 
final image-pixel size a. As per Sect. III and FIGS. 10a-e 
and 12a-c, individual detector-pixels are each labeled b, c, 
or d to identify the pixel’s use. The tiling algorithm therein 
disclosed provides the interlace. Pattern P provides periodi 
cally alternating BRIGHT and DARK fringes, as shown on 
FIGS. 14d f, illuminating slab-volume SV3 with X-rays. 
Key ingredients (3) and (4) of the inventive concept provide 
a harmonic matching of the phase and period of pattern P 
(with no object present) to the detector pixels with associ 
ated labels. The desired effect of Said matching depends on 
the imaging methodology used. Under methodologies that 
obtain absorption contrast or refractive-indeX contrast, then 
period and phase harmonic matching causes the BRIGHT 
fringes of pattern P to illuminate only b-labeled pixels, while 
DARK fringes of pattern P (very dimly) illuminate only 
d-labeled pixels, as shown on FIGS. 12a-c for situations 
with grating G3 absent. The respectively illuminated pixels 
record Simultaneously the associated locally incident X-ray 
intensities. FIGS. 12a-c show the period at of pattern P 
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equal to the tiling pixel-label period 2a for u=2 tiling. 
When a is Smaller than 2a, then grating G3 is included to 
mask appropriate areas of each pixel so that BRIGHT 
fringes of pattern P still illuminate only b-labeled pixels, and 
DARK fringes illuminate only d-labeled pixels. 

Achieving harmonic matching requires using a pixel 
labeling tile that is appropriate to the form of 2D-periodic 
pattern P. When both gratings G1 and G2 are 1D-periodic, 
then pattern P is also 1D-periodic, as shown in FIG.13b, and 
tile PT2 is used to configure the array of pixel labels. To 
obtain a 2D-periodic Separable intensity pattern P, as shown 
in FIGS. 12a, 12c, and 14d, then both gratings G1 and G2 
are configured via 2D-periodic Separable functions, and 
either pixel-labeling tile PT1 or PT5 is used. Tile PT5 is 
used, as in FIG. 12c, when it is desired to obtain two 
Simultaneous images from one exposure, as per Sect. III.9, 
and tile PT4 is used when grating G3 is also present and 
formed by the associated set of tiles G3T4v. If either or both 
gratings are configured via 2D-periodic checkerboard 
functions, then a 2D-periodic checkerboard intensity pattern 
results, as shown in FIGS. 12b and 14e, and tile PT3 is used 
(whether or not grating G3 is present). The inverted pattern 
P shown in FIG. 14f is produced when grating G1 is 
configured as per FIG. 8b, and grating G2 is configured as 
per FIG. 8d, whereupon tile PT4 is used. 
To achieve phase matching, it is first necessary to have 

period matching, So that without grating G3 present the 
b-pixel period is the same as the pixel-label tiling period, u 
a. Period matching is obtained in the Invention by design 
ing the apparatus So that this period is harmonically matched 
to the period at of pattern P, as per Sects. III.6.1, III.6.3 and 
III.6.4. The associated grating and detector period fabrica 
tion accuracies required to achieve period matching are 
disclosed in Sect. III.10. Given period matching, then to 
achieve phase matching it is also necessary to align the 
apparatus So that the phases of pattern P and of the pixel 
layout are matched. Said alignment is accomplished using 
key ingredient (6) of the inventive concept, via an in-Situ 
laser interferometer, as disclosed in Sects. III.10-III.10.3. 

Given phase and period matching, then key ingredient (5) 
of the inventive concept can obtain. It consists of performing 
an image Subtraction for each resolution element by using 
X-ray intensities measured by the b-labeled pixels within 
Said resolution element, and by also using X-ray intensities 
measured by d-labeled pixels that are either within said 
resolution element or are within neighboring resolution 
elements. Simultaneous recording of intensities by all pixels 
then allows image data recorded during a Single exposure to 
be used in image Subtraction algorithms. The algorithm for 
image Subtraction used for the absorption-contrast and 
refractive-index-contrast imaging methodologies is dis 
closed in Sect. III.6.2. Pixels labeled care used to obtain two 
Simultaneous independent images during a single exposure 
with object BDY present. That use is disclosed in Sect. III.9, 
along with an associated image Subtraction algorithm. Sec 
tion III.8, discloses that to obtain element-Selective contrast, 
harmonic period and phase matching have a similar but 
slightly modified effect to that given above (used for obtain 
ing absorption and/or refractive-index contrast), and it dis 
closes an associated image Subtraction algorithm. 
III.6.1 Detector pixel, grating G3, and resolution-element 
layouts 

Note that the lengths a, ar, ar, and at all derive from 
quite unrelated concerns. Given the apparatus geometry, 
X-ray energy E and operational mode, allowed values for a 
and a derive from physical optics principles. The resolution 
length (image-pixel size), a, is the pixel size of the final 
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output image (or images), and its value is lower-limited by 
a number of factors that depend on the X-ray brightness of 
tube T, allowed object dosage, the size of W., etc., as 
discussed in Sect. III. The detector period at is Set domi 
nantly by available detector technology. Despite the dispar 
ate origins of these various lengths, the lengths should have 
the size ordering, 

(III.70) 

consistently with Ineqs. (III.8). Via Ineq (III.70) the Small 
est possible value for at allowed by Ineq. (III.70) is a-2a.= 
a for the preferred choice q=1. This value may occur with 
grating G3 absent, and only when a does not have further 
lower limitations set by Ineqs. (III.8). Situations (with q=1) 
may arise, however, that require aoz2ao, for example, when 
a detector with Sufficiently Small period at is unavailable to 
meet the physical optics requirements for the needed value 
ofa, or when a configuration with a-2a, causes excessive 
Vignetting by the gratings. Inclusion of grating G3 then 
allows an extension of the Invention's allowed parameter 
range that, in turn, allows both a larger detector period, and 
reduced Vignetting by the gratings. Larger ao also reduces 
the size of the data volume that must be handled by 
computer CP. Detector period harmonic matching is 
obtained by Setting 

(III.71) 

i- (-t-). 
where v is an integer, and where Eqs. (III.4), (III.7) (III.18) 
and (III.64) are used. The integer v is 1 if grating G3 is 
absent, or in the Situation discussed in Sect. V.6, and it is 
greater than 1 if grating G3 is present. From Eq. (III.71), the 
detector period at is then deduced as ap=(V/u) ar. 
The presence of grating G3 allows the pixel period to be 

matched to a sub-harmonic of pattern P. Grating G3 is a 1D 
or 2D-periodic binary absorption grating, with period as as 
per Eq. (III.7). The overall x-y planform form for grating G3 
is constructed via the tiling algorithm disclosed in Sect. III. 
For v-1, Eqs. (III.71) implies that V/u periods of pattern P 
are incident on grating G3 per pixel period ar. Grating G3, 
when present, is positioned as closely as possible to the 
X-ray detecting front Surface of detector D, whereupon 
grating G3 acts as a periodic mask that Selectively absorbs 
X-ray photons incident on various areas of detector D. By 
Such action it then prevents X-ray photons incident in 
BRIGHT fringes of pattern P from being detected by 
d-labeled pixels, and Similarly prevents photons incident in 
DARK fringes of pattern P from being detected by b-labeled 
pixels. The tile patterns shown in FIGS. 11a-d are derived 
by Superimposing the associated pattern Patop the labeled 
pixel pattern, and then drawing a pattern of (a/v)x(a/v) 
occulting squares XAL atop each unwanted BRIGHT or 
DARK fringe of the superimposed pattern P. (As a 
convention, the patterns shown in FIGS. 11a-d start with a 
BRIGHT fringe and b-labeled pixel in the upper left hand 
corner, except for the pattern P of FIG. 14f which uses the 
opposite convention.) Unfortunately, grating G3 is present at 
the cost of absorbing instead of detecting, (i.e. effectively 
throwing away) X-ray photons that are otherwise useful for 
imaging, and thereby increasing dosage and/or aro. Thus, its 
inclusion should be avoided where possible in dosage 
limited applications. 

Recall that resolution element dimension a is the asso 
ciated image-pixel size. The lower limit for a Set by IneqS. 
(III.8) also may require a>2a. In Such case one may set 

uad – as - vap- ao = Ma2 = 
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(III.72) 
where w is an integer, and the data from uwf pixels are then 
combined (within computer CP) to form one image pixel. 
The size of a resolution element a, then is adjustable under 
Software control in computer CP through the choice of the 
integer W. Each Such image resolution element (image-pixel) 
is defined on Said tiled array of detector-pixel labels So that 
it contains a number wif of Said tiles on a square, where w 
is an integer. An axa resolution element then has an area 
equal to u? war, and coversu w pixels. For the preferred 
u=2 tiling choice, it contains 4 wif pixels. The resolution 
elements So defined form an array that covers the array of 
pixels, and via Said tiling each resolution element within the 
covering array of resolution elements contains the same 
number of b, c, and d-labeled detector-pixels. 
III.6.2 Pattern P' and image subtraction under the 
absorption-contrast methodology 

X-rays interact dominantly with electrons within matter 
and negligibly with nuclei Leighton, 1959). The dominant 
interaction processes for low-energy (<20 keV) X-rays and 
with dominantly low-Z biological Soft-tissue are photoelec 
tric absorption and elastic Scattering. These two processes 
cause patterns P and P' to differ. Photoelectric absorption by 
object artifacts is the most important proceSS for obtaining 
absorption contrast in pattern P, Since it provides Sharp 
Shadows that are then imprinted on pattern P. Scattering, 
however, blurs the image imprinted on pattern P". Other 
differences between patterns P and P' and the associated use 
of phase matching by the methodologies to obtain refractive 
indeX contrast and element-Selective contrast are discussed 
respectively in Sects. III.7 and III.8. 

In geometric-shadow mode the absorption contrast 
(intensity opacity) of object BDY locally multiplies the 
intensity I for X-rays that propagate along a negligible 
width straight-line trajectory. It thus becomes I. In either 
interferometric mode the amplitude for all Such possible 
paths is similarly multiplied by the object's amplitude 
opacity. In the interferometric modes with a modestly large 
bandwidth X-ray Spectrum and finite a, then only a few 
adjacent grating G2 periods and asSociated paths give coher 
ent X-ray illumination of any given point on slab-Volume 
SV3, and the net effect for these methodologies on the 
asSociated intensity at Said point by Said multiplication is 
similar to the effect for geometric mode. Thus, for all modes 
under the absorption-contrast methodology Said modulation 
by the object's opacity simply multiplies the associated 
intensity locally incident on b-labeled pixels. Via Eq. (III.68) 
modulated pattern Q" becomes modulated pattern P' and said 
multiplication is directly transferred (with added geometric 
blurring) to pattern P". 
Were X-ray absorption the only important physical pro 

ceSS occurring, then its modulation of pattern Q would 
provide the only significant difference between pattern Q 
and pattern Q', and thence, between patterns P and P. In such 
case the d-labeled pixels would remain darkly (or dimly) 
illuminated, even with object BDY present. However, a 
second difference between patterns P and P' results from the 
fact that X-rays are scattered by object BDY. X-ray scatter 
displaces the propagation of Some X-ray photons from 
b-labeled pixels onto otherwise dark d-labeled pixels, 
whereupon Said d-labeled pixels receive increased X-ray 
illumination. Scattering also displaces photons from one 
b-labeled pixel to another b-labeled pixel, whereupon an 
image made from data from only b-labeled pixels is blurred 
and loses contrast. 

Given harmonic phase matching, however, an image 
Subtraction algorithm is used to remove the blurring effects 
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of scatter. Consider a resolution element identified by the 
indeX X, within the array of resolution elements that covers 
the surface of slab-volume SV3. (Index X is used as a 
Shorthand notation for Xay of a pixel’s center.) The 
detector-pixels within resolution element X each record 
Simultaneously the associated locally incident intensity. Fol 
lowing an X-ray exposure, computer CP first calculates the 
average intensities I(X) and I(X), respectively incident on 
b and d-labeled detector-pixels within resolution element X, 
by Summing the X-ray associated intensity measured by all 
b and d-labeled pixels covered or partially covered by the 
resolution element, by appropriately weighting Said mea 
surements in the sum by the pixel’s contributed fraction of 
the resolution element area. Computer CP then calculates a 
“Subtracted image', whose gray-Scale for each resolution 
element X is 

I,(x)=1,(x)-(x). (III.73) 

Note that within each resolution element d-labeled 
detector-pixels are interlaced with the b-labeled detector 
pixels. The above-described algorithm uses the fact that the 
Scattered photons are more uniformly distributed on slab 
Volume SV3 than are the absorption-image-carrying unscat 
tered X-ray photons. Indeed, if they are distributed Similarly, 
then there is no associated image blur. As a result, the photon 
flux that is Scattered onto a given b-labeled pixel is approxi 
mately the same as that Scattered onto nearby or adjacent 
Surrounding d-labeled pixels. As a result I(X) and I(X) each 
contain roughly equal amounts of Scattered X-ray intensity. 
Said equal amounts then cancel in Eq. (III.73), and the 
Subtracted image made from the dot-matrix array of inten 
Sities I(X) then represents the net unscattered flux incident 
on the associated array of resolution elements. If the domi 
nant Scattering process displaces X-ray photon detections by 
Several resolution element periods (as may be determined by 
trial and error), then the algorithm may be improved by 
including, as part of the above-described weighted average 
that gives I(X), the intensities measured by d-labeled pixels 
in nearby resolution elements, rather than just those of 
d-labeled pixels within (or partly within) resolution element 
X. The weighting also may be chosen to decrease with 
increasing distance of these additionally included d-labeled 
pixels from the center of resolution element X. In Such case 
the Statistical fluctuation (from quantum mottle) of I(X) is 
reduced, and the quality of the Subtracted image is further 
improved. 
III.6.3 Design requirements for period and phase harmonic 
matching 
Once period matching is achieved, then phase-matching is 

readily accomplished via a slight lateral adjustment of the 
position of either grating G1 or G2. A more basic question 
is, what are the requirements for the apparatus So that period 
matching obtains? It is worthwhile to Summarize the above 
disclosed relations between the periods a1, a2, ar, a and ap. 
Given that the period a is set by physical optics consider 
ations and mode choice, periods a1, ao, ap and a may be 
expressed in terms of a First, for all modes there are the 
relations Eqs. (III.4), (III.18) and (III.64) from physical 
optics for the period of pattern P 

do (1 -- Cl)a2 (III.74) 
p = - p-- p 
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where p is given via Eqs. (III.31), (III.33) and (III.57) as 

1 for geo. -shad. mode, (III.75) 
m for n, in ampl. -int. mode, 
1 for p = 1, r = 1 phase-int. modes, 

1 for elem. -sel. contrast G = -- 

Next, the pattern registration condition of Eqs. (III.64) gives 

do 
a1 = - - s C. 

(III.76) 

where b and q are coprime integers. Equation (III.76) then 
guarantees that the various periods of grating G1 each 
project G1-period averaged pattern Qin register, thereby to 
form pattern P with high contrast. Harmonic period match 
ing then adds a third requirement from Eq.S. (III.7) and 
(III.71), 

(III.77) 

where V is an integer, and where u=2 tiling is preferred. 
Equations (III.74)-(III.77), are then the basic design 

requirements that must be met by the apparatus for both 
phase matching and pattern registration to occur. Given O, V, 
as and p, these quantities uniquely determine ao, at and ar. 
Once the design is complete, the integers b, q, p, u and V 
assume fixed values, and once gratings G1 and G2 have been 
fabricated, then the values of a and a also become fixed. 
Irrespective of L, Eqs. (III.74) and (III.76) may be 
combined, as per Eqs. (III.62) to give 

Ma2 III.78 a -- - - - -2. -- D - Otto as- (III.78) 
C. Cup p C. 

R1+R2 

that must hold independently of the value of a and tiling 
parameteru. Equations (III.78) (or (III.62)) may be rewritten 
to show that the now-fixed values of a, a and p together 
automatically define a specific also now-fixed and now 
required value for C, as per 

ba2 
qpa 1 - ba2 

(III.79) 
C: E 

Equations (III.76), (III.77) and (III.79) give an associated 
also now-fixed and now-required value for as as 

wd 1d2 

qpa 1 - ba2 
III.8O d3 = (III.80) 

s 

wherein the preferred choices for the integer b and q in Eqs. 
(III.76) and (III.78)–(III.80) are both 1. Note that Eqs. 
(III.78)-(III.80) hold irrespectively of both C. and L, so that 
a Small error in a1, a2 or ap=aa?u (e.g. that results from a 
fabrication error) may not be compensated by an adjustment 
of C. (=R2/R), as one might naively assume. If a is selected 
from a catalog, then the gratings must be fabricated So that 
a and a are related precisely to a by Eqs. (III.7) and 
(III.80). The apparatus also must be assembled so that C. is 
precisely equal to C. The required precision is addressed 
quantitatively in Sect. III.10. 

Period matching is accomplished in two Steps. First, the 
gratings are designed and fabricated as accurately as poS 
sible so that Eq. (III.80) is accurately satisfied. Second, 
precise equality and phase matching are obtained by careful 
apparatus alignment, wherein the longitudinal positions of 
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the gratings and of the detector D and/or grating G3 are 
adjusted So that the actual value of C. is accurately equal to 
the design value C. Note that L and E also must be Such 
that a given resonance obtains if an interferometric mode is 
to be used. However, given the broad resonances shown in 
FIGS. 15, and 16a-e, and given that p is constant and Ex 
(e.g. ch. Such resonance, then Small errors in L and E (e.g. 
introduced during apparatus assembly) are easily tolerated. 
III.6.4 Catalog Selection of a 
The Formulae given in Sect. III.6.3 use the period as as a 

Starting point for the apparatus design. It is frequently more 
convenient, however, to Start with the detector pixel period 
a instead, as may be chosen, for example from a detector 
catalog. Thus, given the chosen mode and the associated 
value for the integer p, and given E. and L, then the design 
value for C. may be calculated So that a then equals the 
desired value from the catalog. Said calculation also deter 
mines whether or not there is a need for grating G3, and if 
So, what value(s) of V is (are) appropriate. Gratings G1 and 
G2 then may be fabricated accordingly. With geometric 
Shadow mode (implying p=1) and grating G3 absent 
(implying V=1), if a value for a is desired that is much larger 
than a(shad-limit), then (for b=q=1, and u=2) given this 
choice for a, the associated value for C. is simply 

2 ap (III.81) 
C.: = - 1. 

More generally, however, if operation in geometric shadow 
mode at the limiting value a=a(shad-limit) is desired, or if 
operation in the n,m amplitude-interferometric mode at the 
resonance E=E, is desired, or if p=1 operation in phase 
interferometric mode using a PG(n...m.,1) phase-grating 
profile with E. centered on the energy resonance at E. or at 
m.E(a)/n is desired, then a different procedure is called for. 
In these four cases the associated values for a required by 
physical optics considerations as per Eqs. (III.40), (III.45) 
and (III.59) are given by 

(III.82) 4 for geo-shad. mode (G2a2 = a 20shad.lim.), 

(i. 
12 

) for n,m ampl.-int. mode, 
12 

Pl: 

) for p = 1, r = 1 phase-int. modes, i: 

2 

Equations (N1.74), (III.77) and (III.82), may be solved 
Simultaneously to give the now-required value for C. as 

12 

) for elem.-sel. contrast GB = -- 

ap? Ex 
2 L hc 

(III.83) 

for geo-shad. mode Gap = a(shad.lim.), 

mn for n, in ampl.-int. mode, 
i: 

Pl: for p = 1, r = 1 phase-int. modes, 

2 for elem.-sel. contrast GB = -- 

A need for grating G3 is indicated when Eq. (III.83) yields 
an unacceptably large value for C., with the chosen detector 
perioda, and V=1. Too large a value for C., in turn, typically 
provides excessive Vignetting by grating G1. Then, knowing 
C., the associated value for a (for q=1) is 
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(III.84) 
a2 = IP P- -t: - R - ap = - E. - Cl3 

1 + C.: R1+R2 R1+R2 s 

where p is given by Eq. (III.75), the value of a (for q=1) is 
given via Eq. (III.77) as 

bu (D (III.85) 
d1 = C: 

5 

and the values of a and at are then evaluated at C=C. via 1O 
Eq. (III.72) as 

do (1 -- Cl-)a2 (III.86) 
d = - = p-- p 

Note that in the above, the preferred tiling is with u=2, the 
preferred values for b and q are both 1, and that Eqs. 
(III.82)-(III.86) are derived for the restricted set phase 
gratings with cases with r=1 and p=1, but are readily 
generalized to include other usable cases as well. 
III.7. Refractive-index-gradient contrast methodology 

Consider the propagation of X-rays through a cylinder 
whose electron density is greater than that of the Surround 
ing medium. Just as the curved Surfaces of a refracting glass 
cylinder deflect light rays in the manner of a conveX cylin 
drical lens, here the cylinder acts like a very weak convex 
lens for X-rays. However, the X-ray refractive index of all 
materials is very close to one and is negative, So that the 
convex lens has a very long negative focal length for X-rayS. 
Thus, the resulting ray deflections by the cylinder are 
diverging, and the deflection angles are only a few micro 
radians (urad). 
A ray path for this propagation is shown in FIG. 17. The 

deflection angle is highly exaggerated on the Figure to allow 
it to be drawn. Suppose that the cylinder has an index of 
refraction n' and is embedded in a medium with an index of 
refraction n. Both 1-n, and 1-n' are positive and very Small 
with respect to 1. The refractive-indeX change at the cylin 
der's Surface is 

Ön=n-n, (III.84) 

with on<<1. The ray enters the cylinder with an incidence 
angle 0, relative to the Surface-normal. The net deflection 
angle (in radians) of an X-ray path passing through the 
cylinder is given by geometrical optics as 

(A0)-r-2 ön tan 0. (III.88) 
Suppose that the X-ray energy is 17.4 keV and that the 
cylinder is CaCO (1-n'=1.8x10) embedded in water 
(1-n=7.6x10'). The cylinder then has parameters similar to 
those of a cancer-indicating micro-calcification in breast 
tissue. For a ray incident with 0=45, the deflection angle is 
I(A0)-22 urad. If the cylinder (in water) is object BDY in 
the Invention, the ray is then displaced at the Surface of 
slab-volume SV3 by roughly 

AxssR (A0)=2 RP &n tan 0. (III.89) 
For R-25 cm the net deflection is Ax-0.5 lum. A ray 
passing closer to the edge of the cylinder with 0=80 has a 
larger lateral deflection, providing the displacement 
Axis 1.5um for the ray at the surface of slab-volume SV3. 
This displacement, while not large, is a Significant fraction 
of a typical value for a for the Invention operating in an 
interferometric mode, and produces contrast enhancement of 
imageS produced by the Invention. 
The contrast enhancement appears as an edge 

enhancement of imaged artifacts. Rays passing near the edge 
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of the cylinder (i.e. rays with large 0 in FIG. 17) are 
deflected outward, toward (or even slightly beyond) the 
terminator of the cylinder's geometric Shadow. An outward 
deflection of rays, similar to that shown on FIG. 17, is 
produced by any refractive-indeX gradient within object 
BDY, and especially by the high gradients associated with an 
artifacts edges. The deflection then causes artifacts with 
round or sharp boundaries to appear edge-enhanced in an 
image produced by the Invention whenever the artifacts 
gradients span both Several periods of SV3 and of grating 
G2. Edge-enhancement is desirable, in that weakly imaged 
artifacts then become much more evident under a visual 
inspection of the image. Small artifacts have proportionately 
Stronger gradients, and thus the contrast of Small artifacts is 
Strongly enhanced. 

Images displaying refractive-index-gradient contrast, as 
due to Such ray deflections, are produced using any of Six 
methods and associated apparatus configurations for the 
Invention. In all Such configurations, pattern P is period and 
phase matched to the Spatially periodic structure within 
slab-volume SV3 (i.e. to the pixel array on detector D and/or 
to grating G3), as per Sects. III.6-III.6.4. Such refraction 
induced deflections distort pattern P and laterally displace 
the BRIGHT fringes of pattern P, i.e. those of FIGS. 12a-c, 
13b, and 14d. e. Such distortions then act like a spatial phase 
modulation of pattern P, whereupon refractive gradients in 
object BDY provide a third difference (in addition to absorp 
tion and scatter) between patterns P and P'. 
The first configuration (and associated method) is that 

disclosed above in Sect. III.6.2. This configuration automati 
cally produces an edge-enhanced image in a dot-matrix 
image made from I, given Small ar. With object BDY 
absent b-labeled pixels (or b-labeled areas on SV3) are 
illuminated by X-rays in BRIGHT fringes of pattern P, while 
d-labeled pixels receive only weak illumination from DARK 
fringes. When object BDY is present, then BRIGHT fringes 
are laterally displaced by Said ray deflection, thereby dimin 
ishing the X-ray illumination of b-labeled pixels and increas 
ing that of d-labeled pixels. A decrease in the intensity on 
b-labeled pixels and a simultaneous increase in the intensity 
of d-labeled pixels decreases I, as per Eq. (III.73). A 
refractive-index gradient within object BDY then becomes 
apparent in the Subtracted image. Since gradients may occur 
in either of the X and y directions, then 2D-periodic gratings 
are needed to sense both possible gradients. Thus, on FIGS. 
12a-c, a displacement of a BRIGHT fringe of pattern P in 
any lateral direction causes a decrease of the net X-ray flux 
recorded by b-labeled pixels and a simultaneous increase of 
it respectively on d, or on c-labeled pixels. The edge 
enhanced image from the configuration of Sect. III.6.2 still 
also shows absorption, which also gives a decrease in I, 
and thus the effects of absorption and refraction reinforce to 
enhance the contrast. If desired, it is also possible to obtain 
independent refraction and absorption imageS via a Second 
method and configuration, disclosed in Sect. III.9, that use 
the intensity recorded on c-labeled pixels. The third through 
Sixth methods and configurations that obtain refractive 
index contrast use the detector configurations of FIGS. 3a, b 
or variants thereof, and are discussed in Sect. V.6. In these 
latter configurations the detector media CRM has no pixels, 
and the phase matched b- and d-labeled pixels become phase 
matched b-areas and d-areas on slab-volume SV3, that then 
contains grating G3. 
The contrast and edge enhancement in the Invention by 

refractive-indeX gradients is proportional to the ratio of AX 
to ar, and it may be controlled via proper Selection of the 
asSociated apparatus parameters. Via physical optics, as 
applied to X-rays herein, the Inventions interferometric 
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modes automatically give inherently Small values for a, 
comparable in magnitude to AXs. These modes then provide 
an excellent means for providing Strong refractive-indeX 
contrast. If extremely high Sensitivity to refractive-indeX 
gradients is desired, then very Small a may be obtained via 
an amplitude-interferometric mode with large p=m, or via 
phase-interferometric mode with operation at E=E./n with 
large n. Small at also may be obtained via a configuration 
with Small C, or with much large a, but with a grating G3 
with large V. The deflection AX is increased proportionately 
via increased R, via Eq. (III.89). 

While deflection angles estimated via geometrical optics 
are useful for giving a conceptual view of how refractive 
indeX contrast obtains in the Invention, a more accurate 
calculation of the shape of the phase-modulated pattern P 
directly uses the methods of physical optics. The intensities 
I and I produced by propagation of X-rays from point 
Source S' through grating G2 through object BDY to a point 
X on slab-volume SV3 may be calculated numerically by 
using the Huygens-Fresnel-Kirchoff diffraction integral. 
Given very small 1-n and A0, the effect of object BDY on 
the propagation along a ray path is calculated with excellent 
accuracy by calculating the path-integral for the amplitude 
along the undeflected path to give the phase shift along this 
path, and then calculating the integrated amplitude at any 
point X on slab-Volume SV3 by Summing (i.e. by numeri 
cally integrating) the amplitudes for all paths through a set 
of Very closely spaced points on the full span of grating G2 
to the point at Xa. In turn, I(Xa) and IP (Xa) are calculated 
from I(X) and I(Xs) via Eqs. (III.69) and (III.68), where 
the latter intensities are just the Squared moduli of the 
associated integrated (Summed) amplitudes. 
To illustrate refractive-index gradient contrast formation 

in 1D and the associated edge-enhancement of an artifacts 
X-ray geometric Shadow, the results of Such a numerical 
calculation are presented in FIGS.18a–c. FIG.18a shows as 
a function of Xs the resulting intensity profiles of I(X) 
(solid line) and I(X) (dotted line), while FIG. 18b shows 
the associated profiles of I(X) (solid line) and I(X) 
(dotted line). The calculation simulates operation in phase 
interferometric mode at E=E. using a 1D-periodic PG(1, 
2,1) phase grating profile, with a =4.22 um, a =ar=8.4 um, 
and S=1.3 lim. It assumes L=1 m, and E=17.4 keV, and that 
object BDY is a CaCO cylinder, imbedded in water, with a 
diameter of 150 lum. The cylinder's axis is oriented parallel 
to the y-axis and is located at x=0 and R=25 cm. FIGS. 
18a-c all correspond to half of the cylinder's projected 
image (symmetric about x=0). The cylinder's axis projects 
to X=0, and its shadow terminator projects to X=100 um. 
The calculation ignores the effect of scattering for FIGS. 
18a, b, but that contribution would disappear from I(X) 
(FIG. 18c) in any case. FIGS. 18a, b show weak absorption 
by the cylinder, as indicated by a slightly diminished height 
of I(X) in the cylinder's shadow, 0sXs=100 um. Also 
evident, especially near the Shadow's terminator at X=100 
Alm, is a lateral displacement (phase-shift) and distortion of 
the BRIGHT fringes. 

FIG. 18c shows as a solid-line curve the subtracted image 
profile, I(X), calculated via Eq. (III.73), from pattern P' of 
FIG. 18b, with resolution elements X located at associated 
values of X. The calculation is simplified by assuming that 
grating G1 has only one uniformly illuminated slit, whereby 
geometric blurring by finite W is ignored. The Solid curve 
on FIG. 18c shows the combined effects of refraction and 
absorption by the cylinder. To provide a base-line, the dotted 
line shows I, calculated from I for object BDY absent. To 
show the effects of absorption and refraction independently, 
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the dash-dot line shows I, calculated for a geometrically 
identical cylinder, with normal absorption but with its 
refraction artificially Set to Zero. It then displays the profile 
obtained by a normal absorption-contrast radiogram. The 
dashed line Similarly shows I, for said cylinder with 
normal refraction but with its absorption artificially set to 
Zero. A comparison of these curves indicates that the effects 
of absorption and refraction are roughly additive. 

Note that the parameters used in this calculation are 
appropriate for mammography. The calculation indicates 
that the average image contrast of a 150 um dia. Spherical 
micro-calcification in breast tissue is more than quadrupled 
by the contribution from (2D) refractive-index gradient 
contrast, relative to the corresponding average image con 
trast obtained with conventional absorption-contrast. Con 
sider an image wherein the detection of weak artifacts is 
limited by quantum mottle. A conventional apparatus with a 
Bucky grid (say with 3x attenuation) would provide about 
3x4=48 times the patient-dosage as the Invention's appa 
ratus (with the above parameters in 2D) for both apparatuses 
to detect the same micro-calcification with the same 
quantum-mottle limited Signal-to-noise ratio. Use of large 
R, Small a, and phase-interferometric mode with higher n 
all increase the improvement. For example, operation of the 
above-described apparatus at n=3 increases the refractive 
index contrast by a factor of 3'-1.73. Also note that the 
dashed curve on FIG. 18c shows that refractive-index con 
trast obtains for an object with no absorption at all, but with 
only a Spatial density gradient. Thus, the Invention provides 
a radiogram of an object that is otherwise totally transparent 
to X-rays. Further note the ratio L/L is about 600 for water, 
while it is about 200 for CaCO. The contrast enhancement 
by refractive-index gradients is then about 3 times stronger 
for density gradients of comparable magnitude produced 
instead by low-Z hydrocarbons relative to CaCO. Thus, the 
otherwise weak contrast evident in the absorption contrast of 
a cancer-indicating low-Z breast-tissue “mass” is expected 
to be improved dramatically by the Invention. Finally note, 
that Since hair-line fractures and Osteoporosis in bone tissue 
provide particularly Strong refractive-indeX gradients, Such 
artifacts will be Strongly imaged under this methodology. 
III.8 Element-selective contrast methodology 
An important medical-imaging application of the Inven 

tion is its use under a new imaging methodology, wherein 
images are obtained via element-Selective contrast. It may be 
used either as a DEXA or a DSA imaging System (see Sect. 
II.3) I the latter usage, this methodology then selectively 
images a very Small concentration of a specific tracer 
element whose K absorption edge is resonant with the 
Invention. When the Invention is configured to obtain 
element-Selective contrast, it then images only that element, 
and does not image other artifacts (e.g. bone) that do not 
contain the element, and whose presence may obscure 
details being Sought in the image. The resonant Selection can 
be configured to match elements with Z typically in the 
range 35-56. Significant contrast enhancement also occurs 
by the element's abrupt refractive-indeX change across the 
absorption edge, whereupon very Small concentrations of 
the element with low absorption contrast may be imaged. AS 
with all other configurations for the Invention, the blurring 
effects of Scatter are also eliminated by configurations that 
image with element-Selective contrast. 

For medical imaging the element is chosen and adminis 
tered to the patient in a manner that allows desired artifacts 
to be highlighted. The element may be in any form, and may 
be a component of a non-toxic and non-radioactive com 
pound. Suitable elements are AS, Se, Br, Kr, Rb, Sr, Y, Zr, 
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Nb, Mo, Ru, Rh, Pd, Ag, Cd, In, Sn, Sb, Te, I, Xe, Cs, Ba. 
In phase-interferometric mode, element-Selective imaging 
can operate at moderately high energy to include iodine and 
even barium. When used for angiography very Small 
amounts of iodine (Z=53) may be administered. (See pre 
ferred Embodiment 5 in Sect. V.1.) Alternatively, the tracer 
element may be one that is Selectively absorbed by cancer 
ous tissue, or by nerve tissue (for myography), etc. 
So far, disclosure of the Invention's operation in the 

interferometric modes has concentrated on operation with an 
E., energy resonance centered on the average energy E, 
e.g. in phase-interferometric mode at the wide resonance 
with EastE=E. Element-Selective imaging, on the other 
hand, is done with E. located between resonances. That is, 
the apparatus is “tuned by adjusting a (and/or L) So that 
two resonances with opposite-sign contrast instead Straddle 
the energy Es E. AS discussed in Sects. III.3 and III.4, the 
effective contrast of a p=1 pattern Q is measured by the ratio 
of Fourier coefficients Q/Qo. FIG. 15 shows the associated 
B-dependence of Q/Qo with grating G2 configured as a 
binary absorption grating for various duty-cycles, and FIGS. 
16a-e Show it with grating G2 configured as a phase grating 
for various profiles. Note that Q/Q passes through Zero at 
various values of B, as indicated on FIGS. 16a-e by dia 
monds and plus signs. 

Zeros located by a diamond are contrast nulls, that occur 
via the non-fractional Talbot effect, and are not useful here. 
Zeros located by a plus sign on FIGS. 15, 16b and 16e are 
contrast-reversing, i.e. they occur at a sign reversal of Q/Qo. 
That is, X-rays with energies on either Side of the reversal 
have interchanged BRIGHT and DARK fringes in patterns 
Q and P. Equivalently, the relative intensities recorded by b 
and d-labeled phase-matched pixels are interchanged. Said 
interchange results (essentially) from an otherwise negli 
gible half-period shift of pattern P, Seen, for example, in Eq. 
(III.30). Contrast-reversals occur for amplitude gratings 
configured with odd values of m=p, and for phase gratings 
(with p=1) whose profiles have odd-m. A binary absorption 
grating with the duty-cycle S/ae/2 (dotted curve) has 
continuous contrast-reversals, Similar to those of a phase 
grating. A duty-cycle Safa-'73 (Solid, and dashed curves), on 
the other-hand, gives a discontinuous reversal, as indicated 
on FIG. 15 by the abrupt vanishing of Q/Q at B=S/a. 

Contrast reversals are used by the Invention to obtain 
element-Selective contrast. For a phase grating with odd m. 
or for a binary absorption grating with p=1, contrast rever 
Sals occur at half-integer values of B, i.e. at values of B given 
by 

--- III.91 |b = -s. (III.91) 

where n is an odd integer. These reversals then occur at the 
corresponding energies 

E2(a2) = E(a), (III.92) 

as given by Eq. (III.35). To obtain element-selective 
contrast, grating G2 may be either a phase grating or a binary 
absorption grating; however, the resulting contrast is much 
lower when a binary absorption grating is used. Phase 
gratings with PG(1.3.1) and PG(2,5,1) provide convenient 
Strong contrast reversals at the operating point f=%, i.e. at 
m=2, n=1 in Eq. (III.37). The energy of a contrast reversal 
is then configured (for example) with m=2, n=1 via Eq. 
(III.91) by the appropriate choice of a via Eq. (III.82) with 
n=1 (i.e. via Eq. (III.38)), 

a=2'a(E), (III.92) 
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to lie at the average X-ray energy E. In turn, E is chosen 
to lie at the energy E of the element's K-edge, as per 

Ex-EK-2/ne(a). 
so that the finite X-ray bandwidth AE of the illuminating 
X-rays Straddles the contrast-reversal, and provides X-rays 
with energies above and below the contrast reversal. The 
values for C, L, and E of the element to be imaged then fix 
the value of a (E), whereupon Eq. (III.82) provides a 
Specific set of allowed choices (indexed by the integer n) for 
the G2 grating period a, as per Eqs. (III.82), that may be 
used to obtain element-Selective contrast. 
The mechanism by which element-selective contrast 

obtains may be understood by considering FIGS. 19a-e, all 
plotted using the same linear energy Scale. The example 
illustrated by FIGS. 19a–e is for iodine (E=33.17 keV) 
with an apparatus configured with its m=2, n=1 contrast 
reversal centered at E, via Eqs. (III.92) and (III.93). A 
suitable X-ray illumination spectrum is shown in FIG. 19b. 
It is produced by X-ray tube T and filter F, configured via 
methods presented in Sect. V.3. This continuous spectrum 
covers both the energy range where the iodine’s absorption 
and refractive indeX are rapidly varying, as well as the 
energy range where the contrast reverses. 

FIG. 19a shows the X-ray energy dependence of the 
contrast of the p=1. Spatial-frequency component of pattern 
Q, as indicated by the ratio Q/Qo, when grating G2 is a 
phase grating with a PG(1.3.1) profile (solid line), with a 
PG(2,5,1) profile (dashed line), and when grating G2 is a 
binary absorption grating with S/a=% (dotted line). These 
three curves are just the Solid curves on FIGS. 16b, 16e, and 
15, replotted on a linear energy Scale. The Spectrum may be 
Viewed as containing X-rays of two types-E, X-rays are 
those with energies below E, and E, X-rays are those 
with energies above E. Given the contrast reversal now 
centered at E, the two types of X-rays give opposite contrast 
from each other, i.e. E. X-rays give negative contrast, 
while E, X-rays give positive contrast. 

Period and phase harmonic matching under the element 
Selective imaging methodology are accomplished Via Eq. 
(III.77) and with the same hardware configuration and 
conditions disclosed in Sects. III.6.-III.6.4, but with the 
numerical values of the apparatus parameters Silghtly dif 
ferent. However, given the contrast reversal, the effect of 
said matching is now different from that for the absorption 
or refractive-indeX imaging methodologies. Indeed, it has 
opposite effects for E, and E, X-rays. When object BDY 
is absent the effect causes positive-contrast E, photons to 
have BRIGHT fringes of pattern P illuminate b-labeled 
pixels, and to have DARK fringes of pattern P illuminate 
d-labeled pixels. For negative-contrast E. photons, 
however, the effect causes just the reverse to happen, i.e. 
BRIGHT fringes then illuminate d-labeled pixels, while 
DARK fringes illuminate b-labeled pixels. 

Consider the use for angiography of the Invention con 
figured for element-Selective imaging with iodine as the 
tracer element. The most common components present in 
object BDY that contain no iodine are water and bone. FIGS. 
19c, 19d, and 19e show respectively the linear absorption 
(i.e. 1/L(cm)) of iodine, water and CaCO (bone). Water and 
bone both have an absorption (and refraction) that varies 
Slowly across E and is not significantly different for E 
and Ent, photons. The ratio of the intensities of Et to Ent, 
X-rays, determines the weighting of these intensities in a 
full-spectrum average of Q /Qo, that, in turn, determines the 
net contrast produced by water and CaCO. This ratio may 
be adjusted, by adjusting the X-ray tube's DC high Voltage, 

(III.93) 
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or by adjusting the relative thickness of filter F. If a thin cell 
that contains a liquid Solution with a very weak concentra 
tion of iodine is included as part of filter F, then this ratio 
also may be adjusted by varying the cell's iodine concen 
tration. Then, by carefully controlling this ratio, the net 
contrasts for both water and CaCO can be made to cancel 
approximately in an image that is calculated from I, as per 
Eq. (III.73). (If said control instead enhances the differences 
between water and CaCO, the Invention then functions as 
a DEXA system, rather than as a DSA System, when no 
iodine is present.) Once canceled, then both bone and 
water-dominated tissue artifacts that contain no iodine 
almost completely disappear from the final image. Further, 
if instead of using Eq. (III.73) to calculate I, in the image 
Subtraction algorithm, I, is instead calculated for the Xth 
pixel via 

I,(x) - (x) (III.94) 
I,(x) = . . . . 

then the appearance in the image of absorption by these 
uninteresting but strongly absorbing artifacts (like bone) is 
more completely erased from the image. Note that Eq. 
(III.94) also eliminates scatter-induced blur from the result 
ing image, similarly to its elimination by Eq. (III.73). 

Unlike water and CaCO, however, iodine has both a 
large abrupt change in its absorption and a similar abrupt 
change in its refractive index see Michette and Buckley, 
1993, Sect.5.5 at energy E. Its absorption spectrum is 
shown in FIG. 19c. Via Moseley's law (Leighton, 1959, pp. 
422–426), the energy E of an absorption K-edge is asso 
ciated with a unique element, So that when the Invention is 
configured as per Eqs. (III.92) and (III.93), then only the 
Selected element is imaged. For artifacts containing iodine 
the positive and negative contrast contributions to the image 
by E, and E, X-rays do not cancel, since iodine, and only 
iodine, has a very different opacity and refractive indeX 
above and below E=33.17 keV. These artifacts then appear 
Strongly imaged in a dot-matrix image of I, as calculated 
via Eq. (III.73) or (III.94). Their contrast is further edge 
enhanced by the abrupt change in the refractive index of 
iodine that also occurs at E. The slope of a curve on FIG. 
19a at the contrast reversal then determines the element 
Selective contrast. A higher value of m. gives higher contrast 
to a phase grating. Thus, on FIG. 19a notice the greater Slope 
at Ek of the dashed line for a PG(2,5,1) profile relative to 
that of the solid line for a PG(1,3,1) profile. A binary 
absorption grating (dotted line) is seen to provide the least 
contrast. In a further refinement of the Invention, the tracer 
element, itself, is used in the G2 phase grating spatially 
periodic structure, So that its associated abrupt change in 
refractive-indeX and absorption at E further enhance the 
contrast reversal's sharpness. 
III.9 Obtaining two independent images from one exposure 
The above methods provide one image per exposure, 

made from a dot-matrix array of the intensities I(X), as 
calculated via Eq. (III.72) or Eq. (III.94). Moreover, the 
methods disclosed in Sects. III.7 and III.8 provide an edge 
enhanced image that is a combination of the object's absorp 
tion and refractive-index gradient distribution (or that of the 
tracer element), i.e. contrast results from a combination of 
methodologies. However, from only a single X-ray exposure 
made with object BDY present it is also possible, if desired, 
to get more than one image from this exposure's data, with 
each Such image deriving from a different "pure' method 
ology. For example, from Such a single exposure the Inven 
tion can produce an image giving the object's pure absorp 
tion distribution, and Simultaneously can produce a Second 
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independent image providing the object's pure refractive 
indeX gradient distribution, with both of these images having 
the blurring effects of scatter removed from them. 
To obtain the two images, the pixel layout and phase 

matching shown on FIG. 12c are used. Grating G1 is 
configured as shown on FIG. 8b via a separable function, so 
as to produce a 2D-periodic Separable pattern Pas shown in 
FIGS. 14d and 12c. The pixel layout shown on FIG. 12c 
includes pixels labeled c, in addition to its b and d-labeled 
pixels. FIG. 12c indicates correct alignment, since BRIGHT 
fringe umbras of pattern P illuminate b-labeled pixels and 
their penumbras and the DARK fringes minimally illumi 
nate the d-labeled pixels. Note that the penumbras also 
partially illuminate c-labeled pixels, but negligibly illumi 
nate d-labeled pixels. 

Before the apparatus is used for X-ray imaging, it must be 
calibrated (with object BDY absent). To do so, a “calibra 
tion X-ray exposure is taken, wherein the X-ray intensity is 
measured (for pattern P) by the detector-pixels within each 
resolution element X. Three calibration constants for each 
resolution element X are recorded. These are I(X), I(X), 
and I(X), where each constant is the average intensity 
recorded respectively by the b, c, and d-labeled pixels within 
resolution element X with object BDY absent. To verify 
apparatus Stability, if desired, these calibrations may be 
rechecked after an X-ray exposure is made with object BDY 
present. ASSuming reproducible operation of the apparatus, 
then recalibration is needed only when the X-ray tube's 
brightness is changed. (In addition to their use for obtaining 
two independent images, these and/or similar calibrations 
may be used with all methodologies to rescale I, to give a 
flatter intensity field, if grating errors leave it slightly 
non-uniform following alignment.) 

During the single exposure with object BDY present, the 
Invention records for each resolution element X three inten 
Sities for pattern P". These values are I(X), I(X), and I(X), 
as the average intensity recorded respectively by the b, c, 
and d-labeled pixels within resolution element X with object 
BDY present. With object BDY now present, the intensities 
recorded by the b and c-labeled pixels are correspondingly 
attenuated by the object’s absorption. Refraction by the 
object also laterally displaces the positions of BRIGHT 
fringes of pattern P, as per the lateral phase modulation of 
pattern Pseen on FIG. 18b. Said displacement decreases the 
asSociated b-labeled pixel intensity and increases the inten 
sity on an adjacent c-labeled pixel. Scattered X-rays add 
intensity roughly uniformly to all neighboring pixels. In 
terms of these three dominant processes, the relationship 
between these various intensities with and without the 
presence of object BDY for resolution element X may be 
written as 

where, for the xth resolution element, A(x) is the object's 
associated absorption, I(X) is the intensity that has been 
shifted from the b to the c-labeled pixels as a result of the 
objects refractive-index gradient, and Is(x) is the local 
intensity of Scattered X-rayS. Knowing the calibration 
constants, Io(X), Io(X), and I(X), then Eqs. (III.95)- 
(III.97) can be solved for each resolution element X for the 
values of A(x) and I(X), in terms of th measured intensities 
I,(x), I(X), and I(X). The result is 



5,812,629 
S3 

I,(x) + (x) - 2ICx) + 200x) (III.98) 
Act) -- for to - 
and 

I(x) - I,(x)0(x) + 10(x) Ibo(x) - Ico(x) (III.99) 
Ir(t) = 2i.e., iii to it. " 2 

For each resolution element X the computer CP (and/or its 
internal image processor) thus calculates via Eqs. (III.98) 
and (III.99) the associated A(x) and I(X). A dot-matrix 
image made from the A(x) values provides the desired pure 
absorption image, while one made from the I(X) values 
gives the pure refractive-indeX gradient image. Scrutiny of 
Eqs. (III.98) and (III.99) indicates that the images produced 
by these Formulae also have scatter-induced blur eliminated 
by subtraction. 

Each of these two independent images gives different 
information about the internal structure of object BDY. 
These images may be regarded Separately, or, if desired, they 
may be synthesized to form a doubly-descriptive “false 
color image of object BDY. For example, the colored 
image's red intensity may be made proportional to I(X) and 
the image's green intensity may be proportional to A(x). In 
Such an image, large image artifacts appear as green with 
yellow to reddish colored outlines. If preferred, a different 
color combination may be used. A similar procedure may be 
followed using the element-Selective imaging methodology. 
In angiography, for example, Small coronary arteries, having 
a large refractive-indeX gradients are then displayed as one 
color, while larger arteries and heart chambers show with a 
different color. 
III.10 Apparatus alignment System 

Gratings G1, G2, G3 and detector D require careful 
relative alignment, in order to achieve period and phase 
harmonic matching. Alignment operations are performed 
with object BDY absent. The Invention provides additional 
components and methods specifically included for perform 
ing Said alignment. These components are disclosed in Sect. 
III.10.1. The components together form an in-situ laser-light 
optical interferometer, that is a collateral Invention herein 
disclosed. Detailed principles of operation of Said optical 
interferometer are disclosed in Sect. III.10.2. Following 
careful apparatus assembly the optical interferometer is used 
for exact alignment, as disclosed in Sect. III.10.3. 

The alignment System obtains period and phase matching 
throughout the whole area of detector D. To do so, the 
allowed fractional error in Eqs.(III.7) and (III.76)–(III.80) 
must be somewhat less than 1 one part in No, where N is 
the number of periods of pattern P that span the detector. For 
example, a detector 2.5 cm wide and pattern period as 18 
tum give Nos.1400 periods spanning detector D, whereupon 
the cumulative error in a relative to a then must be 
somewhat less that 0.07%, say about 0.01%. The relative 
positioning accuracy of gratingS G1, G2, G3 and detector D 
also must be to within better than ar. Not only must Such 
accuracy be achieved, it also must be maintained for rea 
Sonable durations, So that realignment is not needed too 
often. Thermal Stability is thus important, as discussed in 
Sect. V2. Unavoidable residual drifts of the alignment may 
be corrected as needed via brief X-ray exposures with object 
BDY absent, and/or via briefly rechecking and readjusting 
the alignment with the optical interferometer, Say immedi 
ately prior to an exposure with object BDY present. 
Additionally, said brief X-ray exposure with object BDY 
absent also may serve for apparatus calibration (or 
recalibration), as disclosed in Sect. III.9. 
AS per Sect. III.6.3, the gratings and detector must be 

fabricated So that the resulting "as-built values of a, a2, a 
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and a satisfy Eqs.(III.7) and (III.80) with a required accu 
racy for each of them that is Somewhat better than 1 part in 
No. Fortunately, the current state-of-the-art for microfabri 
cation technology readily works to tolerances much tighter 
than 0.01%, so that achieving the needed fabrication accu 
racy is not a problem. Via Eq. (III.79) the “as-built” values 
for a and a define the value C. as the now-required value 
for C. At any given State of the alignment operation, the 
value C of C. that obtains in practice is defined as 

(III.100) 
C = 

where R and R2 are the actual values of R and R at any 
particular State during the alignment process. In general, C. 
is slightly different from the desired value C. One goal of 
alignment is to achieve and maintain CsCl with the relative 
error, 1-(C/C.), kept Somewhat Smaller than 1/N. For R 
and R both about 0.5 m, either grating then must be 
longitudinally positioned to an accuracy of typically better 
than 360 um. 

Lack of parallelism of the grating and detector periodicity 
directions caused by rotation of the gratings about the Z 
direction relative to each other and relative to the detector 
also must be eliminated. Achieving Said parallelism is called 
"rotational alignment', and "rotation' of a grating refers to 
rotations about the z-direction (i.e. around an axis parallel to 
C.), unless otherwise specified. Thus, when the "rotational 
alignment' is not correct, then phase matching can occur 
approximately only in a Small localized area of the grating, 
but cannot occur Simultaneously throughout the detector's 
whole Surface area. In turn, the required rotational alignment 
accuracy prohibits rotational errors from displacing the 
periphery of pattern Platerally by more than a Small fraction 
of a relative to detector D. 
The rotation of the plane of a grating about the X or y 

directions is called “tilt'. The plane of a “tilted’ grating is 
then not perpendicular to C, nor is it parallel to the planes 
of the other gratings and/or of the detector. Note that the 
required longitudinal positioning accuracy for R and R 
must be maintained throughout the planes of the gratings 
and the detector. When these planes are not accurately 
parallel via grating tilt, then different values of C hold for 
different propagation paths of the X-rays, and phase match 
ing fails at Some locations on detector D. 
When grating rotation, tilt, and longitudinal positioning 

are all correctly aligned, then for accurate phase matching to 
obtain, the relative lateral positioning errors of gratingS G1, 
G2 and detector D still must be controlled to well within a 
Single grating period width (typically <<3-60 um). 
Fortunately, alignment is highly simplified by the fact that 
the gratings are spatially periodic, So that alignment to any 
one period of a grating is equivalent to alignment to any 
other. 
III.10.1 Alignment System components 
The components of the Invention that are used for its 

alignment are shown on FIG. 1. Laser LS produces narrow 
bandwidth light with wavelength 2. Laser LS is a tempera 
ture Stabilized single-mode diode laser, including an asso 
ciated collimating lens and beam circularizing optics that 
gives it a parallel diffraction-limited output beam. Its wave 
length ) is adjustable over a narrow range via adjustment 
of its temperature and/or injection current. Reflections are 
prevented from reentering the laser by Faraday optical 
isolator FOI and by spatial filter SF. Spatial filter SF is 
comprised of two lenses with a Newtonian focus and a 
pinhole positioned at this focus. Light from laser LS, after 
passing through FOI and SF has optic axis LCL. It then 



5,812,629 
SS 

passes through adjustable-focus telescope AFT, comprised 
of two lenses. The focal lengths of its lenses are chosen So 
that the laser beam exiting the telescope has a typical 
diameter of about 3 mm-1 cm. Telescope AFT is aligned to 
laser optic axis LCL. Its focus is adjusted in a manner that 
does not perturb axis LCL, but allows the laser beam to be 
brought to a focus at various distances from it including 
infinity. Optionally, it may be desirable to include within 
telescope AFT orthogonally mounted and independently 
translatable cylindrical lenses to thereby allow the tele 
Scope's Single focus to be turned into a pair of orthogonal 
line foci whose longitudinal positions are independently 
adjustable. 

X-ray axis C, passes through the center of focal spot S 
and through the center of detector D. X-ray transmitting 
mirror XTM is very thin, partially reflecting of light, and 
negligibly absorbing of X-rays (e.g. a microscope cover 
Slide). It negligibly laterally displaces transmitted light. 
Positionally-adjustable mirrors M1 and XTM reflect the 
laser beam So that the reflection of laser optic axis LCL and 
X-ray axis C, coincide. Said coincidence is obtained by 
using removable pinholes PH1 and PH2 as fiducials. These 
pinholes are made from a high-Z material that transmits 
neither light nor the X-rays. They are positioned during 
alignment within the apparatus on kinematic mountings, So 
that following their removal they may be repositioned at 
exactly the same position. Their lateral positions are Set 
using X-y translation micropositioning means, included as 
part of each of their mountings. The holes are only a few um 
in diameter, and comparable in size to that of a diffraction 
limited beam-waist formed by focusing the laser beam on 
them. 

Laser LS, along with its associated beam forming (AFT, 
SF, FOI, etc.) and beam steering components (M1, XTM, 
etc.), gratings G1 and G2 and detector D, together form an 
in-Situ optical interferometer that is used to obtain accurate 
alignment of the apparatus. The substrate material SUB for 
the gratings G1 and G2 is further specified to transmit the 
laser's light. The periodic structure on these gratings either 
absorbs and/or refracts the light, So that gratingS G1 and G2 
then act as diffraction gratings for the laser light. Said action 
is crucial to the operation of the laser interferometer. X-ray 
transmitting cover XTC (e.g. black paper or plastic) is 
opaque to visible light. It is removed during alignment. 
Laser light reflected by mirror XTM then passes through the 
gratings to impinge on slab-Volume SV3. An in-situ optical 
interferometer is thereby created that forms spatially peri 
odic interference pattern O in the intensity distribution of the 
laser light incident on the Surface of detector D, and/or 
incident on grating G3, if it is included. Pattern O has a 
dominant lowest Spatial frequency component with the 
Spatial period ar. Detector D is Sensitive to both light and 
X-rays, and detects Said light. When the apparatus is in 
correct alignment, pattern O is then also period and phase 
matched to detector D, Similarly to the desired phase match 
ing between period P and detector D. The Invention uses an 
important discovery by the Inventor that pattern O mimics 
pattern P, and does So independently of the focusing of 
telescope AFT, directly via the defining Equations (III.7) and 
(III.74)-(III.80) for the apparatus. That it does so even 
though the X-ray and laser photon energies (and their asso 
ciated wavelengths) differ by a factor of about 10", is 
Somewhat remarkable. 
When alignment is incorrect, pattern 0 forms a moiré 

pattern see Patorski,1993 with the periodic pixel layout of 
detector D. Color monitor TV displays via computer CP the 
optical image detected by the b-labeled pixels as one color 
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(e.g. red) and that by the d-labeled pixels as a second color 
(e.g. green). The moiré pattern is then displayed as a 
2D-periodic color variation on monitor TV. Its fringe period 
is the Spatial frequency difference between that of pattern O 
and of the b-labeled pixels sparse array, So that the moiré's 
displayed appearance is a very Sensitive indicator of any 
misalignment of pattern O and of any corresponding lack of 
phase matching. Computer CP further provides “Zoom’ and 
“pan options to allow observation of fine details of said 
moiré image. Alignment is then guided by the varying 
appearance of the displayed moiré, in response to manipu 
lations of the relative alignment of gratingS G1, G2, G3 and 
detector D. 

Precision position-defining mountings are used for posi 
tioning gratings G1 and G2 and detector D. Such mountings 
are available commercially, for example, from the Newport 
Corporation (Irvine, Calif.). Each grating is laterally and 
rotationally finely positioned by piezoelectric translators. 
The extension capability of these translators is through more 
than one associated grating period. If all alignment 
positioners, including those used for adjusting the focus of 
telescope AFT, are controlled by computer CP, then the 
alignment methods may be reduced to Simple algorithms 
that may be executed automatically by computer CP. So 
doing, alignment of the apparatus may be fully automated. 

During apparatus assembly, laser LS also operates as a 
laser range-finder. Removable mirror M2 is on a kinematic 
mounting that allows it to be accurately repositioned. Mir 
rors M2 and M direct light reflected by the gratings and/or 
by the detector's Surface to Superpose with light from laser 
LS on photodiode PD. When operating as a range-finder, 
laser LS has its wavelength ), Swept via applying a low 
frequency triangular or Sawtooth-waveform ramp Voltage to 
the laser diode's injection current. Then, using a technique 
demonstrated by Gorecki et al. 1994), the heterodyne 
frequency measured on photodiode PD is used in a manner 
similar to that of FM radar as a laser range finder to 
determine the initial relative longitudinal positioning of 
gratings G1 and G2, and grating G3 or detector D. While it 
is possible to assemble the apparatus accurately without use 
of this laser range finder, by instead using very careful 
manual measurements, its inclusion expediteS assembly and 
alignment. 
To simplify alignment, the laser System, gratings and 

detector are assembled as accurately as possible to be 
“pre-aligned”. Laser LS, Faraday isolator FOI, spatial filter 
SF, and telescope AFT are first aligned to a common optic 
axis LCL, using Standard techniques in optics. X-ray tube T, 
and detector D are then installed, thereby defining X-ray axis 
C. The reflection of the laser's optic axis LCL by mirror 
XTM is made coincident with C. Accurately repositionable 
pin-holes PH1 and PH2 act as fiducials that define points on 
axis C, for both light and X-rayS. They are placed, one at a 
time, on axis C, as shown in FIG. 1. Their positions are 
each adjusted to be on C, via a sequence of X-ray exposures, 
So that each casts a Small X-ray Spot on the center of detector 
D. The reflection by mirror XTM of laser optic axis LC, is 
aligned to coincide with X-ray axis C, by adjusting mirrors 
M1 and XTM and the optic axis of telescope AFT so that the 
laser LS can be focused either on pinhole PH2 or on the 
center of detector D. Focus on pinhole PH2 is indicated by 
its transmitted light being detected by detector D. Next, the 
tilt of the plane of detector D is adjusted. Pinhole PH2 is 
removed and pinhole PH1 is repositioned on axis C, 
between X-ray tube T and mirror XTM. The flat surface of 
detector D reflects laser light, which then passes back 
through mirror XTM to strike pinhole PH1. The telescope is 
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then adjusted to focus on pinhole PH1. Tilt of detector D is 
adjusted So that the focused laser light reflected by its 
surface then passes through pinhole PH1 and is detected by 
photodiode PD. 

If grating G3 is to be included in the apparatus, and if it 
is fabricated accurately as part of detector D, as shown on 
FIG. 2, then no alignment of grating G3 is needed. If grating 
G3 is independently fabricated, however, parallelism of its 
plane to that of detector D is obtained by contacting its 
periodic surface layer with the front surface of detector D, 
and/or by inserting very thin Shims between these two 
components. Parallelism is determined by the same method 
used for tilt-alignment of detector D, with light reflected by 
the surface of grating G3 brought to a focus on pinhole PH1. 
Lateral positioning and rotation adjustment of grating G3 is 
done with light from telescope AFT and laser LS fully 
illuminating grating G3. The optical shadow cast by grating 
G3 creates a moiré pattern with the pixel array of detector D, 
and grating G3 is rotated and translated to remove this moiré 
and to create uniform illumination of all b and d-labeled 
pixels of detector D, indicated on monitor TV by a uniform 
yellow color. Once detector D (and grating G3) has (have) 
been installed and aligned, it (they) may be used as a 
reference plane for alignment of gratings G1 and G2, and not 
be moved thereafter. 

Next, a reference range is measured to the front-Surface of 
detector D., (or to grating G3, as appropriate) using the laser 
range finder. Mirror M2 is installed and positioned, along 
with mirrorS M, So that parallel light passing through mirror 
XTM, and parallel light reflected by detector D (or grating 
G3) Superposes on photodiode PD. The heterodyne fre 
quency produced at photodiode PD is recorded. Grating G2 
is installed next. Its tilt is aligned to position its focused 
reflection near pinhole PH1. Its reflected light is sampled by 
the range finder, and its distance R2 from detector D is 
adjusted So that its associated heterodyne frequency indi 
cates the correct design distance, Ras R. Finally, the above 
installation procedure is repeated for grating G1 to give 
ReR. 
III.10.2 Operational principles of the optical interferometer 

Understanding the operation of the optical interferometer 
is simplified by initially assuming that the Invention oper 
ates with p=1, q=1, u=2, m=1, V=1, grating G3 is absent, and 
that both tilt and rotation are in correct alignment, but that 
C. is not. Configurations with p>1 are considered at the end 
of this Section, and the effects of misalignment are consid 
ered in Sect. III.10.3. For p=q=1, Eq. (III.79) reduces to 

a. ---, (III.101) 
d1 - d2 

For added simplicity assume that gratings G1 and G2 are 
both 1D-periodic, and that the telescope provides light rays 
incident on grating G1 that are parallel to and centered on 
C, as shown in FIG. 20. The gratings act as diffraction 
gratings for the laser light, whereupon Fraunhofer diffrac 
tion orders are produced at grating G1, as shown in FIG. 20. 
On FIG. 20 parallel line pairs represent the envelope of the 
laser beams, as incident and as created by the various 
diffraction orders. Each order then propagates independently 
and is coherent with the other orders. The zeroth order beam 
FDo experiences no net deflection at grating G1, but the first 
order beams FD, are deflected through the Small angles 

WL 
(i. 

(shown on FIG. 20 for FD) where Eq. (III.101) is used. 
Upon arriving at grating G2, orders FD, have experienced 
the lateral displacement from order FDo 

C: (III.102) 
01 as sin 0.1 = + G1 G1 1 + C.: 
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W2=R 61. (III.103) 

All other orders are more widely deflected. Typical numeri 
cal values for W for the preferred embodiments described 
in Sect. V.1 range from 0.9 cm to 5 cm. For simplicity, 
assume that the width of grating G2 accommodates only the 
transmission of the three orders, FD and FD. These three 
orders have the dominant intensities, while higher orders, 
FD, FD, etc. are much weaker. AS indicated below, the 
interferometer also works with the passage of these addi 
tional (weaker) orders. 
The FDand FD orders are then each diffracted by 

grating G2, to create more Fraunhofer diffraction orders, as 
shown on FIG. 20. These are labeled by FD with two 
Subscripts, where the first Subscript indicates the diffraction 
order at grating G1, and the Second indicates the order at 
grating G2. The order FDoo is undeflected by grating G2and 
hits the detector's center exactly on C. Among the orders 
produced by order FD, order FD, is the only one that hits 
the detector anywhere near C, while the others arrive at 
detector D with a sufficiently wide separation from C, that 
they generally escape detection. For the preferred embodi 
ment parameters used in Sect. V.1, typically they arrive at 
the detector plane about 2 cm or more from C. By 
symmetry, order FD, also hits the detector near C. Thus, 
among the orders produced at grating G2, only FDoo, FD, 
and FD-1, finally arrive at the detector plane near C. The 
angle between order FD, and order FD, is 

(III.104) 
062 is sin 062 : s 

shown on FIG. 20 between orders FD, and FDo (the 
0th order extension of FD). The angle 0 between beam 
FDoo and symmetrically incident beams FD, and FD 
is then 

WL WL 1 1 (III.105) 
+0 = 062-01 = -- -(i. - = 

WL 1. WL 
(i. out T ap. 

Beam FDoo has a Scalar field amplitude that is given as a 
function of longitudinal position Z by 

III.106 
lo = AoeXp ( f 2 ) s ( ) 

while beams FD, have field amplitudes given by 
(III.107) 

l1 = A 1eXp ( f zcos0 ) eXp ( f xDsine exp(ip), 

where p is the phase shift accumulated by these latter two 
beams via their transit of a longer path (longer by Several 
hundred ), and where the Symmetry of their geometry 
gives their two amplitudes the same moduli A. 

Since the beams FDoo, FD, and FD are coherent 
with each other, then if and when they positionally overlap, 
they interfere. Where they overlap on the detector's Surface, 
the resulting Superposed amplitudes produce interference 
pattern O. If the detector Surface is located at Z=Z, then the 
intensity distribution at this surface is functionally described 
by Io (X,Z), where X=Xa is the lateral position on the 
surface of detector D. Using Eqs. (III.106), (III.107) and 
Ossin 0, it is given by 
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2JIxp (III.108) 
lo(xD; 2D) : yo + 1 + y- = Ao +A1 cos2 (iP -- 

2JIxp 2JZD 
2A(A1cos (iP COS WL (1 - cos0) - p . 

The first term in Eq. (III.108) is constant. The second is very 
Small and is periodic with period ap/2. These two terms then 
provide equal illumination to b and d-labeled pixels, and 
thus no Spatial variation to the display's color. If desired, 
monitor TV may be color re-balanced to eliminate the 
background yellow hue created by these first two terms to 
give a uniform white Screen, except for the remaining effect 
by the third term. The third term is much larger than the 
Second and gives a Spatial intensity variation at period ar. If 
periodic pattern O is aligned with (phase-matched to) the 
periodic pixel array of detector D, and if its maxima are 
centered on b-labeled pixels (i.e. phase-matched with them) 
then monitor TV shows a uniformly red tint, while if the 
maxima are centered on the d-labeled pixels, it shows a 
uniformly green tint. The whole TV display may be shifted 
from red to green via laterally repositioning grating G2, Via 
its associated piezoelectric translators by the distance a/2. 
Misalignment is indicated by a red-green skewed moiré 
pattern, as disclosed in Sect. III.2. 

Note that interference pattern O forms only when and 
where the orders overlap. Consider under what conditions 
overlap occurs. Combining Eqs. (III.100)-(III.105) gives the 
displacement AX, between orders FD, and FDoo on 
detector D as 

C 
1 - H 

C: 

WL (III.109) 
AxD = Ax2 - R2 (0.62- 0c) = R. -- 

The relative displacement between these three beams is then 
Zero if and only if C=C. holds, and thus, if and only if the 
apparatus is longitudinally in correct alignment. 
Furthermore, phase matching between pattern O also occurs 
throughout all of the area of detector D if and only if the 
apparatus is laterally and rotationally in correct alignment. 

In apparatus configurations with p=m21, the orders FD. 
-1, FD-1, and FDoo do not overlap at the center of detector 
D. Instead, the orders FD, FD, and FDoo are found 
to overlap at Said center, whereupon the interferometer 
operates Similarly with C. given by Eq. (III.79). An appa 
ratus configured with 2D-periodic gratings produces orders 
diverging and converging in both the X and y directions. Five 
orders rather than three are then Superposed on detector D. 
Nonetheless, the analysis of 2D-periodic cases gives the 
Same effect as those found for 1D-periodic gratings. Thus, it 
provides alignment for all p and for both 1D and 2D-periodic 
configurations. 

Note that whenever there is overlap of orders at the 
detector's center, then for parallel light illumination the 
spatial period of the third term of Eq. (III.108) is always ar, 
independently of the actual values of R and R. Also note 
that this third term is a product of two cosine factors, 
wherein the Second of these factors determines the magni 
tude of this term's contribution to pattern O. For fixed R, 
then as a function Z, this Second factor provides a periodic 
reversal of the pattern's contrast. This periodic contrast 
reversal is the Simplest example of the (non-fractional) 
Talbot effect for light. For Las 1m, C=1, and 2 = 780 nm the 
contrast reverses for a change of Z, (i.e. for a change of R) 
equal to about 415 um for a-18 um, about 3.2 mm for 
a=50 um. Phase reversal also may be brought about by a 
very small change of ) (about 0.05 nm) via the offset phase 
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(p. Note that for Some values of R, R2, and 2, the resulting 
value of p may cause the contrast to Vanish as it reverses 
sign. (Said contrast reversal is similar to that for X-rays 
discussed in Sect. III.8.) However, when the moiré pattern 
ShowS Such diminished contrast during alignment, contrast 
may be restored via a slight readjustment of the laser's 
wavelength 2. 

Consider next what happens when the telescope is refo 
cused So that the incident light is no longer parallel, but 
instead forms a focus Somewhere on C. When telescope 
AFT is not focused on infinity, the size of the spots formed 
by various diffraction orders on the plane of detector D may 
increase. Indeed, orders lost off the side of detector D can 
become Sufficiently wide that they overlap the orderS Super 
posed on the detector's center. Where they overlap, they 
interfere and thereby modify the shape of pattern O. The 
result is again a Similarly periodic pattern, but with a 
different Talbot fringe structure. If the Talbot fringes formed 
by the associated third term of Eq. (III.108) have an equiva 
lent associated resonance index n = p/a, that is an even 
integer, then these fringes are laterally in phase with those of 
the Overlapped central orders, and all overlapping orders 
again form the same pattern O (if the apparatus is in correct 
alignment). On the other hand, if n is odd, then Talbot 
fringes formed in the areas of additional overlapping outside 
orders have opposite phase. (This half-period phase shift is 
Similar to that seen in Eq. (III.30).) In-phase overlapping 
orders are readily identified by a change in image brightness 
acroSS the overlap junction, while out-of-phase overlapping 
orders provide diminished fringe contrast within the over 
lapped area. A minor readjustment of wavelength ), then 
readily Switches n, from odd to even. Then, if the apparatus 
is in correct alignment and n is even, a uniform phase 
matching persists through regions of Said overlap Via the 
Talbot effect for light, no matter how many orders overlap, 
and interference pattern O is similar to pattern P. It is then 
formed independently of the telescope's focusing when the 
apparatus is in correct alignment. A single-mode (narrow 
bandwidth) laser is needed here to give high fringe contrast, 
especially when Talbot-effect optical fringes are formed. 
III.10.3 Alignment methods 
Once the gratings are installed and pre-aligned within the 

apparatus, the optical interferometer is used to obtain final 
accurate alignment in an iterative fashion, wherein adjust 
ments of grating rotation, longitudinal positioning (i.e. 
C.-adjustment for locating the condition C=C.), 2, and tilt 
are performed Sequentially. Rotation and C.-adjustment tend 
to dominate the effort. Tilt and 2 adjustment are queued into 
the iterative Sequence as they appear to be needed by the 
appearance of the moiré. Note that tilt alignment following 
pre-alignment is generally quite good and usually does not 
require major readjustment. Moreover, tilt adjustment is 
probably the least critical among the various needed 
adjustments, with rotational alignment perhaps being the 
most critical. Rotational alignment is best attempted first. 
The C-adjustment methods work best when the gratings are 
nearly parallel under grating rotation. After Several 
iterations, the Sequence of adjustments converges yielding 
asymptotically correct alignment. 
When the apparatus is misaligned, then the periods of 

pattern O and the detector do not match exactly, and a 
Spatially periodic moiré pattern is observed. Upon reaching 
ideal alignment interference pattern O undergoes negligible 
change if telescope AFT is focused anywhere, and the period 
of the moiré pattern becomes infinite. To aid alignment, the 
position of grating G2 optionally is Swept laterally through 
a few grating periods in the X, y, and/or rotational directions 
by using the associated piezoelectric translators, and by 
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applying a slow s1 Hz Sawtooth Sweep Voltage waveform to 
them. With Said temporal grating Sweep, then when correct 
alignment is obtained, it is indicated by a spatially uniform 
temporally alternating red-green color on the whole monitor 
Screen. Said Spatially uniform temporal red-green alternat 
ing color then occurs no matter where telescope AFT is 
focused, although change of focus does change the area 
illuminated by the detector. When the apparatus is 
misaligned, the moiré pattern is observed to walk during 
each Sweep. The direction of walk is an indicator of the 
needed adjustment direction, while the Spatial period of the 
moiré is an indicator of how far out of alignment the 
apparatus is. AS proper adjustment is approached and 
reached, the moiré period approaches and becomes infinite, 
whereupon the uniform temporally oscillating color appears. 
If correct alignment is overshot, then the moiré reforms with 
an oppositely directed walking motion. When the apparatus 
is misaligned, then refocusing telescope AFT has a variety of 
Significant, useful and indicative effects on interference 
pattern O, and thus on the displayed moiré. 

The most accurate adjustment of C. is done once rotational 
grating alignment is nearly at hand. However, when gratings 
G1 and G2, or grating G2 and detector D have nearly parallel 
rotational orientations, then C. may be adjusted So that C>C. 
holds quite accurately via either of two methods. The first 
C.-adjustment method is most effective when the periods of 
gratings G1 and G2 are nearly parallel. Via this method C. is 
adjusted for the condition Ax=0, as per Eq. (III.109). To use 
this method, telescope AFT is focused to form a small spot 
on detector D. The detailed shape of this spot is magnified 
and displayed via the Zoom option of computer CP. With the 
above-specified laser beam diameter exiting telescope AFT, 
then when the telescope is focused on detector D, for Lis1.1 
m and 2 =780 nm the laser's diffraction limited focus has a 
width of about 50 um. The three orders FD, FD, and 
FDoo produce three foci. When these foci coincide (i.e. at 
AX=0), then for a=18 um the common focus contains 
about 2-3 (colored) fringes. When there is no overlap (i.e. 
for CzC.), then the three foci are separated and display no 
interference fringes. The appearance of the display then 
allows R and/or R2 to be adjusted quite accurately to 
obtain C=C. 

The second C.-adjustment method is very effective when 
the periods of grating G2 and detector D are nearly parallel. 
Telescope AFT is focused on or near grating G1, whereupon 
the laser's focus forms a diffraction limited spot with a width 
of about 23 um on grating G1, and typically only one grating 
G1 period is then illuminated by this spot. That period is 
then centered on the spot (adjusted for maximum light 
transmission) by laterally positioning grating G1. With this 
focusing, orderS FDo and FD are highly broadened, and 
0 is no longer definable. Nonetheless, order overlap on 
detector D results from the Talbot effect for light, as per Sect. 
III.10.2, and a broad interference pattern with the period 
(1+C)a is formed on detector D. As the distance R is 
adjusted, the moiré pattern's period becomes infinite (or 
maximizes) when C=C. is obtained. To obtain a Talbot 
effect interference pattern with high contrast, however, it 
may be necessary to adjust 2, Slightly to give a Talbot-effect 
resonance, as per Sect. III.10.2. 

Rotational misalignment is indicated by the formation of 
highly skewed diagonal moiré fringes. With grating Sweep 
these appear as diagonal walking Stripes with a very short 
period. The skew angle and walk direction are indicators of 
the rotational misalignment magnitude and direction. For 
rotational alignment of gratings G1 and G2, detector D may 
be used as a reference with gratings G1 and G2 both rotated 
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relative to it. To obtain correct rotational alignment, tele 
Scope AFT is alternately focused near either grating G1 or 
G2. When focused near grating G1, this grating's rotational 
misalignment is nearly inconsequential, and the rotation of 
grating G2 is then brought closer to correct alignment by its 
rotational adjustment to remove the moiré's skew. Telescope 
AFT is then refocused near grating G2 and the rotation of 
grating G1 is similarly adjusted. A few iterations between 
the adjustments of grating G1 and G2 rotations brings both 
gratings rapidly into correct rotational alignment. AS correct 
rotational adjustment is approached the skew angle 
diminishes, and the moiré pattern's period increases. The 
skew disappears, i.e. remaining moiré fringes become ver 
tical or horizontal, and the fringe period maximizes. Iterative 
readjustment of a further increases the moiré fringe period, 
until the period becomes infinite at C=C.. 

Tilt misalignment is indicated by the optical Talbot 
fringes forming a rectilinear moiré that has a fringe period 
that is uneven from top to bottom or from left to right. It is 
also indicated via the Second C.-adjustment method by 
overlap of only two of the three laser's foci. Said misalign 
ment is corrected by fine adjustment of grating tilt. Optical 
talbot fringes formed by order overlap when telescope AFT 
is focused near grating G1 are made laterally uniform by 
adjusting the tilt of grating G2, and Vice-versa. 
Once a Spatially uniform temporally red to green color 

oscillation is obtained for all telescope focal positions 
thereby indicating correct alignment, the Sawtooth grating 
Sweep is disconnected and the lateral relative position of the 
gratings is adjusted for maximum redness by applying 
adjustable DC voltages to the grating G2X and y piezoelec 
tric translators. The lateral grating positioning is then 
checked with X-ray illumination and readjusted, also using 
monitor TV to obtain maximum X-ray illumination of all 
b-labeled pixels and minimum X-ray illumination of all 
d-labeled pixels. Should X-ray illumination yield a moiré, 
then residual misalignment is indicated. The alignment then 
may be rechecked with laser illumination, and/or tweaked 
using X-ray illumination. 
Part IV 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows an elevation (X-Z) view of the preferred 
configuration for the Invention for use in planar imaging, 
showing important components added to a conventional 
radiography apparatus. Pinholes PH1 PH2 and mirror M2 
are positioned within the apparatus (on axis C.) during 
alignment only. 

FIG. 2 shows a horizontally expanded elevation (X-Z) 
View of a thin Slice through the Invention taken along X-ray 
axis C, giving fine details of gratingS G1, G2 and G3. The 
Figure is not drawn to Scale. While anode A is sloping with 
respect to the Z-axis in FIG. 1, here the horizontal Scale 
expansion renders it as nearly horizontal. Grating Substrate 
SUB and X-ray absorbing layer thickness are also highly 
exaggerated. X-ray point Source S, located on grating G1 at 
a distance X from C, is a fictitious Source. Point Source S' 
is used in Sects. III.2-III.5 for calculating patterns Q, Q', P 
and P'. The configuration shown is for amplitude 
interferometric mode, and optional grating G3 is shown 
present, configured at u=2, V=2. Grating G3 is shown 
laminated directly to the surface of detector D. Portions of 
slab-volumes SV1, SV2, and SV3 are also shown as the 
Volumes between three mutually-parallel pairs of Substan 
tially planar bounding Surfaces BS (shown as dotted lines). 
When grating G3 is absent, the front Surface of detector D 
occupies slab-volume SV3. 
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FIGS. 3a, b show elevation (X-Z) views of the structure of 
detector Screen DS that is used with continuous recording 
media CRM, as described in Sect. V.6. In FIG. 3a detector 
Screen DS is comprised of fluor FL, grating G3, and light 
reflector RFL, all mounted on Substrate SUB. Continuous 
recording media CRM is placed in direct contact with 
grating G3, and then removed for retrieval of the X-ray 
image imprinted on it, or, its latent image is read-out in-Situ 
from below whereupon its removal is unnecessary. FIG. 3b 
shows detector screen DS comprised of structured fluor 
SFL, and light reflector RFL, both mounted on Substrate 
SUB. The configuration of FIG. 3b uses two separate 
independent continuous recording media, CRM-1 and 
CRM-2, that are separated by a thin opaque sheet, OS and 
a second fluor FL. In the configuration of FIG. 3b, structured 
fluor SFL is spatially periodic and absorbs X-rays. This light 
is recorded by media CRM-1. It also acts as grating G3, for 
X-rays recorded by media CRM-2. The detector arrangement 
of FIG. 3b thus has two parts, with each part yielding a 
Separate image. The first part consists of Structured fluor SFL 
and media CRM-1, while the second part consists on fluor 
FL and media CRM-2. The second part may be omitted, if 
Subtraction of Scatter-induced blur is not needed. 

FIG. 4a shows an alternative overall configuration to that 
of FIG. 1, discussed in Sect. V.7, that may be used when a 
Single detector array with the desired size is unavailable. It 
uses either of the detector array layouts of FIGS. 4b and 4d, 
wherein detector D is further comprised of a sparse mosaic 
of Small digital imaging X-ray detector arrays, D, D, . . . . 
Rotationally Scanning the apparatus of FIG. 4a about axis 
SCN across object BDY (not shown), which then passes 
between grating G2 plane G2P and detector plane DP, 
produces the image mosaics shown in FIGS. 4c and 4e, 
respectively for the layouts of FIGS. 4b and 4d, as discussed 
in Sect. V.7. 

FIG. 5 shows a configuration for the Invention used in 
obtaining a 3D image via a CT Scan. The whole apparatus of 
FIG. 1 (excluding object BDY, display TV and computer 
CP) is rotationally scanned about rotation axis SCN 
(perpendicular to the plane of FIG. 5), and about object 
BDY, and additionally scanned axially along axis SCN. 

FIGS. 6a and 6b each show X-Z elevation views of typical 
cuts through a binary absorption grating, and also show the 
Spatially periodic thickneSS profile of X-ray absorbing layer 
XAL, laminated to X-ray and light transmitting thin Substrate 
SUB. Such gratings are used for grating G1. Configured as 
shown as a binary absorption grating these Structures are 
also used for grating G2 in geometric-Shadow and 
amplitude-interferometric modes. Although Such a structure 
may also be used for grating G3, the Spatially periodic 
Structure of grating G3 preferably is laminated directly to the 
face of detector D, as shown in FIG. 2. FIG. 6a shows the 
most easily built configuration. FIG. 6b shows a variant of 
FIG. 6a with a “sandwich construction that reduces vignett 
ing by the grating, as discussed in Sect. V.1. 

FIGS. 7a-e show various periodically varying step 
function shaped 1D-periodic PG(n,m,n) thickness profiles 
of the low-Z X-ray phase-shifting Surface layer on a 
1D-periodic phase-grating. Each rescaled profile, Z (X), is 
shown as a function of lateral position X on grating G2. The 
mathematical formulation of these profiles is disclosed in 
Sect. III.4, along with their operation in the Invention. The 
locally-constant thickness Steps of the thin low-Z refracting 
material Surface layer on a phase grating divide this layer 
into constant-thickness portions. On FIGS. 7a-e the pro 
files constant-thickness portions are labeled by an associ 
ated pair of integer index values, and k. The periodically 
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Sequential integer index, j, is defined via Eq. (III.48) as 
j==mö(nm)=(nk) mod m), and steps through a simple 
Sequential order (starting with 0) within a single period, and 
repeats this finite Sequence in each period. The value of k 
associated with index j is via the mapping of Eq. (III.48). 
FIG. 7a shows the PG(12,1) profile; FIG. 7b shows the 
PG(1.3.1) profile; FIG. 7c shows the PG(1.4.1) profile; and 
FIG. 7d shows the PG(1.5.1) profile. FIG. 7e shows the 
PG(2,5,1) profile, further revealing its rescaled thickness (by 
n,) Via Eq. (III.49) and a permutation of the step order is via 
Eq. (III.48), relative to the PG(15.1) profile of FIG. 7d, i.e. 
the set of k values for FIG. 7d within a period have a 
permuted order relative to the values within that period. 
(ASSociated plan x-y views of 2D-periodic gratings corre 
sponding to 2D-periodic forms of the profiles of FIGS. 7a 
and 7b are shown respectively in FIGS. 9a and 9b.) Profile 
thicknesses are rescaled, and shown multiplied by 2 JL/L 
(E.) So that the vertical axis displays the associated negative 
phase shift in radians at X-ray energy E., where L is the 
thickness of the low-Z material that gives -2 at phase shift 
for X-rays at energy E as given in Sect. II.2, and where E. 
is defined in Sect. III.4. (A positive phase shift would appear 
below the abscissa.) PG(n,mm,r) profiles are proportion 
ately thicker than the PG(n..m.,1) profiles shown by the 
factor r. 

FIGS. 8a-d show various planforms for binary absorption 
gratings. The planforms are shown with equal X and 
y-periods a, and with Slit or transmitting-Square widths S. 
(On the inverted profile of FIG. 8d, however, s is the width 
of an absorbing Square.) One of these patterns is selected for 
the layout of grating G1 in all modes, Setting S=S and a=a. 
In geometric-shadow and amplitude-interferometric modes, 
one is also Selected for grating G2, Setting S=S and a=a. 
These planforms also may be used for a V=1 configuration 
of grating G3. Unshaded areas are X-ray (and light) trans 
mitting. Shaded areas (by // hatching) are X-ray (and light) 
absorbing (and/or opaque) surface layer XAL. FIG. 8a 
shows a 1D-periodic grating. FIG. 8b shows a 2D-periodic 
grating wherein the transmission is described by a “sepa 
rable” function, as per Eq. (I.3) with g=0 and the plus sign. 
FIG. 8c shows a 2D-periodic grating wherein the transmis 
Sion is described by a “checkerboard' function, as per Eq. 
(I.4) with g=0 and the plus sign. FIG.8d shows an “inverted” 
2D-periodic grating, wherein the transmission is described 
by a “separable” function, as per Eq. (I.3) with g=1 and the 
minus Sign. 

FIG. 9a (associated with FIGS. 7a and 16a) shows the X-y 
plan view of the low-Z X-ray refractive Surface layer on a 
2D-periodic phase grating with a 2D-periodic PG(12,1) 
profile, and FIG. 9b (associated with FIGS. 7b and 16b) 
similarly shows the x-y plan view for a 2D-periodic PG(1, 
3.1) profile. The mathematical formulation of these profiles 
is disclosed in Sect. III.4, along with their operation in the 
Invention. The locally-constant thickneSS Steps of the thin 
low-Z refracting material Surface layer on a phase grating 
divide this layer into constant-thickness portions. For a 
2D-periodic PG(n...m.,r) profile, each constant-thickness 
portion then has an (a/m)x(a/m.) Square area. Portion 
boundaries are shown as thin Solid lines. The profiles Square 
locally constant-thickness portions are labeled Via Eq. 
(III.54) by index values, k, and k. In FIGS. 9a and 9b these 
indicies label the associated columns and rows formed by 
the various Square portions, and are shown at the Sides and 
bottoms of the Figures. Periodically-Sequential integer index 
j is associated with index k via Eq. (III.48), and thus 
defined as j=mö (nm). It is also shown on these 
Figures. Index i. steps through a simple Sequential order 
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(starting with 0) within a single period, as on X-directed 
imaginary line ILX, and repeats this sequence for each 
X-directed period. Similarly, periodically-Sequential integer 
index j, is associated with index k, via Eq. (III.48), and thus 
defined as j=m.8, (n..m.). Similarly, index j, steps through 
a simple sequential order (starting with 0) within a single 
period, as on y-directed imaginary line ILY, and repeats this 
Sequence for each y-directed period. Unshaded portions on 
FIG. 9a have zero thickness of the low-Z layer, and have 
asSociated indices k=k,-1. On FIG. 9a, /-shaded portions 
have associated indices kzky, and have a constant thickness 
giving -7L/2 radians phase shift at E=E., while \\\-shaded 
portions have associated indices k=k-0, and have a con 
Stant thickness that gives - tradians phase shift at E=E. 
Unshaded portions on FIG. 9b have Zero thickness of the 
low-Zlayer, and have associated indices kaz0 and k,z0. On 
FIG. 9b, ///-shaded portions have associated indices k=0 
and k,z0 or have associated indices kaz0 and k=0, and have 
a constant thickness giving -2 JL/3 radians phase shift at 
E=E., while \\\-shaded portions have associated indices 
k=k,-0 and give -4 7t/3 radians phase shift at E=E. 

FIGS. 10a-e respectively show the five pixel-labeling (or 
SV3 area labeling) tiles, PT1-PT5, used by the Invention to 
construct the detector-covering array of pixel (or area) labels 
via u=2 tiling. Each tile is ax2a, and is divided into four 
a quadrants, with each quadrant bearing a pixel label. 
Tiles PT1 and PT5 are used when pattern P is 2D-periodic 
and has a separable form. Tile PT5 is used when it is desired 
to obtain two Simultaneous images from one exposure, as 
per Sect. III.9. Tile PT2 is used when pattern P is 
1D-periodic. Tile PT3 is used when pattern P is 2D-periodic 
and has a checkerboard form. Tile PT4 is used when pattern 
P is 2D-periodic with a separable form and when grating G3 
is also present and formed by the associated Set of tiles 
G3T4v. Tile PT4 is also used when pattern Phas the inverted 
form shown in Fig. 14f. 

FIGS. 11a-d show x-y planforms for various vid1 
G3-forming tiles, as disclosed in Sects. III. and III.6.1, for 
use in u=2 tiling along with associated pixel-labeling tiles 
PT1-PT5. Areas shaded by // hatching are X-ray and light 
absorbing, while unshaded areas are X-ray and light trans 
mitting. Heavy solid lines are tile boundaries, while thin 
lines are covered pixel boundaries. A grating constructed 
from these tiles is used only with a detector configured with 
an associated pixel labeling tile. (ASSociated pixel-labeling 
tiles are shown in FIGS. 10a-e.) Despite the differing shown 
apparent sizes, all tiles have the same 2a,X2a, edge dimen 
Sion. The tile kind is denoted as G3Tgv, where the first 
index, g, here denotes the associated pixel-labeling tile PTg, 
and the Second indeX gives the integer divisor V, as per Sect. 
III. Small Squares forming the tile are a/v on a side. FIG. 
11a shows G3T22, G3T23, and G3T24 tiles that are used 
with a detector pixel layout formed by PT1 pixel-labeling 
tiles. FIG. 1b shows G3T42, G3T43, and G3T44 tiles that 
are used with a detector pixel layout formed by PT4 tiles. By 
flipping over G3T4v tiles about a 45 axis passing through 
their lower-left and upper-right corners, they may be used 
with PT2 tiles. FIG.11c shows G3T32, G3T33, and G3T34 
tiles that are used with PT3 tiles. FIG. 11d shows G3T52, 
G3T53, and G3T24, used with PT5 tiles. 

FIGS. 12a, 12b, and 12c show portions of labeled pixel 
layouts that have been tiled with PT1, PT3, and PT5 tiles, 
respectively, using u=2 tiling. Pixel boundaries coincide 
with tile boundaries and tile-quadrant divisions. The tiles 
butted edge boundaries are shown as heavy Straight lines and 
the tile-quadrant boundaries within a tile are medium 
breadth Straight lines. Each pixel’s label (b, c, or d) is shown 
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at its center. The overlaid curved light lines on FIGS. 12a,c 
and 12b are constant intensity contours for pattern P with 
grating G3 absent, respectively corresponding to the inten 
sity distributions shown in perspective views in FIGS. 14d 
and 14e, and respectively corresponding to a 2D-periodic 
separable and checkerboard intensity pattern P. FIG. 12b 
shows contours at 20, 40, 60, and 80% of the peak intensity, 
and FIGS. 12a,c additionally show contours at 0.0001%., 
and 99.99% of the peak (umbra's) intensity. The closed 
contour sets constitute the BRIGHT fringes of the intensity 
patterns. The positioning of these BRIGHT fringes relative 
to the b-labeled pixels is for an apparatus that is correctly 
aligned and has object BDY absent. These positionings are 
examples of period and phase harmonic matching, as dis 
closed in Sects. III.6 and III.9. Refractive-index gradient 
contrast is obtained by the fact that a displacement of a 
BRIGHT fringe of pattern P in any lateral direction causes 
a decrease of the net X-ray flux recorded by b-labeled pixels 
and a simultaneous increase of it respectively on d, or on 
c-labeled pixels. For a detector with no pixels (e.g. the 
continuous recording media CRM of FIGS. 3a,b), b and 
d-labeled pixels become b-areas and d-areas on slab-Volume 
SV3. 

FIGS. 13a, b show typical 1D-periodic intensity profiles, 
I(X) and I(X) of respective patterns Q and Pas a function 
of respective positions Xa/a and Xa/ap on the Surface of 
slab-volume SV3. These profiles assume negligible “leak 
age' for X-ray absorbing layer(s) XAL. The patterns may be 
produced with grating G2 configured either as a binary 
absorption grating or as a phase grating. High intensity 
fringe areas are labeled BRIGHT, and low intensity fringe 
areas are labeled DARK. 

FIGS. 14a-c show perspective views of the intensity 
spatial distribution I(Xsys) of pattern Q plotted as a func 
tion of X/a and ya/a, and FIGS. 14d f show the inten 
sity spatial distribution I(Xy) of patterns P, plotted as a 
function of Xs/ap and ya/ap. For equal X and y periods 
ao-ao -ao and ap=ap=ap hold. The intensities Io and Ip 
are plotted upward. FIGS. 14a and 14b are respectively 
described by separable and checkerboard functions. FIG. 
14c shows the intensity of an “inverted” separable pattern Q 
formed by grating G2 with the planform shown in FIG. 8d. 
FIGS. 14d fare respectively associated with FIGS. 14a-c 
when grating G1 has a 2D-periodic Separable form. The 
pointed tops in FIG. 14e occur for S/a1=S/a or S/a1=1/m. 
Plan (X-y) views of associated constant intensity contours 
for the patterns on FIGS. 14d and 14e are shown respec 
tively on FIGS. 12a,c and 12b. 

FIG. 15 shows the results of a numerical evaluation of the 
pattern Q contrast at period Ma, as indicated by the Fourier 
coefficient Q, (B)/Qo in the Fourier expansion of I by Eqs. 
(III.39) and (III.40) for a binary absorption grating. Three 
equivalent horizontal axes are provided via Eqs. (III.24) and 
(III.25). The lower axis defines B (increasing to the left); the 
middle axis gives as?a(E) (increasing to the right) for a 
variation of a with k-ray energy E held constant, and the 
upper axis gives E/E(a) for an X-ray energy E variation with 
a held constant. All three horizontal axes are on logarithmic 
Scales. Resonance widths on the upper Scale Set the maxi 
mum energy bandwidth AE, allowed for the X-ray Spec 
trum. Different curves correspond to different grating duty 
cycles. The Solid-line curve is for S/a=/s, the dashed curve 
is for S/a=/4, and the dotted curve is for S/a=%. Plus 
symbols at values of B=n/2 with odd integer n denote 
contrast reversals. 

FIGS. 16a-e show the results of a numerical evaluation of 

Q/Qo, as a function of B, a2/a(E) and E/E(aa) for phase 
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gratings with various profiles, PG(n..m.,1), where a(E) is 
given by Eq. (III.22), and E(a) is given by Eq. (III.23). The 
quantity Q/Q is a direct measure of the contrast 
(equivalent of visibility, but for a non-sinusoidal fringe 
pattern) of the p=1. Spatial frequency component of pattern 
Q. All three equivalent horizontal axes (similar to those of 
FIG. 15) apply to all of FIGS. 16a-e, and all are on 
logarithmic Scales. Resonance widths on the energy Scale Set 
the maximum energy bandwidth AE allowed for the 
illuminating X-ray Spectrum. Diamond Symbols at integer 
values of 62 indicate contrast nulls where (non-fractional) 
Talbot-effect Self imaging of the grating's geometric-shadow 
pattern occurs. Contrast reversals occur at half-integer Val 
ues of B for m-odd. They are marked by plus symbols, 
discussed in Sect. III.8, and are used to obtain element 
selective contrast. The energy E. =E(a)m./n., defined by 
Eq. (III.52) is also marked. The gratings form a p=1 binary 
intensity pattern at E=E. via the fractional Talbot effect. 
FIG. 16a is for a PG(1.2.1) profile. FIG. 16b is for a 
PG(1.3.1) profile. (The spectral response of a PG(1.2.2) 
grating is similar to that of a PG(13,1) grating.) FIG.16c is 
for a PG(14.1) profile. FIG. 16d is for a PG(1.5.1) profile. 
FIG. 16e is for PG(2,5,1) profile. The strong contrast rever 
sals at T=% on FIGS. 16b,e are used in Sects. III.8 and V.1 
for obtaining element-Selective contrast. Low-Z Surface 
layer profile shapes associated with FIGS. 16a-e are shown 
respectively on FIGS. 7a-e. 

FIG. 17 shows a ray path for X-ray propagation through a 
cylindrical object with X-ray refractive index n', embedded 
in a medium with index n. The cylinder's electron density is 
greater than that of the Surrounding medium, whereby the 
cylinder's refraction gives a diverging ray deflection. The 
deflection is drawn highly exaggerated to allow it to be 
apparent. The ray is incident with angle 0 with respect to the 
cylinder's Surface normal, and experiences a deflection A0, 
as discussed in Sect. III.7. The refracted ray is shown to the 
right of the Straight-through path that would have been 
followed in the cylinder's absence. A gap is shown in the 
propagation (and in the associated dimension labeling for 
R) to show the rays eventual displacement AX upon its 
arrival at slab-volume SV3. Propagation in the gap is shown 
as dotted. 

FIGS. 18a-c show the results of a numerical calculation 
described in Sect. III. 7 that simulates the contrast improve 
ment and edge-enhancement of an image that obtains in the 
Invention from refractive-indeX gradient contrast. Object 
BDY is a 150 um dia. CaCO cylinder in water at R=25 cm, 
whose axis is oriented parallel to the 1D-periodic grating 
periods. The Invention operates here in phase 
interferometric mode at E=E=17.4 kev with L=1 m and 
C=1 using a 1D-periodic PG(12,1) phase grating profile. 
Similar results are obtained in Simulations of amplitude 
interferometric mode. The Simulation's parameters are 
appropriate for mammography. FIG. 18a shows the intensity 
distribution of patterns Q' (solid) and Q (dotted) on slab 
volume SV3. FIG. 18b shows the intensity distribution of 
patterns P' (solid) and P (dotted) on slab-volume SV3. The 
solid-line curve on FIG. 18c is the subtracted image profile 
I, calculated via Eq. (III.73) versus resolution element X 
position X on slab-volume SV3. The dotted line is the 
base-line profile calculated for object BDY absent. The 
dash-dot line profile is calculated for a similar cylinder with 
finite absorption but with its refraction arbitrarily set to zero. 
The dashed line is for a cylinder with finite refraction but 
with its absorption arbitrarily set to zero. FIGS. 18a-c all 
have a common horizontal axis giving the lateral position X 
on the surface of slab-volume SV3. The cylinder's center 
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corresponds to X=0, So that the graphs show half of the 
cylinder's symmetrical image. The vertical axis on FIG. 18.c 
has a depressed Zero. The dashed line shows that the 
Invention can obtain an image of an object that is otherwise 
totally transparent to X-rays. The (reduced contrast) dash-dot 
line is the profile obtained via conventional absorption 
contrast radiography. 

FIG. 19a shows the X-ray energy dependence of pattern Q 
contrast, as indicated by Q/Qo, for a phase grating with a 
PG(1.3.1) profile (solid line), a phase grating with a PG(2, 
5,1) profile (dashed line), and a binary absorption grating 
with S/a=% (dotted line). These curves are respectively the 
solid-line curves of FIGS. 16b, 16e and 15 replotted on a 
parameter-specific linear energy scale. FIG. 19b shows the 
X-ray Spectrum with EastE=33.17 keV produced using 
X-ray tube T with a tungsten anode A operating with electron 
beam eB accelerated at 44.2 kV-DC after passing a 7 um 
thick copper filter F and grating Substrates at 600 um of 
SiO. The energy E is that of the iodine K-edge. FIGS. 
19c-e show the energy dependencies of the absorption 
(cm) for (c) iodine, (d) water and (e) CaCOs. The absorp 
tion is 1/L. FIGS. 19a–e all use the same linear energy scale 
with X-ray energy in keV. FIGS. 19b-e are computed using 
the X-ray cross-section data of Biggs and Lighthill (1971). 

FIG. 20 shows a schematic diagram of Fraunhofer dif 
fraction orders formed by an in-situ laser interferometer 
used for apparatus alignment, whose principles of operation 
are disclosed in Sects. III.10-III.10.3. The diagram is for 
correct alignment with W=0. Parallel line pairs are the 
envelope of the laser beams, as incident and as created by the 
various diffraction orders at gratings G1 and G2. The 
labeling of the various Fraunhofer diffraction orders is 
described in Sect. III.10.2. 

FIGS. 21a- if show detailed comparisons of the 
C-dependencies of a (dashed line), a (Solid line), ao-ar 
(dash-dot line), and R2 (dash-dot-dot line) for (a) geometric 
Shadow mode at a=a(Shad-lim) at E=17.4 keV, for (b) 
phase-interferometric mode at E=E=20.2 keV using a 
PG(12,1) grating profile, for (c) phase-interferometric mode 
using a PG(1,3,1) grating profile at E=E. =40 keV, for (d) 
element-selective imaging using phase-interferometric 
mode at E=E=33.17 keV at various (B/3 contrast 
reversals, for (e) n=1, m=2 amplitude-interferometric mode 
at E=17.4 keV, and for (f) phase-interferometric mode at 
E=E. =40 keV using a PG(13,1) grating profile. Details of 
associated preferred embodiments are described in Sect. V.1. 
Parameters for Specific Embodiments with a catalog Selected 
a, as per Sect. III.6.4, have associated values of C. depicted 
by labeled vertical lines on these Figures. FIGS. 21a-fare all 
plotted on log-log Scales and use the preferred choices u=2, 
q=1 and b=1. 
Part V 

PREFERRED EMBODIMENTS 

Following the teachings and Equations/Formulae dis 
closed in Parts I-III, Sect. V.1 describes apparatus designs 
whose parameters fit quantitatively into a “parameter win 
dow” allowed by these teachings and specified by these 
Equations/Formulae. It gives the actual dimensions, Suitable 
material choices, and other associated parameters that result 
from these Equations/Formulae and teachings, as appropri 
ate examples for realizing the various modes and method 
ologies disclosed for the Invention. To this end, Sect. V.1 
provides Embodiments 1-7 that, at present, are considered 
examples of preferred embodiments for the Invention. The 
preferred overall configuration for the Invention for use in 
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planar imaging is shown in FIG. 1, and an alternative overall 
configuration is shown in FIG. 4a that uses Small-area 
detector arrayS. An overall configuration useful for CT Scans 
is shown in FIG. 5. Additional details of the Inventions 
component parts, along with methods for fabricating com 
ponents that are not commonly available, are described in 
Sects. V.2-V.6. Given the teaching by the Invention, 
however, it will become obvious to one skilled in the art that 
various changes, interchanges, Substitutions, modifications, 
refinements and optimizations may be made without depart 
ing from the Invention. Thus, the Inventor believes that the 
teachings are Sufficiently disclosed herein, and the embodi 
ments are sufficiently described herein, that by following 
Said teachings and descriptions, and by appropriately apply 
ing the Equations/Formulae disclosed herein, that 
embodiments, fully operational in any and all of the Inven 
tion's various modes and methodologies can be made by one 
skilled in the art. 
V.1 The Invention's parameter window 

Given the above Equations/Formulae for each mode and 
methodology, it is not immediately obvious, in a quantitative 
Sense, that their Solution yields realizable apparatus. This 
Section shows that these Equations/Formulae do indeed 
provide useful designs that function as disclosed at radio 
graphically useful X-ray energies, and that can be built using 
real materials and existing technology. To clarify in a 
quantitative manner the Invention's description, this Section 
exhibits parameters within an allowed (but modestly 
narrow) parameter “window” for each of the above 
described operational modes and/or methodologies, wherein 
Said parameters provide realizable apparatus for L and EX 
consistent with modern radiography practice. Thus, for 
various choices of methodology and the associated mode or 
modes, FIGS. 21a f, show the C-dependencies of the impor 
tant apparatus parameters that result from the Simultaneous 
solution of Eqs. (III.7), (III.74)–(III.80) and (III.82) for the 
preferred choices b=q=1 and u=2. On FIGS. 21a–f the 
resulting value of a (in um) is shown as a dashed curve, the 
value of a (in um) is shown as a Solid curve, the value of 
a=ae (in um) is shown as a dash-dot curve, the value of R. 
(in cm) is shown as a dash-dot-dot, curve, and the value 
needed for a-a/2 (in um) with G3 absent is shown as a 
dash-dot-dot-dot curve. 

The curves on each FIG. display a continuum of possible 
embodiments for the associated methodology and/or mode. 
For each Figure, one (or more) specific examples of an 
embodiment is chosen by making a realistic (but Somewhat 
arbitrary) “catalog choice for the detector period ar, as 
disclosed in Sect. III.6.4. Each such choice then corresponds 
to a vertical line shown on the corresponding Figure at the 
asSociated value for C-C. The Embodiments associated 
with these vertical lines are denoted as 1-7, and the vertical 
lines so labeled. Note that the parameters for each Embodi 
ment may be obtained directly by evaluating Eqs. (III.82)- 
(III.86), as appropriate to the chosen mode. Clearly, the set 
of all possible embodiments for the Invention within the 
parameter window is not limited by the handful of examples 
offered in this Section. Thus, similar curves and embodi 
ments for the Invention may be generated for other choices 
of L., E., mode, and ar, via the Invention's design Formulae 
to provide additional useful embodiments of the Invention. 
It should be noted also that FIGS. 21a–f do not exhaustively 
show the parameter window's boundaries, as Said bound 
aries are to Some extent mobile, and are determined by 
available detector and microfabrication technology, and by 
physically acceptable values for L. Other realizable embodi 
ments for the Invention, however, have similar orders of 
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magnitude for their various parameters, within the bounds of 
Said technology. 
The X-ray energies E used for FIGS. 21a–f cover much 

of the range commonly used for medical imaging. (For 
comparison with usual practice, note that an X-ray energy 
Specified in KVP, as is commonly done in radiographic 
industry jargon, provides a much lower value for E, since 
KVP refers to the peak high voltage of an unfiltered 
rectified-AC Supply, and with Such a Supply, typically, 
E-KVP/2.) The curves on FIGS. 21a–f indicate that for 
these energies the required grating periods and thicknesses 
are achievable using Standard microfabrication techniques, 
as reviewed in Section V.4. Detectors with the specified 
periods at are readily available, and the values specified for 
R2 allow ample access room for a patient's body parts within 
the Invention. For Wis 100 um-300 um one obtains excel 
lent geometric resolution with these embodiments, with 
Ineq (III.65) satisfied for all cases. As discussed in Sect. V3, 
the energy bandwidth limit AE, required by the physical 
optics associated with these various embodiments are 
readily produced by using a Standard X-ray tube T with a 
carefully Selected anode A material, a carefully Selected 
value for the regulated ripple-free DC high-voltage to accel 
erate electronbeam eB, and a carefully Selected X-ray energy 
filter F. As per FIGS. 21b if and Sect. III.10, the interfero 
metric modes are seen to provide values that are ideally 
Suited for operation under the refractive-indeX gradient 
imaging methodology. AS per Sect. III.11 and FIG. 21d, 
phase-interferometric mode is seen to give parameters that 
are ideally Suited for element-Selective imaging. Since the 
Invention does not Suffer from the attenuation associated 
with a Bucky grid, then relative to a conventional apparatus 
all embodiments feature a simultaneous improvement 
(reduction) of the resolution limit a set by quantum 
mottle. 
To allow evaluation of the various embodiments, it is 

useful to provide a quantitative figure-of-merit for a grat 
ing's Vignetting character. To do So, it is useful to define the 
aspect-ratio of a grating's periodic structure as Z/S and 
Z/s for gratings G1 and G2, respectively, where Z, and 
ZT are the thicknesses of the associated gratings absorbing 
or refracting periodic structure, and where S is taken as 
a/m for a phase grating. Experience with Bucky grids 
indicates that a grating has an acceptably low Vignetting 
character if this ratio is less than or about equal to Say 10 to 
15. 
Use of traditional absorption-contrast methodology (only) 

is best done with the Invention operating in geometric 
Shadow mode with 1D-periodic gratings. Consider the 
C-dependence of typical design parameters for preferred 
embodiments that do so, as depicted on FIG.21a. The curves 
on this FIG. correspond to solutions of the above-disclosed 
design Equations for geometric-shadow mode for a L=1 m 
apparatus designed to operate at E=17.4 keV. The curves 
depict operation at the Small a limit, i.e. at a=a(shad 
limit), as per Sect. III.3. The vertical line at C=2.19 identifies 
parameters for Embodiment 1 with the detector period 
chosen as a=25 um. ASSociated parameters are then 
R=0.69 m, a=22.8 tim, a=15.7 tim, and ar=50.0 um. 
Embodiment 1 preferably uses 1D-periodic gratings with 
grating G3 absent. The X-ray spectrum bandwidth AE for 
Embodiment 1 is not particularly critical and may be essen 
tially the same as that of a conventional radiography 
apparatus, although cutting off the low energy end of the 
X-ray energy spectrum further improves contrast of pattern 
P. Embodiment 1 has parameters useful for mammography. 

For a binary absorption grating to be effective, its absorb 
ing layer XAL thickness should be sufficient to limit its 
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transmission to no more than about 1/(2e)=0.14. Since 
Embodiment 1 operates in geometric-shadow mode, it uses 
binary absorption gratings for both G1 and G2. At 17.4 keV 
Embodiment 1 then may use gratings with gold absorbing 
layerS XAL with Zasz's 10 lim. Acceptably high pattern 
P contrast occurs for Embodiment 1 with S/a1=S/a=% (for 
maximum net transmission), giving S=8.6 um and S=5.9 
tim and a net transmission by gratings G1 and G2 together 
of about 14%. Negligible Vignetting then occurs, Since the 
grating aspect-ratios are then only Z/S1=1.2 and Z2/S2= 
1.7. Slightly thicker absorbing layers XAL then may be used 
in this Embodiment, if desired. 

The 14% net transmission for Embodiment 1 determines 
the required X-ray flux emitted by X-ray tube T, as compared, 
Say to that required by a conventional apparatus that uses a 
Bucky grid. A Bucky grid's transmission is typically only 
about 33%. To obtain an X-ray flux density at the detector's 
surface with Embodiment 1 that is comparable to that of a 
conventional apparatus with a Bucky grid, an X-ray tube T 
that is about twice as intense is needed by Embodiment 1. 
Note that in Such case examined object BDY (e.g. a patient) 
receives an X-ray dosage in Embodiment 1 that is only about 
/3 of that received in the conventional apparatus. This 
reduction is because in the Invention all of the X-ray flux 
passing through object BDY reaches the detector, while 
appreciable flux is absorbed by a Bucky grid without its 
detection. The additional flux emitted via Said increased 
brightness (and then some more) is all absorbed by the 
gratings and not by the patient (object BDY). Indeed, if the 
X-ray brightness of tube T is increased to about six-fold over 
that of the conventional apparatus, then the patient receives 
comparable dosage in either apparatus, but the Invention's 
quantum mottle-limited resolution for weakly absorbing 
(Say 1%) features is diminished significantly, indeed, almost 
to the geometric resolution limit. The needed increased X-ray 
brightness to do So is available with currently marketed 
X-ray tubes. 

Producing an image whose absorption features are 
Strongly edge-enhanced via refractive-indeX gradients, or 
Simultaneously producing independent pure absorption 
contrast and refractive-indeX gradient contrast images, as 
per Sects. III.7 and III.9, is most efficiently done by the 
Invention using phase-interferometric mode. Consider the 
C.-dependencies of parameters for L= 1 m phase 
interferometric mode embodiments Specified by the curves 
on FIGS. 21b and 21c. The vertical line at C=2.64 on FIG. 
21b denotes parameters for Embodiment 2. The two vertical 
lines on FIG. 21c at =60 =0.87 and 3.48 denote parameters 
for Embodiments 3 and 4. Embodiments 2-4 all use the 
detector period choice a=9 um. Gratings G1 and G2 are 
both 2D-periodic for these embodiments, grating G1 is a 
binary absorption grating, and grating G2 is a phase grating. 
If these embodiments are configured with the pixel layout of 
FIG. 12c and with gratings G1 and G2 both 2D-periodic via 
Separable functions, then they provide Simultaneous 
refractive-index-gradient-only and absorption-contrast-only 
images, as per the discussion of Sect. III.9. 

FIG. 21b corresponds to phase-interferometric mode 
operation at E.E=20.2 keV. It uses a G2 phase grating with 
a PG(12,1) profile. The parameters for Embodiment 2 on 
FIG. 21b are C=2.64, a-9 um, R=0.73 m, a=6.8 um, 
a=4.9 um, and a -18.0 m. At 20.2 keV binary absorption 
grating G1 now requires a 1/(2e) thickness of about Zis 14 
tim of either gold or depleted uranium for its absorbing layer 
XAL. Acceptably high contrast of pattern P is obtained with 
S/as().3, giving Ss2.0 um, and a net (G1 and G2) grating 
transmission of about 18%, (9% with the pixel configuration 
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of FIG. 12c). The resulting ratio Z/s1=7 indicates accept 
able Vignetting character for grating G1. Phase grating G2 
has the 2D-periodic structure shown in FIG. 9a, with -1/2 
and -71 phase-shifting thicknesses of Z(-7L/2)=0.8 um and 
Z(-7t)=1.6 um of chromium, giving Z(-7L/2)/S=0.3 and 
Z(-7t)/s=0.6, respectively, indicating very low vignetting 
by grating G2. A Suitable X-ray Spectrum with a Sufficiently 
narrow bandwidth AE is produced for this embodiment by 
an X-ray tube T using a rhodium anode A operating at 26.9 
kV-DC and a 1.3 mm thick aluminum filter F. These param 
eters provide a Symmetrical continuum X-ray Spectrum with 
Es20.2 keV, and a full width AE of about 13.4 keV, that 
comfortably fits within the resonance spectrum for the 
mode. The bandwidth is further narrowed by the presence of 
the anode's rhodium KC. lines at 20.2 keV. 
By using Equations disclosed in Part III, embodiments 

may be designed for a wide range of choices for E, as 
needed for various imaging applications. FIG. 21c, for 
example, shows the C-dependence of parameters for phase 
interferometric mode embodiments that operate at the high 
energy, E=E.40 keV. The curves are for a phase grating G2 
configured with a PG(1.3.1) profile and the 2D-periodic 
planform shown in FIG. 9b. The grating's low-Z refracting 
material is chromium, with -2 1/3 and -4 JL/3 phase-shifting 
thicknesses of Z(-2 1/3)=2.0 um and Zr(-4 1/3)=4.0 lim. 
The resulting duty-cycle so/ao-ys for pattern Q produced by 
this grating allows a high contrast pattern P to be formed 
using a comparatively large grating G1 duty-cycle, S/a1 =/2, 
which then gives a net G1 and G2 grating transmission of 
about 50% (25% with the pixel configuration of FIG. 12c). 
The high E requires a comparatively thick grating G1 
absorbing layer XAL to obtain 1/(2e) attenuation. It is thus 
a Z=59 um layer of depleted uranium. A Suitably narrow 
bandwidth x-ray spectrum at E-39.9 keV for these embodi 
ments is produced using an X-ray tube T with a Samarium 
plated or solid tungsten anode operating at 53.3 kV-DC and 
286 um thick copper filter F. These embodiments are sen 
Sitive to refractive-indeX gradients, and, given the high 
energy, can image through a very great thickness of Soft 
tissue. 
Embodiment 3 on FIG. 21c is configured with grating G3 

present. Its parameters are then V=2, O=0.87, a-9 um, 
R=0.47 m, a = 10.3 um, S1=5.2 tim, a=4.8 um, and ar=18.0 
tim. Grating G1 has a moderately high but Still acceptable 
Vignetting character with Z/S=11.5, while grating G2 has 
low vignetting with Z(-2 1/3)/s2=1.2 and Zr(-4 JL/3)/S= 
2.4. Embodiment 4 is configured with grating G3 absent. Its 
parameters are C=3.48, a-9 um, R=0.78 m, a=5.2 um, 
S=2.6 tim, a=4.0 lim, and ar=18.0 lim, Z(-2 JL/3)/S=1.5 
and Zr(-4 JL/3)/S=3.0. Embodiment 4, unfortunately gives 
very high Vignetting by grating G1, with Z/S=23. Thus, if 
a large-area detector D is to be used, Embodiment 3 is 
preferred for its Smaller Vignetting. On the other hand, the 
absence of grating G3 in Embodiment 4 means that it 
provides about half of the dosage of that of Embodiment 3 
and Embodiment 4 is preferred for this latter reason. 
The preferred features of both Embodiments 3 and 4, 

however, may be obtained together by using Embodiment 3, 
and by further using a grating G1 that is configured with the 
“sandwich' structure, shown in FIG. 6b. This structure 
reduces the aspect-ratio of the grating G1 periodic structure 
two-fold. As shown on FIG. 6b the absorbing layer XAL is 
now distributed on both faces of the grating substrate. The 
periodic structure on the lower face has a period that is very 
Slightly larger than that on the upper face, So that a line 
passing though each pair of associated opposite-faced peri 
ods also passes through focal Spot S. So configured, the 
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value of Z on each face may be halved. Each of the two 
periodic structures then has its aspect-ratio halved, and thus 
the whole grating then exhibits acceptable Vignetting, with 
the “effective” aspect-ratio now only 11.5. Alternatively, a 
"fanned grating Structure', whose fabrication is discussed in 
Sect. V.4, may be used to reduce Vignetting. 
An embodiment using parameters near those of Embodi 

ment 2, or with parameters perhaps chosen at a higher value 
of E is ideally Suited for use in mammography. Indeed, 
Embodiments 3 and 4 indicate that the parameter window 
allows operation at a wide range of radiographic energies. 
Mammography at increased E is desirable in that it allows 
examination of thicker, and/or more dense breasts. Usually, 
however, the use of higher energy in a conventional mam 
mography apparatus leads to unacceptably increased Scatter 
induced blurring of the image Meredith and Massey, Chapt. 
XX). This fact is due to an associated increase of the ratio 
of Scattering cross-section to the photo-electric absorption 
cross-section with increasing E. Michette and Buckley, 
1993, p. 11). To limit scatter-induced blur, mammography is 
conventionally performed at the lowest possible E that still 
allows adequate X-ray transmission by the thickness of the 
examined breast. However, the Invention effectively 
removes Said increased blurring, and its edge-enhanced 
images significantly improve its capability for detecting 
malignancies. Operation at increased E then Simulta 
neously allows improved image resolution with increased 
penetration for the examination of thick and/or dense 
breasts. (An optimal value for E for mammography with 
the Invention may be determined from experience.) 
Importantly, the use of higher E. Significantly reduces the 
required compressive force that is conventionally applied to 
an examined breast. The pain and discomfort resulting from 
this compressive force is an important deterrent that pre 
vents many women from Seeking a mammographic exami 
nation. Millions of women will thus rejoice upon hearing of 
this Invention's approval for general clinical use and of its 
reduced associated pain 

Consider next preferred embodiments that are useful for 
element-Selective imaging, as disclosed in Sect. III.8. FIG. 
21d corresponds to a L=2 m apparatus designed to perform 
element-Selective imaging using iodine as its resonant 
tracer-element at E=E=33.17 keVzE. Gratings G1 and 
G2 are both 2D-periodic, grating G1 is a binary absorption 
grating, and grating G2 is preferably a phase grating with its 
B=% contrast reversal centered on E. The X-ray Spectral 
properties of the gratings and of the X-ray illumination are 
shown on FIG. 19b and discussed in Sect. III.8. The X-ray 
spectrum shown in FIG. 19b with E-33.17 keV for these 
embodiments is produced using an X-ray tube T with a 
tungsten anode A operating at 44.2 kV-DC with a 173 um 
thick copper filter F. Embodiment 5 is specified by the 
catalog choice a=9 um, and is denoted by the parameter 
values on the vertical line on FIG. 21d at C=2.17, giving 
R=1.37 m, a=8.3 um, a=5.7 um, and ar=18.0 lim. The 
absorbing layer XAL on grating G1 is depleted uranium with 
Z=36 um. Grating G2 may be configured as a phase grating 
with a PG(1.3.1), PG(2,5,1) or other suitable profile and, for 
example, may use a chromium refracting layer. In Such case 
one may use S=4.2 um, giving Z/S=8.6. The 2D-periodic 
plan view for a PG(1.3.1) profile is shown in FIG.9b. It then 
requires -2 JL/3 and -4 JL/3 phase-shift thicknesses of Z(-2 
JL/3)=2.5 and Z(-4 1/3)=5 um of chromium, and Z(-2 
JL/3)/S=1.3 and Z(-4 JL/3)/S=2.6, respectively, thus indi 
cating low vignetting by grating G2 and only moderate 
vignetting by grating G1. A PG(2.5.1) profile provides 
higher Sensitivity, but it is more complicated to fabricate and 
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has higher vignetting, with Z(-12 JL/5)/s2=13. Use of a 
binary absorption grating at S/a=% for grating G2 in 
Embodiment 5 is also possible. However, it provides con 
siderably reduced Sensitivity, requires reduced S/a, and has 
noticeably higher Vignetting by grating G1. It also has a 
much lower net transmission by the gratings, and given its 
deficiencies, a phase grating is clearly the preferred choice 
for grating G2 in Embodiment 5. Additional realizable 
embodiments may be made that use a PG(1.3.1) profile at the 
B=% contrast reversal; however, these embodiments exhibit 
very high Vignetting by grating G1 unless grating G3 is 
included at V=3. Embodiment 5 (with a phase grating) is 
Suitable for use in angiography. The above parameters may 
be rescaled to other values of E, if desired. For example, by 
resealing to E=E=37.44 keV, then embodiments may be 
made that use barium as the tracer element. 

Consider next, amplitude-interferometric mode embodi 
ments that are configured for a high Sensitivity to refractive 
indeX gradients. FIG. 21e corresponds a L=1 m apparatus 
that operates in the m=2, n=1 amplitude-interferometric 
mode at E=17.4 keV. Gratings G1 and G2 are both 
2D-periodic binary absorption gratings with Z=Z=10 um 
gold or depleted uranium absorbing layerS XAL. The Ver 
tical line at C=0.82 depicts parameters for Embodiment 6, 
and corresponds to the catalog choice a=13.5 lim. To 
provide Small a and yet to allow use of a detector with large 
a, grating G3 is included at V=5. The associated parameters 
are then R=0.45 m, a=6.6 um, a=5.9 um, and a=6.75 um. 
Vignetting is minimized by choosing S=S=2.3 um, and 
grating Vignetting is then modest with Z/S=Z/S=4.3. 
X-rays with a suitably narrow bandwidth spectrum for this 
embodiment are produced using an X-ray tube T with a 
molybdenum anode A operating at about 23.2 kV-DC and a 
800 um thick aluminum filter F. Considerably improved 
grating throughput is achieved if this embodiment uses the 
inverted pattern P of FIG. 14f or has both gratings G1 and 
G2 configured with checkerboard patterns and uses pattern 
P of FIG. 14e. 

Finally, consider high energy preferred embodiments that 
are useful in a CT Scanning apparatus (in addition to 
Embodiment 5), as described in Sect. V.7. FIG. 21f corre 
sponds to a L=2 m apparatus designed to perform imaging 
at E=40 keV. Gratings G1 and G2 are both 2D-periodic; 
grating G1 is a binary absorption grating, and grating G2 is 
a phase grating with a PG(1.3.1) profile. The X-ray Source 
and grating thickness parameters are Similar to those used 
with Embodiments 3 and 4. A comparison of FIGS. 21c and 
21f shows the effect on parameter Scaling from increasing L 
from 1 m to 2 m. Embodiment 7 on FIG. 21f is configured 
with grating G3 present. Its parameters are then V=7, 
C=1.10, a-50 um, R=1.05 m, a=13.0 um, S1=6.51 um, 
a=6.8 tim, S=7.1 um, and ar=14.3 um. Gratings G1 and G3 
have acceptable Vignetting character with Z/S1=9.1 and 
Z/S=8.3, while grating G2 has low vignetting with Z(-2 
JL/3)/S=0.9 and Z(-4 1/3)/S=1.8. If a larger value of R is 
required to accommodate large patients, the configurations 
with V=5 and V=6 still have acceptable Vignetting character, 
and respectively give R=1.37 and R=1.20. 
V2 Apparatus dimensional and temperature Stability 

Maintaining accurate alignment of the apparatus So that 
only infrequent realignment is needed requires good dimen 
Sional Stability of the apparatus. Said Stability depends on 
the temperature and vibrational environment of the gratings 
and detector D, and on the associated thermal expansion 
coefficients and rigidity of these components and of their 
mountings. Vibrations induced by anode rotation and/or by 
object BDY, if the latter is a live patient are potential causes 
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of misalignment. A Stainless Steel or invar Supporting Struc 
ture that is both thermally and vibrationally isolated from the 
positioning means for object BDY and X-ray tube T is 
Worthy of incorporation into the apparatus Structural design. 
The gratings, themselves, must be dimensionally stable and 
have low thermal expansion. Improved dimensional Stability 
for the apparatus as a whole is provided, if necessary, by 
actively Stabilizing the temperature and vibrational environ 
ments of the Invention's components, Supporting Structures 
and mountings. 
V.3 X-ray tubes and filters 

Standard X-ray tubes with values for W in the range of 
100-2000 um may be used in the Invention, with the smaller 
values providing the least geometric blurring. An X-ray tube 
T with high X-ray brightness and small W., consistent with 
Ineq (III.65), is preferred to minimize at and a Suitable 
tubes T with a variety of anode Amaterials are available, for 
example, from Varian X-ray Tube Products (Salt Lake City, 
Utah) and other vendors. The X-ray spectrum emitted by 
anode A of tube T is described by Leighton 1959, 
pp.405-421 and by Michette and Buckley 1993, pp. 13-17 
and Chapt. 2). It includes a Bremstrahlung continuum. 
Depending on electron beam eB energy and anode A 
material, it also includes one (or more) clusters of closely 
Spaced narrow emission lines that are characteristic of the 
anode's composing material. If one uses a medium-Z anode 
A material, Such as molybdenum or rhodium, that is excited 
by an electron beam eB whose energy is 120-150% of its 
K-line's energy E, then typically half of the emitted X-ray 
power appears in the K-line emission. 

The X-ray Spectral bandwidth limit AE, Set by the 
Talbot and fractional Talbot effects is not difficult to achieve. 
In amplitude-interferometric mode the allowed bandwidth 
AE, Scales with S/a via Eq. (III.42), and moderately wide 
S/a (sO.3-0.5) is desirable in any case to give reasonable 
X-ray transmission by grating G2. For phase-interferometric 
mode AE, is already quite broad, typically comparable to 
that of amplitude interferometric mode, and the X-ray trans 
mission by grating G2 is then s 100%. A suitable X-ray 
profile that is Symmetrical about E and has AESAE, is 
produced by a Suitably filtered Voltage-limited thick-target 
Bremstrahlung Spectrum, with or without added emission 
lines. Additional narrowing of this spectrum with improved 
pattern P contrast is achieved by choosing the anode A 
material with EsE to add emission K-lines. 
A characteristically broad thick-target Bremstrahlung 

continuum radiation bandwidth is produced by impact at 
focal Spot S of the mono-energetic electron beam eB from 
electron gun eG, accelerated by AC-ripple-free DC high 
voltage from Supply HV. This spectrum is readily narrowed 
to fit within the AE, limitation by the use of filter F. A 
conventional rectified AC high-voltage Supply is described 
by Meredith and Massey 1977, FIG. 205, Chapt. XXIII). 
Power supply HV provides a narrower AE by removing the 
AC ripple left in the high Voltage output of Such a Supply. It 
is readily built by adding to that Supply a capacitor filter (e.g. 
typically about 0.2 uf for a 60 Hz Supply), a Series resistor, 
and a gas-discharge Voltage regulator (e.g. a long Series 
string of Ne2H neon bulbs (a 90V ea.). The spectral upper 
limit (in keV) of a thick target Bremstrahlung spectrum is set 
by the DC voltage of this supply (in kV). 

Further narrowing of this spectrum may be done by 
chopping off its high-energy edge with the K edge of the 
material in filter F; however, doing So then produces an 
asymmetric Spectrum, and the filter F may then fluoresce and 
thereby increase Ws (and ar). A Suitable symmetrical 
Spectrum is produced by using a low-Z material for filter F 
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whose K-edge and K-line energies are very much less than 
the high voltage value. The filter F material is chosen so that 
it neither fluoresces at high energy nor leaks X-rays below its 
K-edge. Aluminum (E=1.56 keV, E=1.5 keV) is a good 
choice for a filter F material for use with the low-E 
Embodiments 2 and 6. Copper (E=8.04 keV, E=8.98 
keV) is a good choice for the high-E Embodiments 3-5 and 
7. (Copper tends to leak X-rays near its Ledge if embodi 
ments with low-E embodiments, and Such leakage is 
weakly visible on FIG. 19b.) Low energy emission-lines 
(e.g. LC) from the anode A are also cut by the filter F. An 
approximate rule-of-thumb for estimating the X-ray Source 
parameters is to set the DC high voltage at about (%).E., and 
then to choose a filter F thickness with about 1/e absorption 
at E. Sightly increased filter F thickness then raises 
(hardens) E and reduces AE, and Vice-versa. Numerical 
Simulations can be made to define the desired thickness 
more precisely. Note that the grating Substrates also provide 
additional spectral filtering. The filter F and X-ray tube T 
parameters given in Sect. V.1 assume additional spectral 
filtration by the grating Substrates from about 600 um of 
SiO. A peaked spectrum of the filtered continuum, Such as 
that shown on FIG. 19b, then results. The high voltage and 
parameters for filter F given in Sect.V.1 all give continuum 
Spectra with an appearance and AE/E Similar to the Spec 
trum shown on FIG. 19b. 
V4 Grating structures and their fabrication 
The absorbing layer XAL on a binary absorption grating 

need not be fully opaque to X-rayS. However, this layer 
preferably should provide at least about 1/(2e) absorption, 
yet it still should be physically thin enough to not provide 
excessive Vignetting. The material from which it is made 
thus requires a high absorption per unit path length for 
X-rays at energy E. The material should then have a high-Z 
and a high density. Gold and depleted uranium are both 
excellent choices. Since the resulting transmission of the 
absorbing material for XAL is Small, its X-ray refractive 
index, in general, may be ignored. upon illumination with 
X-rays whose energy is well above that of the material's K 
or L-lines, the absorbing material may weakly reemit X-rays 
at the energy of these lines. For gold absorbing layers on the 
X-ray tube's Side of the grating Substrates, most of this 
reemission is absorbed by the substrates. When uranium is 
used for grating G2 at high energy, however, then an 
additional thin layer (s3-5 um) of gold directly beneath the 
uranium may be included as part of layer XAL to absorb the 
uranium L-lines at 13.6, 16.4, and 17.2 keV. 
The substrate SUB for grating G2 should have a relatively 

uniform thickness. It should also be as thin as possible (e.g. 
s200-500 um) to limit its X-ray absorption, especially when 
low E is used. If its thickness varies with position, it should 
do so slowly so that the overall relative phase shifts of the 
X-rays transmitted by neighboring periods are all about the 
Same, whereupon Said variation then has negligible effect on 
the shape of pattern P. The Substrates for all gratings should 
transmit light, as this property is needed by the alignment 
system disclosed in Sects. III.10-III.10.3. A typical substrate 
SUB is shown on FIGS. 6a,b for binary absorption gratings. 
An excellent Substrate material is clear fused silica (SiO2). 
It has a low coefficient of thermal expansion, low X-ray 
absorption, transmits light, and is available for use in 
microfabrication in the form of wafers with an acceptably 
uniform thickness. Sapphire (Al2O) is also an excellent 
material with similar features. If laser LS produces infra-red 
light rather than visible light, then Silicon may be used for 
the Substrate material. 
While the structure of the periodic surface-layer on a 

phase grating has many Similarities to the layer on a binary 
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absorption grating, it is instead made from a low to 
medium-Z material that is minimally absorbing of X-rays 
and also may have more than two thicknesses. Use of a 
dense material is preferred since it then has a Small thickneSS 
that reduces Vignetting, although Vignetting by a phase 
grating is usually quite mild. Phase gratings may be made by 
either of two methods, or by a combination of the methods 
when 3 (or more) level gratings are used. As with an 
absorption grating the periodic Structure may be laminated 
onto the Substrate. Alternatively, Since the Substrate material 
is also refracting but negligibly absorbing, the periodic 
Structure and Substrate may be the Same material, and the 
periodic profile may be etched into the Substrate's Surface. 
The needed thickness of SiO for -JL/2, and -7 radian phase 
shifts is about 1.4 um and 2.8 um, respectively at E=17.4 
keV. Elements Such as aluminum, Silicon, titanium, 
chromium, and Vanadium, and moderately high density 
compounds that incorporate only low and medium-Z ele 
ments are usable. Photoresist that does not contain Silver 
halide is also usable. 

Microfabrication of the gratings may be performed using 
methods commonly used by the microfabrication industry. 
The gratings used by the Invention, if they have metallic 
layerS Such as gold or chromium, are very similar to 
"reticules', as are commonly used in optics. Thus, there is a 
ready Supply of Vendors from which these gratings may be 
custom ordered. Similarly, phase gratings with the periodic 
Surface layer etched into the Surface are very similar to 
“diffractive optics” as are now commonly available by 
custom order. To make a grating, the pattern for its periodic 
Structure is generally transferred to the Substrate by photo 
lithography with a photoresist. The material comprising the 
periodic structure on the Substrate may be the photoresist 
itself. The material may be deposited onto the substrate prior 
to the photolithography and then etched away; it may be 
etched from the substrate's surface itself, or it may be 
electro-deposited onto the Surface before or after photoli 
thography. If the material is to be deposited prior to etching, 
Such deposition may be done by Sputter deposition, for 
almost any material (including uranium) as described by 
Wasa and Hayakawa 1992). Very thick gold layers may be 
electro-deposited onto a thin chromium and gold Sputter 
deposited “Seed' layer. Also, for very thick gold layers, thin 
gold leaf may be carefully glued to the Substrate. A review 
of Some of the needed techniques, already used Successfully 
by other applications, is given by Kahn Malek 1991). 
Fabrication methods via micromachining with an eXimer 
laser for a structured fluor that acts a light-emitting grating 
G3 in the detector arrangement of FIG. 3b are under 
development by Resonetics, Inc. (Nashua N.H.). 

The X and y period directions of 2D-periodic gratings and 
of detector D are preferably accurately perpendicular. When 
they are not thusly perpendicular, then the X and y period 
icity directions will not be respectively mutually parallel to 
each other among the gratings, and phase matching can be 
made to occur in one direction but not simultaneously in 
both of the X and y directions. If the lithography process used 
for fabricating the gratings does not provide Sufficiently 
accurate perpendicularity, however, Said lithography proceSS 
Still may be used for grating fabrication. In Such case each 
2D-periodic grating may consist of a pair of 1D-periodic 
gratings, each on its own Substrate, combined with their 
periodic Surface layers in face-to-face contact with each 
other. Each grating of each face-to-face pair is then rota 
tionally aligned within the apparatus, independently of the 
other in its face-to-face pair. The addition of phase shifts for 
2D-periodic phase gratings, as discussed in Sec. III.4, allows 
2D periodic phase gratings to be made and aligned via this 
method. 
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To perform photolithography, the Substrate is first coated 

with a layer of photoresist. The desired pattern for the 
Structure is exposed onto the photoresist. Short wavelength 
UV light may be used for the photoresist exposure for 
periodic structures with periods greater than about 0.25 um 
. Smaller Structures may be fabricated using e-beam 
lithography, if needed. Photolithography may be done either 
using a projected image or via a contact-print from a mask. 
Masks with almost any computer generated pattern are 
readily made using industry-standard pattern-generating 
machines. Upon developing the photoresist the desired 
pattern is dissolved away from the residual photoresist, 
thereby uncovering the base Surface. The remaining photo 
resist is hardened by baking it. Very thick and/or high 
aspect-ratio photoresist Structures may be made using meth 
ods described by Loechel et al. 1996). For single thickness 
phase gratings that use photoresist as the refracting Structure 
the grating is complete at the end of photolithography. A 
phase grating that requires multiple Step heights may be 
made by repeated lithography, etching and/or deposition 
Steps, as needed. Alignment of opposite faces of a two-sided 
“Sandwich’ grating, as shown in FIG. 6b, may be done using 
methods described by White and Wenzel 1988). 
The electro-deposition method has been used very effec 

tively to fabricate gold gratings for various other applica 
tions Smith et al., 1984). It should be also very effective for 
making gold binary absorption gratings for the Invention, 
although it is doubtful that it will work with uranium layers. 
In this method a very thin conducting layer (e.g. 0.1 um) of 
Some metal (e.g. chromium) is first deposited onto the 
Substrate prior to photolithography, (e.g. by Sputter deposi 
tion or evaporation). Following photolithography the Sub 
Strate is immersed in a gold electroplating Solution. The 
exposed areas of the now conducting Substrate are electro 
deposited with gold, with Said deposition conforming to the 
Vertical-walls of the patterned photoresist which now acts as 
a mold. Next, the photoresist is removed by etching in a 
reactive-ion oxygen plasma. Finally, the thin conducting 
layer remaining in the Zero-thickness areas of the periodic 
Structure is removed by a wet etch. 

Gratings with high aspect-ratio Structures also can be 
made Via dry etching with an anisotropic plasma. This 
technique, known as Sputter etching, is discussed by Wasa 
and Hayakawa 1992, Chapt.6), who indicate that both 
uranium and gold may be sputter etched by 500 eVargonion 
beams, at rates respectively three and Seven times faster than 
that of a masking photoresist, to yield high aspect-ratio 
Vertical-Walled periodic structures. They also present tables 
of Sputter etching rates for a wide variety of other materials 
including chromium and gold. Smith 1996 indicates that 
Since UF is a gas, then uranium may be reactively etched 
with high resolution and high aspect-ratio by a fluorocarbon 
plasma. Bazylenko and Gross 1996 demonstrated that a 
reactive-ion CHF-Ar mixture plasma rapidly etches thick 
fused Silica patterns to form very high aspect-ratio vertical 
walled Structures at rates 10 times faster than the masking 
photoresist is etched. Sputter etching generally uses a care 
fully controlled parallel ion beam from a large area planar 
Source to provide the vertical walled structures. However, if 
a focused-beam ion Source area is used instead, and if the 
ions are allowed to converge and then diverge in a controlled 
fashion, then "fanned' periodic grating structures also may 
be fabricated in the divergent portion of the ion beam, 
wherein high aspect-ratio periodic structure members are 
produced that are then inclined toward focal spot S. The 
resulting fanned Structures then provide reduced Vignetting 
over large detector area, in the same fashion as that of a 
“focused Bucky grid” see Meredith and Massey, p.257). 
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Depending on the material forming the periodic layer 
Structure on a grating, Said structure may be made using wet 
etching techniques. For example, if a Silicon wafer with a 
<110> crystal orientation is used for the grating Substrate 
(and an infra-red laser correspondingly is used in the align 
ment System) then a step-function shaped G2 phase grating 
structure with vertical walls may be wet etched into the 
silicon by first coating the wafers with a thin 0.1-1 um layer 
of Silicon nitride and then plasma etching the pattern (via 
photoresist) into the Silicon nitride overcoat. After removal 
of the photoresist, the Substrate is then immersed in a hot 
KOH solution to etch away exposed silicon. The silicon 
nitride acts as a Secondary mask during the KOH etch, Since 
it is insoluble in KOH. Grating structures with low aspect 
ratioS also may be made using other materials via wet 
etching techniques, Since the characteristic undercutting of 
side walls via wet-etching does not distort the walls of a low 
aspect-ratio Structure in a harmful way. Thus, a low aspect 
ratio chromium phase grating Structure may be made using 
Standard chromium wet-etching techniques. 
V.5Available detector sizes 
One of the more important considerations for design of 

the Overall apparatus configuration is the size of available 
detectors. The Simplest and generally preferred configura 
tion for the Invention uses a Single large-area detector, as 
shown on FIGS. 1 and 5. Whether or not this simple 
configuration may be used, however, depends on the desired 
Size of the image field and, in turn, on the availability of a 
digital X-ray detector array with that size. (See also Sect. 
V.6) The detector preferably also has a high effective X-ray 
quantum efficiency. More or leSS any CCD array is readily 
converted into a high quantum efficiency digital X-ray detec 
tor by coating or contacting its Surface with a fluor (also 
referred to as a “converter”, “phosphor” or “scintillator”). 
Suitable fluor materials are described by Michette and 
Buckley 1993, pp.240-248) that efficiently convert each 
incident X-ray photon into many optical photons. To improve 
Such a detector's effective quantum efficiency for X-rays, the 
fluor may also have a thin partially reflective coating (e.g. 
0.1 um of aluminum or low-Z white paint) on its front face 
that transmits X-rays and reflects most of the optical photons 
that are emitted by it towards the CCD (e.g. as per light 
reflector RFL in FIGS. 3a, b, see Sect. V.6). Note, however, 
that the fluor and reflective layer together must weakly 
transmit Some light from laser LS, as needed for alignment. 
Said light transmission, however, may be quite weak, Since 
an enormous brightness of light is available, from laser LS, 
even at very low power output. Indeed, care must be 
exercised with all embodiments during alignment when 
telescope AFT focuses light on the surfaces of detector D 
and/or of the gratings, to prevent high intensity focused laser 
light from damaging these Surfaces. Most CCD detectors 
typically feature rapid digital readout of image data. 
However, a simplification to the required CCD technology is 
allowed by the Invention, Since charge may be accumulated 
during the X-ray exposure and read-out may proceed at a 
leisurely pace afterwards, whereupon use of a “slow-Scan' 
CCD device is acceptable. Very high quantum efficiency for 
the optical photons generated by the fluor may be achieved 
by the use of a “back-illuminated” CCD array. A silicon 
CCD array with an integrated fluor or a SiPD array that 
directly detects incident X-rays without an added fluor also 
may be used. Cooling the CCD also may be helpful to reduce 
its dark current. 
A wide variety of small CCD arrays is commonly avail 

able with as 3-50 um for use as a "retina' in a miniature 
digital television camera, and in other applications. Section 

15 

25 

35 

40 

45 

50 

55 

60 

65 

80 
V.7 describes the overall configuration of FIG. 4a for the 
Invention, as a variant of that of FIG. 1, that uses a Sparse 
array of small CCD arrays, with the layout shown on FIGS. 
4b and 4d. Its final image consists of a “tiled” array of (very 
slightly overlapped) Small image Segments, as shown in 
FIGS. 4c and 4e, that are “stitched” together to form a large 
final image using computer CP. The final image is then a 
mosaic of the image Segments recorded by the individual 
tiles within the mosaic. Use of Such a mosaic in the 
Invention requires maintaining phase continuity of the pixel 
periods (at both a and ar), and parallelism of these periods 
acroSS each tiling butt-joint. Use of Said sparse arrays of 
CCD arrays requires Scanning the whole apparatus’s 
orientation, as discussed in Sect. V.7. 

Creation of a very-large-area tiled mosaic that is not 
sparse and does not require Scanning may be done by 
assembling a mosaic array of Small CCD arrays that is not 
sparse on the image plane of detector D. To do So, however, 
the small CCD arrays must be closely and precisely butted 
together at their edges, preferably in a Seamless fashion, 
with negligible-width gaps at the butt-joints. “Three edge 
buttable” CCD arrays are available that may be butt-joined 
on three sides with only a few pixels missing at each Seam 
Blouke, 1995). Doing so with all four edges butted together 

is complicated by the necessity of making electrical con 
nections at the CCD edges. However, Molecular Structures 
Corp. (Houston, Tex.), Schott Fiber Optics, Inc. 
(Southbridge, Mass.) and Princeton Instruments, Inc. 
(Trenton, N.J.) make large area detectors and/or associated 
tapered fiber-optic bundles Blouke, 1995; Weiss, 1997). 
The small end of each fiber-optic bundle is coupled to a CCD 
array, wherein the CCD is smaller than the large end of the 
tapered bundle to provide clearance for edge connections to 
be made to the CCD. As many bundles as needed are then 
assembled into a tiled mosaic with an X-ray fluor material 
coating the large ends of the bundles. The assembled mosaic 
then forms an arbitrarily large detector array, with the plane 
of the fluor material forming the surface of detector D. 
ASsembly of Such a detector array into a mosaic (sparse 

or not) with the needed period parallelism and pixel phase 
continuity may be done with the final Surface of the detector 
in contact with a 2D-periodic optical Ronchi ruling. The 
period of the Ronchi ruling is a, and its planform is similar 
to that of FIG. 8b. It is illuminated with diffuse light. 
Assembly is done with each CCD array active by observing 
and eliminating any resultant moiré formed on the CCD as 
it is added to the mosaic, whereby phase continuity acroSS 
butt joints is obtained. 
A limited variety of medium-area and large-area CCD 

arrays is also available, with availability now increasing 
rapidly. Blouke 1995 reviews the state-of-the-art for 
medium and large-area CCD arrays and their use as X-ray 
detectors. Currently, 1" square CCD arrays with a 9 um 
period are commercially available from the Eastman Kodak 
Corp. (Rochester, N.Y.). EEV Ltd. (Chelmsford, UK) cur 
rently markets 2.7 cmx5.4 cm arrays with 13.5 um pixels. 
(Note that Embodiments 2-5 use a=9 um, and Embodi 
ment 6 uses a- 13.5 um .) Arrays of 3 um pixels with 3 
cmx3 cm areas have been built and used for astronomy. In 
limited-production custom made CCD's with much larger 
areas also have been demonstrated. Phillips Imaging Tech 
nology (Eindhoven, Netherlands) has produced 8.6 cmx11 
cm arrays with 12 um pixels. Arrays of 8.7 um pixels with 
8 cmx8 cm areas are under development by Loral Fairchild 
Imaging Sensors (Tustin, Calif.). 
A variety of other large-area digital X-ray detector arrayS 

are also under development that use Similar or very different 
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technology. These also may be used in the Invention. Large 
area moderate-cost amorphous Silicon X-ray detectors are 
currently being developed for medical imaging by Varian 
Assoc. (Palo Alto, Calif.). A fluor coupled either directly or 
by a fiber-optic faceplate to an image intensifier tube and 
Vidicon, is also usable as a digital X-ray imaging detector, 
given appropriate raster Scan accuracy. Vidicon-style 
electron-tube based X-ray detectors with areas of up to 40 
cmx40cm have been built. Dimensionally stable continuous 
image recording media also may be used for detector D, as 
per Sect. V.6. 
V.6 Variant detector configuration using continuous detector 
media 
A very large area detector may be built by using a 

continuous recording media CRM. Such media include 
dimensionally stable film and the Stimulated luminescence 
plate Fuji Corp. Japan; see also Sonoda et al., 1983). Two 
configurations for doing so are depicted in FIGS. 3a and 3b. 
Another case of Such media, that of a TV Video camera 
whose photoSensitive pixels are not necessarily phase and 
period matched to pattern P nor to grating G3 (not shown on 
the drawings) also falls into this category and is included in 
the discussion that follows. Some of the configurations 
discussed in this Section allow phase and period harmonic 
matching, and Some do not. Those that do may be used to 
achieve Subtraction of Scatter-induced blur, as per Sect. 
III.6.2, and/or element selective contrast, as per Sect. III.8. 
Those that do not still may be used to obtain images that give 
refractive-indeX gradient contrast. AS noted in Sect. III.1, the 
presence of grating G3 in these configurations, while not 
essential for the minimal functioning of the Invention, is 
Strongly preferred for a practical device. 

First consider the configuration of FIG. 3a. It shows an 
elevation X-Z view of detector Screen DS to be used at the 
position of detector D in FIG. 1, with grating G3 located 
longitudinally at the end of the R measurement. Detector 
Screen DS is comprised of fluor FL, grating G3, and light 
reflector RFL, all mounted together on substrate SUB. 
Continuous recording media CRM is placed in direct contact 
with grating G3, and then removed for retrieval of the X-ray 
image imprinted on it. Alternatively, its latent image is 
read-out in-situ from below whereupon its removal is unnec 
essary and media CRM is then permanently positioned as 
shown in FIG. 3a. 

Grating G3 may be located either above fluor FL or below 
it. The latter case is the one shown in FIG.3a. When located 
above fluor FL, grating G3 is comprised of an X-ray absorb 
ing layer XAL. When located below fluor FL, it needs to be 
(at least partially) opaque only to the light, and then may be 
very thin, Since it does not need to be opaque to X-rayS. In 
either location it has the same net effect, and its opaque areas 
mask X-ray detection by media CRM in a Spatially periodic 
fashion. In the lower location it masks X-ray detection by 
blocking (shadowing) light from reaching media CRM, 
wherein such light is emitted from portions of fluor FL 
located directly above the opaque areas of grating G3. In 
both locations it also masks the laser light in pattern O, as 
needed for apparatus alignment. Light reflector RFL reflects 
(partially) light downward toward continuous recording 
media CRM to minimize loSS of light. To act as a light mask, 
grating G3 opaque areas may consist of a very thin thickneSS 
(about 0.05 um) of aluminum or other light-opaque mate 
rial. Grating G3 also may be embedded in fluor material FL 
to provide additional light reflection and to prevent lateral 
migration of light within fluor FL. 

During an X-ray exposure, the continuous imaging media 
CRM is in direct contact with the surface of grating G3. 
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Supporting Substrate SUB and its mountings are Sufficiently 
rigid that Such contact does not disturb the alignment of 
grating G3. Fluor-emitted light is then proximity focused 
directly onto continuous media CRM as a contact-print. It is 
also possible to intervene a large-area fiberoptic faceplate 
between the continuous recording media CRM and grating 
G3 (i.e. between grating G3 and media CRM in FIG.3a) to 
increase the stiffness of substrate SUB, whereupon substrate 
SUB then may be eliminated. In such case the media CRM 
instead contacts the fiber-optic faceplate. Following X-ray 
exposure, the continuous media may be removed from 
contact with grating G3 (or the faceplate) and transferred to 
a container in darkness for transport to a developer and/or a 
laser read-out apparatus, if desired. 
The third method for producing images from refractive 

index-gradient contrast uses the detector configuration of 
FIG.3a to provide a very simple and inexpensive apparatus. 
Since no pixels are present in continuous recording media 
CRM, b-labeled and d-labeled pixels are then instead simi 
larly labeled b-areas and d-areas on grating G3 (within 
slab-volume SV3). Under this method, grating G3 is con 
figured at Ve1. At V=1 it has a planform Similar to one 
shown in FIGS. 8a-d. Phase matching is obtained between 
pattern P and grating G3 with grating G3 now configured 
and aligned, so that with object BDY absent, then all 
BRIGHT fringes (incident on b-areas) are masked by the 
grating G3 periodic structure, and So that then only light 
emitted by fluor FL excited by X-rays incident in DARK 
fringes is not masked by grating G3 d-areas. This light is 
then contact-imaged onto media CRM. The portion of the 
image that passes grating G3 d-areas is effectively an image 
of the refractive-index gradient distribution in object BDY. 
With So?ar of pattern PSmaller than Sa?as of grating G3, then 
the image detector (e.g. film media CRM) receives negli 
gible illumination with object BDY absent. When object 
BDY is present, however, its refractive-index gradients then 
cause deflections of BRIGHT fringes onto d-areas, that, in 
turn, create illumination of d-areas, and give an image of the 
object's refractive-indeX gradient distribution on the d-areas. 
This method does not provide a means for image Subtraction 
and the associated removal of Scatter-induced blur. 
Nonetheless, for a modest Scattered intensity contribution to 
d-areas, the fractional intensity increase on these d-areas is 
large, and a useful sharp image is still produced, despite the 
presence of Scattered X-ray intensity. 

Advantages of this third method include its simplicity and 
asSociated low cost, the fact that image Subtraction along 
with the associated complicated digital imaging System and 
computer are not required, and the fact that various con 
tinuous recording media CRM (e.g. film) are readily avail 
able with very large detector areas. Its disadvantages include 
a slightly higher object dosage (for comparable quantum 
mottle), the use of a low quantum efficiency detector (e.g. 
film), and the lack of removal of residual scatter-induced 
image blur. Alignment of the third configuration is per 
formed with continuous recording media CRM absent, by 
using a possibly movable Zoom-focus TV camera (not 
shown) located Some distance below grating G3 to examine 
the lower side of the fluor by viewing grating G3 from below 
and imaging its transmitted light, thereby imaging the moiré 
pattern formed by pattern O and grating G3. 
The fourth method and configuration for obtaining 

refractive-index-gradient contrast is by a modification to the 
arrangement of FIG. 3a, in which media CRM is deleted 
altogether. Instead, this method then images the light emitted 
by fluor FL through grating G3 from the lower side of G3 
with a Zoom-focus TV camera, similar to that used by the 
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third method for alignment. This fourth method and con 
figuration may operate with or without the camera's detector 
pixels phase matched by the camera's focusing optics to 
grating G3, and correspondingly to pattern P. When the 
camera's pixels are not phase matched, this fourth method 
obtains the same image as that of the third method, and thus 
provides no subtraction of scatter-induced blur. Without 
phase matching, the TV camera acts similarly to media 
CRM. To further obtain phase matching of the camera's 
pixels (to allow element-selective imaging and/or scatter 
induced blur Subtraction), however, the TV camera must be 
carefully aligned (and focused) So that its internal retina 
pixels are effectively aligned as with the configuration of 
FIG. 1. Doing So, however, generally limits the camera's 
field of view to image only a Small area. A larger image may 
be obtained by positionally Scanning the camera Step-wise 
and Stitching together a final large image. However, use of 
Such a Scheme is probably impractical for medical imaging, 
Since realignment of the Video camera must be accomplished 
between each Step of the Scan, during which operation object 
BDY should be removed and then accurately repositioned 
within the apparatus for the next X-ray exposure Step. 

In a fifth method for obtaining refractive-index-gradient 
contrast, the continuous recording media CRM used in the 
configuration of FIG.3a is effectively given a pixel Structure 
(and period) by a post-exposure Scanning of media CRM, 
whereby also Scatter-induced blur may be Subtracted, and/or 
element-selective imaging performed. For a V>1 
configuration, grating G3 has a planform layout Similar to 
one shown in FIGS. 11a-d. For operation at V-1 with 
Scatter-induced blur Subtraction, grating G3 is configured 
with the 2D-periodic X-y planform similar to that of a 
Wide-mesh Square Woven Screen, Similar to the configuration 
shown on FIG. 8b, but with a very large duty-cycle S/a=S/a 
(0.9-0.95). It then acts both as an intermediate reference grid 
that provides an observable moiré pattern for alignment of 
and to gratingS G1 and G2, and thus to patterns P and O, as 
well as a tracking guide for Scanning media CRM. Align 
ment is via the same method (via below mounted TV camera 
with CRM absent) used with the third and fourth methods. 
After an X-ray exposure, a readout Scan of media CRM is 
performed by placing media CRM within a read-out appa 
ratus wherein it is then raster-Scanned (with a raster period 
equal to a) by a laser. The film's light transmission or the 
Stimulated luminescence plate's luminescence is recorded as 
a function of laser position within the raster. Phase-lock 
tracking of the Scanning laser's raster to the media's 
imprinted pixel array is obtained by following the grating 
G3 shadows on media CRM via a feedback system to control 
the Scanning motion of the read-out laser, thereby to follow 
the imprinted pixel rows (or columns) on the media, in a 
manner Similar to that used in a CD player or computer disk 
drive. It is also feasible that a Stimulated luminescence plate 
can be made at least partially transparent, So that the laser 
read-out apparatus then may be incorporated as part of the 
whole detector, whereupon laser-Scanning may be done 
in-situ from the lower side of CRM, and removal of media 
CRM from contact with grating G3 (with possible misalign 
ment resulting therefrom) is then no-longer needed. 

The Sixth method for obtaining refractive-index-gradient 
contrast, uses the detector configuration of FIG. 3b and 
provides a means (slightly crudely) for Subtraction of 
Scatter-induced blur and/or for performing element-Selective 
imaging. FIG. 3b shows an elevation X-Z view of detector 
screen DS to be used under this method at the position of 
detector D in FIG.1. Here, detector screen DS is comprised 
of structured fluor SFL, and light reflector RFL, both 
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mounted on substrate SUB. The configuration of FIG. 3b 
uses two Separate independent continuous recording media, 
CRM-1 and CRM-2, that are separated by a thin opaque 
sheet, OS and a second fluor FL. In the configuration of FIG. 
3b, structured fluor SFL is spatially periodic, absorbs X-rays, 
is partly opaque to light (at least on its upper side via the 
additional periodic structure provided by RFL), and also acts 
as grating G3. If desired, very thin Vertical extensions of the 
light reflecting material of light reflector RFL may be added 
to the vertical side walls of the finite thickness portions of 
structured fluor SFL to prevent lateral migration of light 
emitted by structured fluor SFL. Structured fluor SFL, light 
reflector RFL and Substrate SUB remain fixed within the 
apparatus. These fixed components are aligned via the use of 
a below-mounted upward-pointing TV camera, in a manner 
similar to that used for the detector configuration of FIG.3a. 
Media CRM-1 and CRM-2, along with fluor FL and 

opaque sheet OS are removable from the apparatus. During 
alignment, they are absent. During an X-ray exposure, they 
are in direct contact with Structured fluor SFL (also grating 
G3), as shown in FIG.3b. Structured fluor SFL creates light 
by absorption of X-rays, which, in turn produce a contact 
image on media CRM-1, in a manner Similar to that of the 
third method. The finite thickness portions of structured 
fluor SFL act as b-labeled pixels. Structured fluor SFL is thus 
aligned within the apparatus So that its finite-thickness 
portions are phase matched with BRIGHT fringes. Since 
structured fluor SFL must absorb X-rays in order to produce 
light, it casts a periodic Shadow in the X-rays that arrive at 
the upper face of media CRM-1. These X-rays incident 
between the fluorportions are negligibly absorbed by media 
CRM-1 and opaque sheet OS, and thus propagate downward 
to fluor FL, wherein they are absorbed and produce light. 
Given the Spatially periodic shadow Structure of the X-ray, 
the light generation in fluor FL also has a Spatially periodic 
structure. This periodically structured light emitted by fluor 
FL is contact imaged onto media CRM-2, that then records 
a d-area contact-image, in a manner Similar to that of the 
third method. Media CRM-1 and CRM-2 are thus imprinted 
respectively with an equivalent of a b-pixel image and a 
d-pixel image. (Alternatively, if desired, the alignment of 
structured fluor SFL may be to DARK fringes, whereupon 
the roles of CRM-1 and CRM-2 are then simply 
interchanged.) Following, exposure media CRM-1 and 
CRM-2 are removed from the apparatus and opaque sheet 
OS and fluor FL are discarded. 

Given the two analog images recorded on media CRM-1 
and CRM-2, a subtraction now may be performed. One 
method for doing So is to transfer both media, one at a time, 
to a read-out apparatus, as is used with the fifth method, and 
perform the Subtraction digitally. Alternatively, an analog 
Subtraction may be performed without Scanning, if the 
media is Semi-transparent film. To do So, one of the two films 
(CRM-1 or CRM-2) is developed as a negative image and 
one as a positive image (e.g. by making a Secondary contact 
print from one of them). The resulting positive and negative 
film images are then contacted and registered with each 
other. (Corner reference fiducials also may be imprinted on 
the film via the X-ray exposure to aid registration, if desired.) 
Under back-illumination, the registered pair of films then 
displays the desired Subtracted image. 
V.7 Positionally scanned configurations 
The ability of the Invention to obtain an image with only 

one X-ray exposure is given above as one of its important 
features. However, the use of a step-wise Sequence of 
exposures provides additional design flexibility and appli 
cations for the Invention. The Invention allows such a 
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Sequence to be made rapidly without apparatus realignment 
being required between Steps of the Sequence. FIGS. 4a and 
5 show overall configurations for the Invention wherein the 
apparatus of FIG. 1 is positionally Scanned rotationally in a 
step-wise fashion. (Positionally scanned embodiments with 
a linear translational Scan of the apparatus are also possible.) 
During Said Scan the whole apparatus, including focal Spot 
S, gratings G1 and G2 (and G3, if present) and detector D 
is rotated through a Sequence of orientations about axis 
SCN, parallel to the y-axis, while object BDY remains 
Stationary. A sequence of X-ray exposures is obtained, when 
the apparatus is Stationary during this Sequence of orienta 
tions. Since no apparatus realignment is needed between 
Steps, the exposures may be taken in reasonably rapid 
Sequence. FIG. 4a is drawn using the detector sparse array 
configuration of FIG. 4b, however, it also may be used with 
the Sparse array configuration of FIG. 4d. The Sparse detec 
tor arrays of the configurations of FIGS. 4b,d then allow the 
use of Small inexpensive CCD arrays, to create the associ 
ated large mosaic layouts of FIGS. 4c, e, respectively. 
The configuration of FIG. 4a consists of multiple repli 

cations of the configuration of FIG. 1 into a fanned periodic 
arrangement of pyramidal geometries. X-rays that form an 
image within each Such pyramidal replication are confined 
within each of the 2D-fanned replications to propagation 
within a four-sided canted pyramid. All Such canted pyra 
mids have the common focal Spot S at their apexes, which 
provides X-ray illumination for all of them. Each canted 
pyramid has an associated Small CCD array as its base. All 
Such pyramidal replications have the same parameters as 
each other, whereupon all gratings G1 and G2 (and G3, if 
used) and CCD arrays occupy associated common planes. 
Thus, grating(s) G1 occupy plane G1P, gratings G2 occupy 
plane G2P, and the array of detector arrays occupies plane 
DP. Each pyramid has its own axis C, that passes through 
focal Spot S and the center of each associated CCD, and 
these various axes C, are no-longer perpendicular to these 
planes, as they are with the geometry of FIG. 1. Instead, all 
Such axes C fan out in 2D from the common point on focal 
spot S. (In an alternative embodiment the various axes C, 
are all each locally perpendicular to the associated detector 
array and grating, and the gratings are configured in a 
piece-wise planar arrangement.) The rotational Scan of the 
apparatus shown in FIG. 4a is such that object BDY (not 
shown in FIG. 4a) passes between planes G2P and DP. 

Given a requirement for CCD edge connections, the array 
of CCD arrays occupying the common detector plane DP is 
sparse, i.e. there are gaps between the CCD arrayS. The array 
of grating G2 segments thus formed (shown on FIG. 4a on 
grating G2 plane G2P) is also sparse, although the array of 
grating G1 Segments may or may not be sparse. The whole 
arrangement is then Scanned in Steps acroSS Stationary object 
BDY, whereupon a Sequence of Sparse image mosaic Seg 
ments is recorded for each Step. The Step-wise Scan is 
rotational on a y-directed axis SCN that passes through focal 
spot S. The final image is then Stitched together (as discussed 
in Sect. V.5) to form the (no-longer sparse) final image 
mosaic. 
AS with the image mosaic discussed in Sect. V.5, it is 

necessary to maintain accurate phase continuity of the pixel 
periods and parallelism of the individual CCD's with each 
other. Said phase continuity and parallelism may be obtained 
by assembling the various CCD arrays on a large Single 
Ronchi ruling via methods outlined in Sect. V.5. If grating 
G3 is included, its sparse array of grating Segments is similar 
to the layout shown on FIG. 4b, and it may be used in place 
of the Ronchi ruling. Similar phase continuity and parallel 
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ism is obtained for the individual grating G2 segments (and 
G3 Segments) that all occupy common planes by fabricating 
Said grating Segments all on the same wafer as part of their 
common lithography (see, Sect. V.4). To prevent additional 
object dosage, gaps between the grating Segments on each 
Such grating plane are covered with a thick X-ray absorbing 
layer XAL, as shown on FIG. 4a, whether or not grating G2 
is a binary absorption or phase grating. Thus, within each 
Such a pyramid, each grating G2 Segment is Surrounded by 
Said layer XAL, to provide a sparse periodic array of X-ray 
transmitting windows, So that the geometric Shadow from 
focal spot S made by said windows illuminates only the 
asSociated CCD detector array. 

All Such pyramidal replications may be aligned at the 
Same time. A Single alignment laser illuminates with laser 
light each pyramid via X-ray transmitting mirror XTM and 
2D-periodic diffraction grating ODF that diffracts the laser 
light. Diffraction grating ODF is located on laser optical axis 
LCL at the point of reflection of focal spot S. Optical 
diffraction grating ODF then replicates, via Fraunhofer 
diffraction, a fanned set of laser-light diffraction orders, 
wherein each Such diffraction order now propagates along 
each of the various fanned C, axes, so that each order acts 
the same as the others for each replication. With careful 
design and alignment of grating ODF, the three orderS FDo 
and FD generated by each order incident on grating G1 
from grating ODF then passes through different adjacent 
grating G2 Segments. 
Two different layouts of CCD arrays on the detector plane 

of FIG. 4a are useful. One configuration, is shown in FIG. 
4b. It consists of two columns of CCD arrays, with said 
columns aligned along the y axis. AS Shown on FIG. 4b, even 
numbered arrays D, D, . . . occupy the left-hand column, 
while odd numbered arrays D, D, . . . occupy the right 
hand column. The Scanning motion moves all detectors from 
left to the right, in an incremental fashion, acroSS object 
BDY. FIG. 4c shows the sequence of positions occupied by 
each detector during pauses in the incremental Scan wherein 
the detectors are Stationary, and an X-ray exposure is taken. 
Thus, detector array D first occupies position D. (1), next 
occupies position D. (2), and So forth. Similarly, detector D 
first occupies position D.(1), next occupies position D(2), 
and So forth. Given the Staggered positioning of these 
detectors, as shown on FIG. 4b, then a Sequence of many 
such steps provides the set of positions shown in FIG. 4c so 
that all portions of the final contiguous mosaic image are 
covered by at least one detector during the Scan. The 
detectors are positioned on the detector plane and the 
rotational Scan Step size is chosen So that Said covering has 
a Small overlap (shown highly exaggerated in FIG. 4c) of 
detector positions by a few detector pixels at the detector 
edges. Said overlap is kept minimal by a careful layout of the 
arrays and a careful choice of the Step size. Overlapped 
image Segments may be averaged together when the final 
image mosaic is Stitched together. 
The detector array configuration of FIG. 4b requires many 

Steps in its Scan to cover the image. The Scan can be 
Shortened by instead using the detector plane layout of FIG. 
4d. It differs from that of FIG. 4b. in that it contains many 
columns of detector arrays. FIG. 4d shows only the upper 
left hand corner of the layout, which extends to the right and 
downward off of the Figure. FIG. 4e shows the sequence of 
positions occupied by each detector during pauses in the 
incremental Scan wherein the detectors are Stationary and an 
exposure is obtained. Unlike the arrangement of FIG. 4b, a 
scan using the layout of FIG. 4d is completed with only three 
Steps. Thus, detector D. Sequentially occupies positions 
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D. (1), D(2), and D (3). Similarly, detector D. Sequentially 
occupies positions D-(1), D(2), and D-(3). Given the sparse 
checkerboard positioning of detectors shown on FIG. 4d, it 
is seen that the area covered at D (3) overlaps that of D.(1). 
Thus, a Sequence of only three Steps provides the Set of 
positions shown in FIG. 4e, and the whole image area is 
again covered by at least one detector during the three-step 
Scan. AS with the arrangement of FIG. 4b, the positional 
overlap of the array positions is kept minimal. 

The configuration shown FIG. 5 is appropriate for a CT 
(or CAT) scan, wherein a 3D image of object BDY may be 
Synthesized via computed tomography Meredith and 
Massey, 1977; Hendee, 1995). Suitable parameters for it are 
given as Embodiments 5 and 7, discussed in Sect. V.1. It can 
use either a Scanned Single detector array, as per FIG. 1, or 
with a Scanned Segmented detector array, as per FIGS. 
4a, b, d. In FIG. 5, the whole apparatus, including gratings 
G1, G2, (and G3, if included), x-ray tube T and detector D 
is scanned rotationally around stationary object BDY, about 
an axis SCN passing through object BDY. The detector's X-y 
2D periodic planar pixel array extends in the y-direction 
(perpendicular to the plane of FIG. 5), parallel to axis SCN 
for Some distance (whether detector D is either a single large 
2D-periodic array or sparse array of Small 2D-periodic 
arrays). To access portions of object BDY not included by a 
Single rotational Scan, the Scan is augmented by an addi 
tional axial positional Scan translationally along axis SCN, 
in a manner Similar to that of a usual CT or CAT Scanning 
X-ray system. The arrangement of FIG. 5 then differs from 
that of a usual CT Scan machine in that the latter generally 
uses rather tight Source collimation to minimize X-ray Scatter 
by object BDY, e.g. by Scanning a thin fan shaped X-ray 
beam, confined to a plane that is perpendicular to the 
rotation axis, or a pencil shaped X-ray beam Hendee, 1995, 
FIG. 2). However, the elimination of scatter-induced blur by 
the Invention's added components, all Simultaneously 
co-aligned and rotating together, allows a very much larger 
number of paths through object BDY to be recorded simul 
taneously by the Invention (relative to the number simulta 
neously recorded by a normal CT Scanning apparatus). The 
total time required for completing a Scan is then consider 
ably reduced by the Invention. 
VI. Industrial applicability 
The Invention has a wide range of application within the 

radiological and radiographical imaging industry, in general. 
It is ideally Suited for a variety of applications in the medical 
imaging industry. It may be used for diagnostic imaging 
purposes and for interventional radiography. In particular, it 
is useful for imaging biological Soft-tissue, and for 
mammography, angiography, and for whole-body CT Scans. 
It may be used to image radio-passive (rather than radio 
active) tracers in diseased tissue. 
What is claimed is: 
1. Apparatus for producing an image that describes the 

internal Structure of an object, comprising 
a Source of X-rayS, 
an X-ray image detector; 
improved by its further comprising 

three very-thin slab-shaped volumes, SV1, SV2, and 
SV3, each with Substantially-planar slab faces ori 
ented relative to each other to be substantially 
mutually-parallel, and each containing an associated 
very-thin material Structure that interacts with 
X-rays, and 

means for limiting the energy-bandwidth of detected 
X-rays, 

wherein Said three contained Structures are positioned 
between Said Source and Said detector So that X-rays 
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from Said Source propagate in the Sequential order, 
first through said structure within slab-volume SV1, 
next through said structure within slab-volume SV2, 
next through said object, next into slab-volume SV3, 
and then are detected; and 

wherein the directions X and y are both parallel to the 
Substantially-parallel faces of Said three slab 
Volumes, and 

wherein Said material Structures within slab-Volumes 
SV1, and SV2 are fabricated to be spatially-periodic 
within their associated useful X-direction widths, 
respectively with associated Spatial periods a and 
a, and oriented within the apparatus So that each 
Structure's respective periodicity-direction that is 
asSociated with Said respective period lies in the 
direction X, and 

wherein the perpendicular distance between slab 
volume SV1 and slab-volume SV2 is R and the 
perpendicular distance between slab-volume SV2 
and slab-volume SV3 is R; and 

wherein b, q, and p are positive integers, and 
wherein a is accurately related to a by 

and 
wherein, when Said object is absent, and for X-rays with 

at least one specific energy value that lies within Said 
energy-bandwidth, and throughout the associated 
useful X-direction width of Said material Structure 
within slab-volume SV3, then the two structures 
respectively within slab-volumes SV1 and SV2 act 
ing together but not separately project onto slab 
volume SV3 an X-ray intensity distribution that is 
Substantially spatially-periodic in direction X with 
the Spatial period at and has a Substantial spatial 
intensity variation; and 

wherein when the greatest common integer divisor ofb 
and q is 1, then the period at is accurately related to 

2. Apparatus of claim 1 wherein, when Said object is 
absent, and for Said X-rays with Said Specific energy value 
that lies within said energy-bandwidth, then each of the two 
structures respectively within slab-volumes SV1 and SV2, 
acting alone with the other absent, projects onto slab-Volume 
SV3 an X-ray intensity distribution that is different from said 
Spatial distribution projected by Said two structures acting 
together; and 

wherein any associated residual spatial periodicity in 
direction X of either of said two distributions projected 
by Said two structures acting alone has a diminished 
Spatial intensity variation relative to Said Spatial distri 
bution projected by Said two structures acting together, 
and/or has a dominant spatial period that is different 
from ap. 

3. Apparatus of claim 1 wherein b and q are both equal to 
1. 

4. Apparatus of claim 1 wherein slab-volume SV1 is 
located near Said X-ray Source. 

5. Apparatus of claim 1 further comprised of means for 
controlling the energy spectrum of X-rays that are projected 
onto slab-volume SV3. 

6. Apparatus of claim 1 wherein a material Structure 
within a slab-Volume is spatially periodic with the Spatial 
period as in an associated periodicity-direction when the 
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effects of Said structure's X-ray interaction properties are left 
Substantially unchanged except at Said structure's edges if 
Said structure is spatially translated in Said associated 
periodicity-direction by a distance that is an integral mul 
tiple of the period as, and 

wherein Said periodicity-direction for Said Structure pro 
vides a locally minimum spatial period measured in 
Some fixed direction under an infinitesimal rotation of 
Said structure within its containing slab-Volume in 
which Said Structure's periodicity-direction rotates rela 
tive to said fixed direction with an axis of said infini 
tesimal rotation that is perpendicular to Said 
Substantially-planar mutually-parallel slab faces. 

7. Apparatus of claim 6 wherein when a material Structure 
within a slab-Volume is spatially periodic with the Spatial 
period as, then Said Structure is also spatially periodic with 
a longer spatial period that is an integral multiple of as. 

8. Apparatus of claim 7 wherein the periods a and a are 
the shortest fabricated periods for which the respective 
structures within slab-volumes SV1 and SV2 are spatially 
periodic. 

9. Apparatus of 8 wherein Said Source emits X-rays 
dominantly from a Spatially Small but finite-size Spatial 
region S, and 

wherein W is the approximate x-direction width of said 
finite-size Spatial region S within which said dominant 
emission of X-rays occurs, and 

wherein the distance a is Substantially Smaller than the 
distance Ws. 

10. Apparatus of claim 1 further comprised of a thin 
Substrate that provides Structural Support for a spatially 
periodic material Structure within a slab-Volume; 

wherein Said Substrate is made from a material that is 
minimally absorbing of light and X-rays, and 

wherein Said Substrate has a Substantially constant thick 
CSS. 

11. Apparatus of claim 1 wherein the directions X and y 
are Substantially perpendicular to each other. 

12. Apparatus of claim 1 wherein Said Structure within 
slab-volume SV1 is fabricated and configured to be addi 
tionally Spatially-periodic within its associated useful 
y-direction width with period as and with the associated 
additional periodicity-direction lying in the direction y; and 

wherein said structure within slab-volume SV2 is fabri 
cated and configured to be additionally Spatially 
periodic within its associated useful y-direction width 
with period a2, and with the additional associated 
periodicity-direction lying in the direction y; and 

wherein a is accurately related to a, by 
a1=b a 2.(R1+R2)(q p R.); 

and 
wherein, when Said object is absent, and for X-rays with 

at least one energy value that lies within Said energy 
bandwidth and throughout the associated useful 
y-direction width of said material structure within 
slab-volume SV3, then the structures within slab 
volumes SV1 and SV2 acting together but not sepa 
rately project onto slab-volume SV3 an X-ray intensity 
distribution that is additionally substantially spatially 
periodic in direction y with the spatial period ae; and 

wherein when the greatest common integer divisor of b 
and q is 1, then the period at is accurately related to 
a 2y by 
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13. Apparatus of claim 12 wherein a is approximately 

equal to a 2. 
14. Apparatus of claim 12 wherein a material Structure 

within a particular slab-Volume is Spatially-periodic with the 
Spatial period as in the associated periodicity-direction X 
and is also spatially-periodic with the spatial period as in 
the associated periodicity-direction y; and 

wherein Xs and ys are position coordinate values 
asSociated respectively with directions X and y that 
Specify points on Said particular spatially-periodic 
Structure; and 

wherein f(t;as) is a periodic function of dummy variable 
t that is parameterized by the period as, and 

wherein j is an arbitrary integer, and 
wherein the function f(t,as) has the periodic property 

given by 

and 

wherein g is a constant, and 
wherein the Spatial dependence of the transmission prop 

erties of X-rays through particular said Spatially 
periodic material structure at coordinate values X and 
ys can be evaluated approximately by using the func 
tion 

and 

wherein, when said particular slab-Volume is slab-Volume 
SV1, then the associations asy-a and ass=a hold; 
and 

wherein, when said particular slab-Volume is slab-Volume 
SV2, then the associations as-a- and ass=a hold. 

15. Apparatus of claim 12 wherein a material Structure 
within a particular slab-Volume is Spatially-periodic with the 
Spatial period as in the associated periodicity-direction X 
and is also spatially-periodic with the spatial period as in 
the associated periodicity-direction y; and 

wherein Xs and ys are position coordinate Values asso 
ciated respectively with directions X and y that specify 
points on Said particular spatially-periodic Structure; 
and 

wherein f(t;as) is a periodic function of dummy variable 
t that is parameterized by the period as, and 

wherein j is an arbitrary integer, and 
wherein the function f(t,as) has the periodic property 

given by 

and 

wherein g is a constant, and 
wherein the Spatial dependence of the transmission prop 

erties of X-rays through said particular spatially 
periodic material structure at coordinate values X and 
ys can be evaluated approximately by using the func 
tion 

and 

wherein, when said particular slab-Volume is slab-Volume 
SV1, then the associations asy-a and ass=a hold; 
and 
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wherein, when Said particular slab-Volume is slab-Volume 
SV2, then the associations as-a- and ass=ae, hold. 

16. Apparatus of claim 1 wherein the structure within 
slab-volume SV1 is made from a material that absorbs 
X-rays and is configured So that its Structure acts as a 
Spatially-periodic X-ray mask. 

17. Apparatus of claim 1 wherein the structure within 
slab-volume SV2 is made from a material that absorbs 
X-rays and is configured So that its Structure acts as a 
Spatially-periodic X-ray mask. 

18. Apparatus of claim 1 wherein the two structures 
respectively within slab-volumes SV1 and SV2 are each 
made from a material that absorb X-rays and are each 
configured So that their Structures act as Spatially-periodic 
X-ray masks, and 

wherein, when Said object is absent, and for Said X-rays 
with Said specific energy value that lies within Said 
energy-bandwidth, then said two structures acting 
together but not separately project Said Spatially peri 
odic X-ray intensity distribution onto slab-volume SV3 
as a geometric X-ray Shadow. 

19. Apparatus of claim 1 wherein, when said object is 
absent, and for Said X-rays with Said Specific energy value 
that lies within Said energy-bandwidth, then the two struc 
tures respectively within slab-volumes SV1 and SV2 acting 
together but not separately project Said Spatially periodic 
X-ray intensity distribution onto slab-volume SV3 by wave 
interference of the electromagnetic waves associated with 
said X-rays via the fractional Talbot effect; and 

wherein the Talbot effect is special case of the fraction 
Talbot effect; and 

wherein the formation of Spatially-periodic geometric 
shadows is a further special case of the Talbot effect. 

20. Apparatus of claim 19 wherein n and m are positive 
integers, and 

wherein the greatest common integer divisor of n and m 
is 1; and 

wherein the average energy of Said energy-bandwidth 
limited X-rays projected onto slab-volume SV3 is E.; 
and 

wherein the product hc is Planck's constant times the 
Speed of light; and 

wherein a is approximately equal to the value given by 

(m/n)/(hc R, R/E)/(R+R)'. 

21. Apparatus of claim 19 wherein the energy Spectrum of 
Said energy-bandwidth-limited X-rays includes a multiplicity 
of component energy values, and 

wherein the average energy of Said bandwidth limited 
X-rays projected onto slab-volume SV3 is E, and 

wherein Said multiplicity of component energy values 
includes component energy values that are both Sub 
Stantially above and Substantially below E, and 

wherein Said multiplicity of component energy values 
may be comprised of a continuum of energy values, and 

wherein, when Said object is absent, then the Spatial 
distribution of X-ray intensities projected onto slab 
volume SV3 by X-rays with component energy values 
Substantially above E is substantially different from 
the Spatial distribution of X-ray intensities projected 
onto slab-volume SV3 by X-rays with component 
energy values Substantially below E. 

22. Apparatus of claim 21 wherein E is approximately 
equal to the energy of an X-ray absorption edge of Some 
chemical element, and 
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wherein Said chemical element is present within Said 

object, and 
wherein Said presence of Said chemical element within 

Said object is anisotropic. 
23. Apparatus of claim 1 wherein a material Structure 

within a selected slab-volume is divided into discrete por 
tions, and 

wherein each of Said discrete portions of material within 
Said slab-Volume has an associated finite Surface 
projected area formed by perpendicularly projecting 
boundaries of Said discrete portion on to a slab face of 
Said Selected slab-Volume, and 

wherein each of Said discrete portions of material within 
Said Selected slab-Volume has a thickness measured 
perpendicularly to Said Slab face that is approximately 
locally constant throughout Said associated Surface 
projected area; and 

wherein the thicknesses of discrete portions encountered 
in passing Spatially along a straight line through various 
discrete portions Step in a Spatially periodic fashion 
among different discrete values, and 

wherein Said different discrete values include at least one 
Significant finite value and possibly, but not necessarily, 
include the value approximate-Zero; and 

wherein the thickness of each said discrete portion pro 
vides an approximately locally-constant magnitude for 
the interaction of X-rays with Said material when Said 
X-ray propagation is along a single very thin path that 
is incident on a discrete portion's associated Surface 
projected area; and 

wherein Said possible approximately Zero-thickness por 
tions of material provide negligible interaction with 
X-rays when Said X-rays are incident along Said very 
thin path on an approximately Zero-thickness portions 
asSociated Surface-projected area. 

24. Apparatus of claim 23 wherein slab-volume SV2 is a 
Selected slab-Volume that is divided into discrete portions, 
and 

wherein said structure within slab-volume SV2 is made 
from a material that refracts X-rays, and 

wherein Said refraction induces a phase shift of the 
electromagnetic field amplitudes of X-rays incident on 
slab-volume SV2 that occurs in addition to the phase 
shift experienced by propagation of Said X-rays the 
Same distance in vacuum, and 

wherein Said phase shift may be negative; and 
wherein Said phase shift for X-rays incident on a discrete 

portions associated Surface-projected area is approxi 
mately locally constant and approximately proportional 
to the associated thickness of Said discrete portion; and 

wherein the quantity m, is an integer that is greater than 
1; and 

wherein the quantity n is a positive integer, and 
wherein the integers n, and m have a greatest common 

integer divisor of 1; and 
wherein there is an imaginary line-Segment with the 

length a oriented in the direction X on slab-Volume 
SV2 that thereby spans one x-direction period of said 
structure within slab-volume SV2; and 

wherein Said X-directed line-Segment Starts and ends on 
boundaries of Said Surface-projected areas, and 

wherein Said X-directed line-Segment crosses through m. 
of Said Surface-projected areas, and 

wherein, in crossing Surface-projected area boundaries 
between associated discrete portions, Said X-directed 
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line-Segment is divided approximately equally into m. 
X-directed line-Segment fractions by Said area bound 
aries, and 

wherein each of Said X-directed line-Segment fractions has 
approximately the length a? M.; and 

wherein Said crossed associated discrete portions are 
numbered Sequentially and monotonically starting with 
the value 0 by the associated integer index j in passing 
from one end of Said X-directed line-Segment to the 
other end; and 

wherein Said indicesi form a monotonic integer Sequence 
Starting at the value 0 and ending with the value m-1; 
and 

wherein index j assumes only discrete values that are 
greater than -1 and are leSS than m, and 

wherein index j assumes any one Such discrete value 
once and only once in Said Sequence; and 

wherein each value of index j has an associated accom 
panying indeX k, and 

wherein Said association of index j with index k asso 
ciates index k with Said numbered discrete portion; 
and 

wherein Said accompanying index k also has only m. 
possible discrete values, and 

wherein Said sequence of values for index j and said 
asSociation of each index j with index k provides an 
asSociated Sequence of values for k, and 

wherein the set of discrete values assumed by the index k. 
is the same Set of discrete values assumed by the integer 
j. So that index k assumes only discrete values that are 
greater than -1 and are leSS than m, and So that indeX 
k assumes any one value within Said Set once and only 
once; and 

wherein the relationship between k and j is ji=(nk) 
modulo m; and 

wherein Said relationship between k and j provides that 
Said Sequence of values for j and said associated 
Sequence of values for k are either the same Sequence 
as each other or are a permutation of each other; and 

wherein each and every discrete portion of Said structure 
within slab-volume SV2 has an associated pair of 
indices j and k that are arranged 

So that the values of the indices j and k are associated 
with Said discrete portions and have a Spatially periodic 
arrangement, and 

So that the associated Sequences of j and k values, 
encountered on any two Such X-directed imaginary 
line-Segments that are each of length a and are each 
Starting and ending on boundaries of Said Surface 
projected areas, are the same as each other when Said 
two X-directed line-Segments are aligned on the same 
Straight line and Spaced from each other by a distance 
that is an integral multiple of a; and 

wherein the product hc is Planck's constant times the 
Speed of light; and 

wherein the quantity r is a chosen non-Zero integer, and 
wherein the energy E is defined by 

and 
wherein (p. is a Spatially constant phase shift. 

25. Apparatus of claim 24 wherein, when X-rays with the 
approximate energy E propagate along a single Very thin 
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path through slab-volume SV2, and when said verythin path 
is through a Surface-projected area with associated index k, 

then Said X-rays obtain a value for Said refraction-induced 
phase shift that occurs in addition to the phase shift 
experienced in vacuum has a value that is approxi 
mately equal to the value given in radians by JL n. r. 
k-(km.')-(p. 

26. Apparatus of claim 24 wherein the integer m is even, 
and wherein the value of (p. in radians is approximately 
equal to 

JT, n. r. m.f4. 

27. Apparatus of claim 24 wherein the integer m is odd, 
and wherein the value of (p. in radians is approximately 
equal to 

28. Apparatus of claim 24 wherein a is approximately 
equal to 

29. Apparatus of claim 24 wherein n is a positive integer, 
and wherein a is approximately equal to 

30. Apparatus of claim 24 wherein n is a positive integer, 
and wherein a is approximately equal to 

31. Apparatus of claim 24 wherein said structure within 
slab-volume SV2 is fabricated and configured to be addi 
tionally Spatially-periodic within its associated useful 
y-direction width with period as and with the additional 
asSociated periodicity-direction lying in the direction y; and 

wherein there is an imaginary line-Segment with the 
length a oriented in the direction y on slab-volume 
SV2 that thereby spans one y-direction period of said 
structure within slab-volume SV2; and 

wherein Said y-directed line-Segment Starts and ends on 
boundaries of Said Surface-projected areas, and 

wherein Said y-directed line-Segment crosses through m. 
of Said Surface-projected areas, and 

wherein, in crossing Surface-projected area boundaries 
between associated discrete portions, Said y-directed 
line-Segment is divided approximately equally into m. 
y-directed line-Segment fractions by Said area bound 
aries, and 

wherein each Said y-directed line-Segment fraction has 
approximately the length a 2/m.; and 

wherein Said crossed associated discrete portions are 
numbered Sequentially and monotonically starting with 
the value 0 by the associated integer index j, in passing 
from one end of Said y-directed line-Segment to the 
other end; and 

wherein said indicesi, form a monotonic integer sequence 
Starting the value 0 and ending with the value m-1; 
and 

wherein index j, assumes only discrete values that are 
greater than -1 and are leSS than m, and 

wherein index j, assumes any one such discrete value 
once and only once in Said Sequence; and 

wherein each value of index j, has an associated accom 
panying index k, and 
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wherein said association of index j, with index k, asso 
ciates index k, with said numbered discrete portion; 
and 

wherein said accompanying index k, also has only m. 
possible discrete values, and 

wherein said sequence of values for index j, and said 
asSociation of each index j, with index j, provides an 
associated sequence of values for k, and 

wherein the set of discrete values assumed by the index k, 
is the same Set of discrete values assumed by the integer 
j, so that index k, assumes only discrete values that are 
greater than -1 and are less than m, and So that indeX 
k, assumes any one value within said set once and only 
once; and 

wherein the relationship between k, and j, is ji=(n. k.) 
modulo m; and 

wherein said relationship between k, and j, provides that 
said sequence of values for j, and said associated 
sequence of values for k, are either the same sequence 
as each other or are a permutation of each other; and 

wherein each and every discrete portion of Said structure 
within slab-volume SV2 each has an additional asso 

ciated pair of indices j, and k, 
So that each and every discrete portion of Said structure 

within slab-volume SV2 thereby has four associated 
indices j, k, j, and k, and 

wherein the indices j, and k, are arranged so that the 
values of the indices j, and k, are associated with said 
discrete portions in a Spatially periodic arrangement, 
and 

So that the associated sequences of j, and k, values, 
encountered on any two Such y-directed imaginary 
line-segments that are each of length a 2, and are each 
Starting and ending on boundaries of Said Surface 
projected areas, are the same as each other when Said 
two y-directed line-Segments are aligned on the same 
Straight line and Spaced from each other by a distance 
that is an integral multiple of a; and 

wherein, when X-rays with the approximate energy E. 
propagate along a Single very thin path through slab 
volume SV2, and when said very thin path is through 
a Surface-projected area with asSociated indices k and 
k 

then Said X-rays obtain a value for Said refraction-induced 
phase shift that occurs in addition to the phase shift 
experienced in vacuum has a value that is approxi 
mately equal to the value given in radians by 

32. Apparatus of claim 1 wherein V is a positive integer. 
33. Apparatus of claim 32 wherein Said X-ray image 

detector is comprised of a Spatially-periodic array of 
detector-pixels whose front Surface is Substantially planar, 
and 

wherein the detector-pixel front Surfaces interact with 
X-rays in a manner that results in the detection and 
measurement of the Spatial distribution of the intensity 
of Said X-rays incident on Said image detector; and 

wherein Said array of detector-pixels is Spatially periodic 
in direction X So that centroids of the front Surfaces of 
adjacent detector-pixels within Said Spatially-periodic 
array are periodically Spaced from each other in the 
direction y by the distance a, and 

wherein u is a positive even integer. 
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34. Apparatus of claim 33 wherein a is accurately 

related to ap by ap-(V/u) ar, and 
wherein the Spatial phase of Said spatially periodic X-ray 

intensity distribution projected, when Said object is 
absent, onto slab-Volume SV3 with period at is care 
fully aligned with the phase of Said detector-pixel array. 

35. Apparatus of claim 33 whereinu equals 2 and V equals 
1. 

36. Apparatus of claim 33 wherein the front surface of 
Said Spatially-periodic array of detector-pixels is said 
spatially-periodic structure within slab-volume SV3. 

37. Apparatus of claim 33 wherein said array of detector 
pixels is also spatially periodic in direction y So that cen 
troids of the front Surfaces of adjacent detector-pixels within 
Said Spatially-periodic array are periodically spaced from 
each other in the direction y by the distance ar. 

38. Apparatus of claim 37 wherein said structure within 
slab-volume SV2 is fabricated and configured to be addi 
tionally Spatially-periodic within its associated useful 
y-direction width with period as and with the additional 
asSociated periodicity-direction lying in the direction y; and 

wherein, when Said object is absent, and for X-rays with 
at least one energy value that lies within Said energy 
bandwidth and throughout the associated useful 
y-direction width of said material structure within 
slab-volume SV3, then the structures within slab 
volumes SV1 and SV2 acting together but not sepa 
rately project onto slab-volume SV3 an X-ray intensity 
distribution that is additionally substantially spatially 
periodic in direction y with the spatial period ae; and 

wherein when the greatest common integer divisor of b 
and q is 1, then the period ar, is accurately related to 
a 2. by 

ap=a2(R+R2)(q p R)', 
and 

wherein ap is accurately related to ap, by ap=(V/u) ap; 
and 

wherein the Spatial phase of Said spatially periodic X-ray 
intensity distribution projected when Said object is 
absent onto slab-volume SV3 with period ar, is care 
fully aligned with the phase of Said detector-pixel array. 

39. Apparatus of claim 32 wherein said structure within 
slab-volume SV3 is spatially-periodic in direction X with the 
Spatial period as, and 

wherein Said structure is oriented within the apparatus So 
that the periodicity-direction associated with Spatial 
period as lies in the direction X; and 

wherein a is accurately related to a by a =V ar, and 
wherein the Spatial phase of Said spatially periodic X-ray 

intensity distribution projected when Said object is 
absent onto slab-Volume SV3 with period at is care 
fully aligned with the phase of Said Spatially-periodic 
structure within slab-volume SV3; and 

wherein as is a distance measured in direction y. 
40. Apparatus of claim 39 wherein said structure within 

slab-Volume SV3 acts as a Spatially-periodic mask, and 
wherein the spatial profile of the intensity distribution of 

X-rays projected onto slab-volume SV3 is masked by 
said structure within slab-volume SV3; and wherein 
Said X-ray image-detector measures said masked pro 
file. 

41. Apparatus of claim 40 wherein said structure within 
slab-volume SV3 is made from a material that absorbs 
X-rays and is configured So that its spatially-periodic struc 
ture acts as Said spatially-periodic mask. 
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42. Apparatus of claim 39 wherein said structure within 
slab-volume SV3 is made from a fluor material that absorbs 
X-rays and that responds to Said X-ray absorption by the 
emission of light; and 

wherein Said X-ray image detector images the Spatial 
profile of the distribution of light emission by said fluor 
material. 

43. Apparatus of claim 39 wherein said structure within 
slab-volume SV3 is fabricated and configured to be addi 
tionally Spatially-periodic within its associated useful 
y-direction width with period as and with the additional 
additional periodicity-direction lying in the direction y. 

44. Apparatus of claim 43 wherein said structure within 
slab-volume SV2 is fabricated and configured to be addi 
tionally Spatially-periodic within its associated useful 
y-direction width with period a2, and with the additional 
asSociated periodicity-direction lying in the direction y; and 

wherein, when Said object is absent, and for X-rays with 
at least one Specific energy value that lies within Said 
energy-bandwidth, and throughout the associated use 
ful X-direction width of Said material structure within 
slab-volume SV3, then the two structures respectively 
within slab-volumes SV1 and SV2 acting together but 
not separately project onto slab-Volume SV3 an X-ray 
intensity distribution that is Substantially Spatially 
periodic in direction y with the spatial period ae; and 

wherein as is accurately related to ae, by as-V ae; and 
wherein the Spatial phase of Said Spatially periodic X-ray 

intensity distribution projected when said object is 
absent onto slab-volume SV3 with period at is care 
fully aligned with the phase of Said detector-pixel array. 

45. Apparatus of claim 39 wherein said image that 
describes the internal structure of said object is divided into 
image-pixels; and 

wherein each image-pixel has an associated gray-Scale for 
any produced image; and 

wherein the quantity W is a positive integer, and 
wherein a is accurately related to as by a-W as, and 
wherein ar, is accurately related to as by ar=w as, and 
wherein each image-pixel is associated with an ar-by-ar, 

area on a slab face of slab-volume SV3; and 
wherein each image-pixel has dimensions Scaled Similarly 

in directions X and y, and has a width and height that are 
Scaled Similarly from the associated distances as and 
ar; and 

wherein each image-pixel-associated ar-by-ar, area on 
said slab face of slab-volume SV3 is Subdivided into a 
multiplicity of labeled component areas that includes at 
least one associated b-labeled area and that includes at 
least one associated d-labeled area, and also may 
include other labeled component areas, and 

wherein Said Specific names for Said labels are 
inconsequential, as long as they are applied consis 
tently to produce the same apparatus, and 

wherein Said other component areas may include one 
asSociated c-labeled area, and also may include addi 
tional associated b-labeled, c-labeled, and d-labeled 
areas, and 

wherein the b-labels, c-labels, and d-labels within any two 
ar-by-ar, areas on said slab face of slab-volume SV3 
are configured to have the same geometric arrangement 
of Said component area labels as each other when the 
centroids of the two ar-by-ar, areas are spaced from 
each other in the direction X by a distance that is an 
integral multiple of as, and 
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wherein Said X-ray image detector is Segmented into 

detector-pixels, and 
wherein Said X-ray image detector measures simulta 

neously and independently the intensity of X-rays inci 
dent on each detector-pixel; and 

wherein Said X-ray image detector is Segmented and 
positioned So that Simultaneously and independently 
Some of its various detector-pixels measure the inten 
Sities of X-rays incident only on associated b-labeled 
areas and Some of its various detector-pixels measure 
the intensities of X-rays incident only on associated 
d-labeled areas, and 

wherein each of Said gray-Scales is computed as a func 
tion of the measured intensity of X-rays incident on at 
least one associated b-labeled area and of the measured 
intensity of X-rays incident on at least one associated 
d-labeled area; and 

wherein Said gray-Scale computation function also may 
depend on measured intensities of X-rays incident on 
additional associated b-labeled areas and also may 
depend on measured intensities incident on additional 
asSociated d-labeled areas, and 

wherein Said apparatus further includes means for per 
forming Said computation. 

46. Apparatus of claim 45 wherein Said gray-Scale com 
putation function includes a weighted linear combination of 
Said measured intensities, and 

wherein at least one weight factor in Said linear combi 
nation is negative. 

47. Apparatus of claim 45 wherein the b-labels, c-labels, 
and d-labels within any two at-by-a, areas on said slab 
face of slab-volume SV3 are configured to have the same 
geometric arrangement of Said component area labels as 
each other when the centroids of the two ar-by-ar, areas are 
Spaced from each other in the direction y by a distance that 
is an integral multiple of as. 

48. Apparatus of claim 45 for producing at least two 
different images of the same object; 

wherein Said two different images display different physi 
cal properties of Said object; and 

wherein Said X-ray image detector is Segmented and 
positioned So that Simultaneously and independently 
Some of its various detector-pixels measure the inten 
Sities of X-rays incident only on b-labeled areas and 
Some of its various detector-pixels measure the inten 
Sities of X-rays incident only on c-labeled areas and 
Some of its various detector-pixels measure the inten 
Sities of X-rays incident only on d-labeled areas, and 

wherein each gray-Scale for each image-pixel for the first 
of Said two different images is computed as a function 
of the measured intensity of X-rays incident on at least 
one associated b-labeled area, and of the measured 
intensity of X-rays incident on at least one associated 
c-labeled area, and of of the measured intensity of 
X-rays incident on at least one associated d-labeled 
area; and 

wherein each gray-Scale for each image-pixel for the 
Second of Said two different images is computed as a 
function of the measured intensity of X-rays incident on 
at least one associated b-labeled area, and of the 
measured intensity of X-rays incident on at least one 
asSociated c-labeled area, and of the measured intensity 
of X-rays incident on at least one associated d-labeled 
area; and 

wherein the function used for the first of said two different 
images is different from the function used for the 
Second of Said two images. 
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49. Apparatus of claim 48 wherein a third image is 
produced, and 

wherein Said third image is colored, and 
wherein one color component of Said third image is Scaled 

from the gray-Scales of the first image, and 
wherein a different color component of Said third image is 

Scaled from the gray-Scales of the Second image. 
50. Apparatus of claim 39 for measuring the X-ray 

refractive-index-gradient Structure of an object and for pro 
ducing an image with edge-enhanced features, 

wherein Said refractive-index-gradient Structure of Said 
object induces a significant change to the intensity 
distribution of X-rays projected onto slab-volume SV3, 
relative to Said distribution projected when Said object 
is absent, and 

wherein the distance a has a Sufficiently Small value that 
the interaction of X-rays with Said Spatially-periodic 
structure within slab-volume SV3 provides, at least in 
part, means for detecting Said Significant change. 

51. Apparatus of claim 39 further comprising means for 
adjusting the relative alignment of the Spatially-periodic 
material structures within slab-volumes SV1, SV2, and SV3; 
wherein Said means for adjusting the relative alignment of 
the Spatially-periodic material Structures within slab 
volumes SV1, SV2, and SV3 comprises 

means for moving at least two of the three Structures 
within slab-volumes SV1, SV2, and SV3, 

a laser that emits light, 
a telescope, 
a mirror, and 
an optical image detector; 
wherein Said telescope focuses Said laser-emitted light; 

and 
wherein the focusing of Said telescope is adjustable; and 
wherein Said mirror transmits X-rays, and 
wherein Said mirror reflects at least Some of Said laser 

emitted light; and 
wherein Said optical image detector detects and thereby 

measures the Spatial profile of the intensity distribution 
of laser-emitted telescope-focused light that is incident 
upon it; and 

wherein Said X-ray image detector may serve as Said 
optical image detector; and 

wherein Said mirror, Said laser, and Said telescope are 
positioned So that with appropriate focusing of Said 
telescope Said laser-emitted telescope-focused light 
propagates in the Sequential order, first through Said 
structure within slab-volume SV1, next through said 
structure within slab-volume SV2, next into slab 
volume SV3, and then is detected; and 

wherein Said Spatially-periodic Structures within slab 
volumes SV1, SV2, and SV3 are each made from a 
material that also interacts with Said laser-emitted 
telescope-focused light; and 

wherein with appropriate focusing of Said telescope Said 
propagation of laser-emitted telescope-focused light 
through said Spatially-periodic material Structure 
within slab-volume SV1 generates by diffraction 
Fraunhofer diffraction orders; and 

wherein laser-emitted telescope-focused light propagating 
in at least two of said Fraunhofer diffraction orders that 
are generated by diffraction of laser-emitted telescope 
focused light by material within slab-volume SV1 is 
incident on said structure within slab-volume SV2; and 
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wherein the propagation of the laser-emitted telescope 

focused light in each of Said at least two Fraunhofer 
diffraction orders through Said Spatially-periodic mate 
rial structure within slab-volume SV2 generates by 
diffraction more Fraunhofer diffraction orders; and 

wherein laser-emitted telescope-focused light propagating 
in one of said Fraunhofer diffraction orders that is 
generated by diffraction of laser-emitted telescope 
focused light by said structure within slab-volume SV2 
is incident on a first incidence area on Said structure 
within slab-volume SV3; and 

wherein laser-emitted telescope-focused light propagating 
in a second one of said Fraunhofer diffraction orders 
that is generated by diffraction of laser-emitted 
telescope-focused light by Said Structure within slab 
Volume SV2 is incident on a Second incidence area on 
said structure within slab-volume SV3; and 

wherein Said first and Second incidence areas overlap, and 
wherein by Said overlap Said laser-emitted telescope 

focused light incident within Said overlap-area forms a 
Spatially-periodic optical interference pattern on Said 
structure within slab-volume SV3; and 

wherein Said Spatial periodicities of Said optical interfer 
ence pattern and of Said spatially-periodic material 
structure within slab-volume SV3 together create a 
Spatially-periodic moiré pattern, if and when their two 
asSociated Spatial periods are incommensurate, and 

wherein Said moiré pattern is imaged by Said optical 
image detector; and 

wherein observations of Said moiré pattern can be used to 
guide Said relative alignment adjustments. 

52. Apparatus of claim 51 further comprised of means for 
adjusting Said laser's wavelength, 

wherein a Small adjustment of Said laser's wavelength 
improves Said optical interference pattern's fringe vis 
ibility. 

53. Apparatus of claim 51 wherein said laser-emitted 
telescope-focused light propagating in a third one of Said 
Fraunhofer diffraction orders that is generated by diffraction 
of laser-emitted telescope-focused light by Said spatially 
periodic material structure within slab-volume SV2 is inci 
dent on a third incidence area on Said structure within 
slab-volume SV3; and 

wherein Said first, Second, and third incidence areas all 
Overlap on a common three-way overlap-area; and 

wherein by Said overlap Said laser-emitted telescope 
focused light incident within Said common three-way 
Overlap-area forms said Spatially-periodic optical inter 
ference pattern on slab-volume SV3. 

54. Apparatus of claim 1 wherein Said X-ray image 
detector is further comprised of 

a plurality of Small X-ray image detectors, 
wherein Said plurality of Small X-ray image detectors can 

acquire Simultaneously a plurality of Small images, and 
wherein Said apparatus is further comprised of 
means for combining Said plurality of Small images to 

form Said image that describes the internal Structure of 
Said object. 

55. Apparatus of claim 54 wherein said Small X-ray image 
detectors are relatively positioned in a Spatially-periodic 
geometrical pattern. 

56. Apparatus of claim 55 wherein said spatially-periodic 
geometrical pattern includes gaps between Said Small X-ray 
image detectors. 
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57. Apparatus of claim 1 further comprised of 
a multiple replication of apparatus component Sets; 
wherein Said replication provides a plurality of X-ray 

image detectors, and 
wherein Said replication excludes replication of Said 

object; and 
wherein Said replication excludes replication of Said X-ray 

Source; and 
wherein Said replication includes, as needed, Said contents 

of slab-volumes SV1, SV2, and SV3; and 
wherein Said replication of an apparatus component is 

performed in Such a manner that may result Simply in 
the Spatial eXtension of Said apparatus component; and 

wherein Said X-ray Source provides a common Source of 
X-ray illumination for Said replicated apparatus com 
ponents, and 

wherein each of Said Sets of replicated components 
acquires a Small image that is descriptive of a portion 
of the internal Structure of Said object; and 

wherein Said Sets of replicated components can acquire a 
plurality of Small images Simultaneously with each 
other; and 

wherein Said apparatus is further comprised of 
means for combining Said plurality of Small images to 

form Said image that describes the internal Structure of 
Said object. 

58. Apparatus of claim 1 further comprising 
means for acquiring and recording a plurality of Small 

images, 
means for combining Said plurality of Small images to 

form said image that describes the internal structure of 
Said object, 

means for acquiring at least one of Said Small images 
Subsequently in time from another one of Said Small 
images, and 

means for changing the relative positioning of the appa 
ratus and the object between Said temporally Subse 
quent acquisitions of Said Small images. 

59. Apparatus of claim 58 wherein said means for chang 
ing Said relative positioning of Said apparatus and the object 
is Selected from 
means for rotationally repositioning Said apparatus rela 

tive to Said object, 
means for translationally repositioning Said apparatus 

relative to Said object, and 
means for rotationally and translationally repositioning 

Said apparatus relative to Said object. 
60. Apparatus for producing an image that describes the 

internal Structure of an object, comprising 
a Source of X-rayS, 
an X-ray image detector; 
improved by its further comprising 
three very-thin slab-shaped volumes, SV1, SV2, and SV3, 

each with Substantially-planar slab faces oriented rela 
tive to each other to be Substantially-mutually-parallel, 
and each containing an associated very-thin material 
Structure that interacts with X-rays, and 

means for limiting the energy-bandwidth of detected 
X-rays, 

wherein Said three contained Structures are positioned 
between Said Source and Said detector So that X-rays 
from Said Source propagate in the Sequential, order first 
through said structure within slab-volume SV1, next 
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through said structure within slab-volume SV2, next 
through said object, next into slab-volume SV3, and 
then are detected; and 

wherein, when Said object is absent, and for X-rays with 
at least one Specific energy value that lies within Said 
energy-bandwidth, and throughout the associated use 
ful X-direction width of said material structure within 
slab-volume SV3, then the two structures respectively 
within slab-volumes SV1 and SV2 acting together but 
not separately project onto slab-Volume SV3 an X-ray 
intensity distribution that is Substantially Spatially 
periodic and has a Substantial Spatial intensity varia 
tion; and 

wherein, when Said object is absent, and for Said X-rays 
with Said specific energy value that lies within Said 
energy-bandwidth, then each of the two structures 
respectively within slab-volumes SV1 and SV2, acting 
alone with the other absent, projects onto slab-Volume 
SV3 an X-ray intensity distribution that is different from 
Said spatial distribution projected by Said two structures 
acting together, and 

wherein any associated residual spatial periodicity of 
either of said two distributions projected by said two 
Structures acting alone has a diminished spatial inten 
sity variation relative to Said Spatial distribution pro 
jected by Said two structures acting together, and/or has 
a dominant spatial period that is different from that 
projected by Said two structures acting together. 

61. Method for producing an image that describes the 
internal Structure of an object, comprising 

providing a Source of X-rays, and 
providing an X-ray image detector; 
wherein said method is improved by its further compris 

ing 
providing three very-thin slab-shaped volumes, SV1, 
SV2, and SV3, each with Substantially-planar slab 
faces oriented relative to each other to be Substantially 
mutually-parallel, and with each slab-Volume contain 
ing an associated very-thin material Structure that inter 
acts with X-rays, and 

positioning Said three contained Structures between Said 
Source and Said detector; and 

propagating X-rays from Said Source in the Sequential 
order, first through Said structure within slab-Volume 
SV1, next through said structure within slab-volume 
SV2, next through said object, next into slab-volume 
SV3, and then detecting the X-rays, and 

limiting the energy-bandwidth of the energy Spectrum of 
X-rays that are detected; and 

configuring and further positioning the two spatially 
periodic Structures respectively within slab-Volumes 
SV1 and SV2 

So that when Said object is absent, and for X-rays with at 
least one Specific energy value that lies within Said 
energy-bandwidth, and throughout the associated use 
ful X-direction width of said material structure within 
slab-volume SV3, then the two structures respectively 
within slab-volumes SV1 and SV2 acting together but 
not separately project onto slab-Volume SV3 an X-ray 
intensity distribution that is Substantially Spatially 
periodic, and 

So that when Said object is absent, and for Said X-rays with 
Said Specific energy value that lies within Said energy 
bandwidth, then each of the two structures respectively 
within slab-volumes SV1 and SV2, acting alone with 
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the other absent, projects onto slab-volume SV3 an 
X-ray intensity distribution that is different from said 
Spatial distribution projected by Said two structures 
acting together, and 

So that any associated residual spatial periodicity of either 
of Said two distributions projected by Said two struc 
tures acting alone has a diminished spatial intensity 
variation relative to Said Spatial distribution projected 
by Said two structures acting together, and/or has a 
dominant spatial period that is different from that 
projected by Said two structures acting together. 

62. Method of claim 61 wherein said object includes 
portion of a human body, and 

wherein Said image is used to diagnose a disorder of Said 
human body. 

63. Method of claim 61 further comprising 
fabricating the material structure within slab-volume SV2 

to be spatially-periodic and with an appropriate 
Structure, Spatial period, and from an appropriate mate 
rial; and 

adjusting the positional spacing between slab-Volume 
SV1 and SV2; and 

adjusting the positional spacing between slab-Volume 
SV2 and SV3; so that 

if, hypothetically, with Said object absent, Said structure 
within slab-volume SV1 were to be removed and were 
to be replaced by an infinitesimally-Small Source of 
X-rays located at Some point within slab-volume SV1, 
with Said X-rays emitted by Said infinitesimally-Small 
Source having an energy that lies within Said energy 
bandwidth, 

then the structure within slab-volume SV2 would project 
X-rays from Said infinitesimally-Small Source to form a 
Spatially-periodic X-ray intensity pattern on slab 
Volume SV3, with Said pattern having a Significant 
Spatially-periodic spatial intensity variation. 

64. Method of claim 63 further comprising 
forming Said spatially-periodic X-ray intensity pattern on 

slab-volume SV3 with X-rays from said infinitesimally 
Small Source by 

using wave interference of the electromagnetic waves 
asSociated with Said X-rays, and by 

using the fractional-Talbot-effect to provide said wave 
interference; 

wherein the Talbot effect is included as special case of the 
fractional Talbot effect; and 

wherein the formation of Spatially-periodic geometric 
Shadows is included as a further special case of the 
Talbot effect. 

65. Method of claim 64 further comprising 
controlling the average energy and the energy-bandwidth 

of X-rays that are detected, 
providing an appropriately chosen Structure, Spatial 

period, and appropriate material for the Structure within 
slab-volume SV2, 

providing an appropriately chosen positional spacing 
between slab-volume SV1 and SV2, and 

providing an appropriately chosen positional spacing 
between slab-volume SV2 and SV3, 

so that aspects of the fractional Talbot effect obtain for the 
energy-bandwidth limited Spectrum of X-rays that are 
detected. 

66. Method of claim 64 further comprising 
controlling the average energy and energy-bandwidth of 

X-rays that are detected, 
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providing the Spectrum of Said controlled energy 

bandwidth-limited X-rays with a multiplicity of energy 
component values, 

providing an appropriately chosen Structure, Spatial 
period, and appropriate material for the Structure within 
slab-volume SV2, 

providing an appropriately chosen positional spacing 
between slab-volume SV1 and SV2, and 

providing an appropriately chosen positional spacing 
between slab-volume SV2 and SV3, 

so that aspects of the fractional Talbot effect obtain for 
low energy X-rays within the energy-bandwidth limited 
Spectrum of X-rays that are detected, and 

so that different aspects of the fractional Talbot effect 
obtain for high energy X-rays within the energy 
bandwidth limited Spectrum of X-rays that are detected. 

67. Method of claim 61 further comprising 
fabricating each of the two structures respectively within 

slab-volumes SV1 and SV2 so that its structure is 
Spatially periodic in at least one periodicity-direction, 
and 

adjusting the orientations of Said two structures and 
associated slab-volumes SV1 and SV2 so that said at 
least one associated periodicity-direction for slab 
Volume SV1 and Said at least one associated 
periodicity-direction for slab-volume SV2 are both 
Substantially-parallel to Said Substantially mutually 
parallel slab-faces of Said slab-Volumes and are 
Substantially-parallel to each other. 

68. Method of claim 67 further comprising 
fabricating the spatially-periodic material structure within 

slab-volume SV1 from a material that absorbs X-rays 
and further configuring Said Spatially-periodic material 
structure within slab-volume SV1 with a spatially 
periodic distribution of X-ray transmitting portions and 
X-ray absorbing portions, 

So that the Spatially-periodic material Structure within 
slab-Volume SV1 and Said Source of X-rays together act 
as a Spatially-periodic Source of X-rays, and 

further configuring the relationships between the Structure 
and Spatial period of the Structure within slab-Volume 
SV1, and the structure and spatial period of the struc 
ture within slab-volume SV2, the energy-bandwidth 
limited X-ray Spectrum, and the positional spacing 
between slab-volume SV1 and SV2, and the positional 
spacing between slab-volume SV2 and SV3, 

So that, when Said object is absent, then X-rays emitted by 
Said Source and with Some energy component within 
Said energy-bandwidth-limited X-ray Spectrum Source 
and transmitted by a large multiplicity of X-ray trans 
mitting portions of the Spatially-periodic structure 
within slab-Volume SV1 propagate through Said Struc 
ture within slab-volume SV2 to thereby project onto 
slab-volume SV3 an associated large multiplicity of 
Spatially-periodic X-ray intensity patterns, that each 
have a spatial period and a Spatial phase Such that the 
large multiplicity of intensity patterns reinforce each 
other in phase, and 

So as to maintain by Said in-phase reinforcement a Sub 
Stantial intensity Spatial variation projected onto slab 
volume SV3, and 

So as to form by Said in-phase reinforcement a high 
intensity Spatially-periodic X-ray intensity pattern on 
slab-volume SV3. 
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69. Method of claim 61 further comprising 
fabricating each of the Structures respectively within 

slab-volume SV1 and SV2 
So that its Structure is spatially periodic in at least two 

mutually-non-parallel periodicity-directions, and 
adjusting the orientations of Said two contained fabricated 

Spatially-periodic material Structures and asSociated 
slab-volumes 

So that Said associated first periodicity-directions of the 
structures respectively within slab-volume SV1 and 
SV2 are both substantially parallel to said substantially 
mutually-parallel to slab-faces of Said slab-Volumes 
and are Substantially parallel to each other, and 

So that Said associated Second periodicity-directions of the 
structures respectively within slab-volume SV1 and 
SV2 are both substantially parallel to said substantially 
mutually-parallel to slab-faces of Said slab-Volumes 
and are Substantially parallel to each other. 

70. Method of claim 61 further comprising 
fabricating the Structures respectively within slab 
volumes SV1 and SV2, each from a material that 
absorbs X-rays, each with a Spatially-periodic arrange 
ment of X-ray transmitting portions and X-ray absorbing 
portions, and each with an appropriate Spatial period, 

adjusting the positional spacing between slab-Volume 
SV1 and SV2, and 

adjusting the positional spacing between slab-Volume 
SV2 and SV3, 

So that the structure within slab-volume SV2 and said 
infinitesimally-Small Source of X-rays within slab 
Volume SV1 together project Said Spatially-periodic 
X-ray intensity pattern onto slab-volume SV3 as a 
Spatially-periodic geometric X-ray Shadow of said 
Spatially-periodic material Structure within slab 
volume SV2. 

71. Method of claim 61 further comprising 
fabricating the structure within slab-volume SV2, from a 

material that absorbs X-rays, and with a Spatially 
periodic arrangement of X-ray transmitting portions and 
X-ray absorbing portions. 

72. Method of claim 61 further comprising 
fabricating the structure within a slab-volume with a 

Spatially-periodic spatial-thickness-profile that has the 
approximate form of a periodic step-function. 

73. Method of claim 61 further comprising 
fabricating a structure within a slab-Volume from a mate 

rial that refracts X-rays, and 
fabricating Said Structure within Said slab-Volume to be 

Spatially-periodic in at least one periodicity-direction, 
So that it then acts as an X-ray phase grating. 
74. Method of claim 73 further comprising 
fabricating Said structure within Said slab-Volume from a 

material and with a typical thickness 
So as to diminish the absorption of X-rays by Said Said 

Structure. 

75. Method of claim 61 further comprising 
fabricating the Spatially-periodic material Structure within 

slab-volume SV1 from a material that absorbs X-rays, 
and 

configuring Said spatially-periodic material Structure 
within slab-volume SV1 with a spatially-periodic dis 
tribution of X-ray transmitting portions and X-ray 
absorbing portions, 

So that the Spatially-periodic material Structure within 
slab-Volume SV1 and Said Source of X-rays together act 
as a Spatially-periodic Source of X-rayS. 
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76. Method of claim 61 further comprising 
providing the Spectrum of Said energy-bandwidth-limited 

X-rays with a multiplicity of energy component values, 
projecting a first X-ray intensity pattern onto slab-Volume 
SV3 when Said object is present using low energy 
X-rays within Said energy-bandwidth limited Spectrum, 
and 

projecting a Second X-ray intensity pattern onto slab 
volume SV3 when said object is present using high 
energy X-rays within Said energy-bandwidth limited 
Spectrum, 

So that Said first and Second patterns are different from 
each other, and 

detecting the difference between Said first and Second 
patterns. 

77. Method of claim 76 further comprising 
creating an image from Said difference, and 
using Said difference to provide information concerning 

the Spatial distribution and material composition of Said 
object. 

78. Method of claim 76 further comprising 
configuring Said energy-bandwidth-limited X-ray Spec 

trum So that at least one of its low energy components 
has an energy below the energy of an X-ray absorption 
edge of Some chemical element; 

configuring Said energy-bandwidth-limited X-ray Spec 
trum So that at least one of its high energy components 
has an energy above the energy of an X-ray absorption 
edge of Some chemical element; and 

obtaining Said image for an object, 
wherein said chemical element is anisotropically distrib 

uted within said object. 
79. Method of claim 61 further comprising 
configuring the X-ray energy bandwidth and the average 

X-ray energy, the parameters, periodicities, materials, 
Structures, and Structural configurations for the contents 
of slab-volumes SV1, SV2, and SV3, the spacing 
between slab-volumes SV1 and SV2, and the spacing 
between slab-volumes SV2 and SV3, 

So that, when said object is absent, then a Substantially 
Spatially-periodic X-ray intensity distribution is pro 
jected onto slab-volume SV3 by the structures within 
slab-volumes SV1 and SV2 for X-rays with said 
energy-bandwidth-limited Spectrum. 

80. Method of claim 61 for measuring the X-ray 
refractive-index-gradient Structure of an object and for pro 
ducing an image with edge-enhanced features, further com 
prising 

diminishing the Spatial period of Said Substantially 
Spatially-periodic X-ray intensity distribution projected 
onto slab-volume SV3 when said object is absent for 
X-rays with Said at least one specific energy, 

using the presence of Said object and further using Said 
refractive-index-gradient Structure of Said object to 
induce Significant changes to an intensity distribution 
of X-rays projected onto slab-volume SV3, 

detecting Said changes, and 
forming an image from the Spatial distribution of Said 

changes. 
81. Method of claim 61 further comprising 
detecting X-rays by 
using at least part of Said structure within slab-Volume 
SV3 as at least one component of Said X-ray image 
detector. 
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82. Method of claim 61 further comprising 
Spatially masking image detection by Said X-ray image 

detector by 
using said structure within slab-volume SV3 as a 

Spatially-periodic mask. 
83. Method of claim 82 further comprising 
configuring the Spatially-periodic mask pattern of Said 

structure within slab-volume SV3 by 
using a tiling algorithm. 
84. Method of claim 61 further comprising 
fabricating the material structure within slab-volume SV3 

to be spatially-periodic with an appropriate Spatial 
period and with an appropriate Spatial Structure, and 

accurately relatively positioning Said structures within 
slab-volumes SV1, SV2, and SV3, 

So that the Spatial phase and period of Said structure within 
slab-volume SV3 are accurately harmonically related 
to the Spatial phase and period of Said Spatially-periodic 
X-ray intensity distribution projected by Said two struc 
tures respectively within slab-volumes SV1 and SV2 
acting together when Said object is absent and with Said 
at least one specific X-ray energy value that lies within 
Said energy-bandwidth. 

85. Method of claim 84 further comprising 
Spatially masking Said Spatially-periodic X-ray intensity 

distribution projected by Said two structures respec 
tively within slab-volumes SV1 and SV2 acting 
together when Said object is absent and with Said at 
least one specific X-ray energy value that lies within 
Said energy-bandwidth, by 

using said structure within slab-volume SV3 as a 
Spatially-periodic mask, and 

Segmenting Said X-ray image detector into a Spatially 
periodic array of detector-pixels, 

accurately positioning Said spatially-periodic array of 
detector-pixels relative to Said spatially-periodic mask 
ing structure within slab-volume SV3, and 

providing an accurate harmonic relationship between the 
Spatial periods of Said Spatially-periodic array of 
detector-pixels and of a Spatially-periodic X-ray inten 
sity distribution that hypothetically would be projected 
onto Said detector in the absence of Said structure 
within slab-volume SV3 and in the absence of Said 
object by X-rays from Said X-ray Source and by Said 
structures respectively within slab-volumes SV1 and 
SV2 all acting together. 

86. Method of claim 84 for obtaining accurate relative 
positions and orientations for Said structures that are con 
tained within Said slab-Volumes, further comprising 

providing a Source of light; 
providing an optical image detector; 
wherein Said X-ray image detector may serve as Said 

optical image detector; and 
fabricating the structures within slab-volumes SV1 and 
SV2 from a material Such said structures within slab 
volumes SV1 and SV2 transmit and diffract light; 

propagating light in Sequence through slab-Volume SV1, 
through slab-volume SV2, and onto slab-volume SV3; 

diffracting Said light by Said structures in slab-Volumes 
SV1 and SV2; 

forming a Spatially-periodic optical-interference-pattern 
in said light on slab-volume SV3, 

wherein Said optical-interference-pattern has a Spatial 
period and periodicity-direction that are directly related 
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to Said Spatial period and periodicity-direction of Said 
Spatially-periodic X-ray intensity distribution projected 
by said two structures respectively within slab-volumes 
SV1 and SV2 acting together when said object is absent 
and with Said at least one specific X-ray energy value 
that lies within Said energy-bandwidth; and 

forming a moiré pattern between Said optical 
interference-pattern and Said spatially-periodic struc 
ture within slab-volume SV3; detecting said moiré 
pattern; 

changing Said moiré pattern by 
adjusting the relative positions and orientations of Said 

Structures, and 
detecting Said changes, 
adjusting the relative positions and orientations of Said 

Structures by 
using Said detected changes as a guide; and 
guiding Said adjustments to obtain accurate relative 

positions and orientations for Said Structures. 
87. Method of claim 86 further comprising 
adjusting the wavelength of Said light, and 
controlling the Spectrum of Said light, thereby improving 

Said optical-interference-pattern's fringe visibility. 
88. Method of claim 86 further comprising 
focusing Said light prior to propagating it through slab 
volume SV1, 

providing by Said diffraction and by Said focusing a 
multiplicity of optical foci near slab-volume SV3, and 

adjusting the relative spacings between slab-Volumes 
SV1, SV2 and SV3 So that said foci coincide. 

89. Method of claim 86 further comprising 
adjusting Said relative positions and orientations of Said 

Structures by 
iterating various adjustment Steps; 
wherein Said various adjustment Steps include at least two 

of the following Steps: 
focusing Said light prior to propagating it through 

slab-volume SV1 so that its optical focus lies near 
slab-volume SV1 and then adjusting the position of 
said structure within slab-volume SV2 as a step, 

focusing Said light prior to propagating it through 
slab-volume SV1 so that its optical focus lies near 
slab-volume SV1 and then adjusting the orientation 
of said structure within slab-volume SV2 as a step, 

focusing Said light prior to propagating it through 
slab-volume SV1 so that its optical focus lies near 
slab-volume SV2 and then adjusting the position of 
said structure within slab-volume SV1 as a step, 

focusing Said light prior to propagating it through 
slab-volume SV1 so that its optical focus lies near 
slab-volume SV2 and then adjusting the orientation 
of said structure within slab-volume SV1 as a step, 
and 

adjusting the wavelength of Said light as a step. 
90. Method of claim 61 for removing X-ray-scatter 

induced unsharpness from Said image, further comprising 
Segmenting Said X-ray image detector into a Spatially 

periodic array of detector-pixels with an appropriate 
Spatial period and with an appropriate Spatial Structure; 

accurately relatively positioning Said Structures within 
slab-volumes SV1 and SV2 and said array of detector 
pixels 

So that the Spatial phase and period of Said array of 
detector-pixels are accurately harmonically related to 
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and are phase matched to the Spatial phase and period 
of Said Spatially-periodic X-ray intensity distribution 
projected by Said two structures respectively within 
slab-volumes SV1 and SV2 acting together when said 
object is absent and with Said at least one specific X-ray 
energy value that lies within Said energy-bandwidth; 

Selecting from Said array as a Spatially-periodic-set a first 
Set of detector-pixels that are illuminated by X-rays in 
X-ray BRIGHT areas of said projected distribution; 

Selecting from Said array as a Spatially-periodic-set a 
Second Set of detector-pixels that are illuminated by 
X-rays in X-ray DARK areas of Said projected distribu 
tion; 

measuring X-ray intensities using Said detector-pixel array 
with Said object present; 

Subtracting intensities measured with Said object present 
by Said Second Set of detector-pixels from intensities 
measured with Said object present by Said first Set of 
detector-pixels, and 

forming an image from Said Subtracted intensities. 
91. Method of claim 90 wherein detector-pixels are 

Selected from Said array as Spatially-periodic-sets, further 
comprising 

configuring Said Spatially-periodic-sets of detector-pixels 
via a tiling algorithm, and 

configuring Said Spatially-periodic-sets of detector-pixels 
So that different Sets are disjoint, and 

configuring Said Spatially-periodic-sets of detector-pixels 
So that different Sets of detector-pixels are Spatially 
interlaced with each other, and 

configuring said spatially-periodic-sets of detector-pixels 
So that each Set provides Sparse Spatially-periodic array 
of detector pixels. 

92. Method of claim 90 for producing at least two 
different images of the same object, 

wherein Said two different images display different physi 
cal properties of Said object, further comprising 

Selecting from Said array as a Spatially-periodic-set a third 
Set of detector-pixels, 

using a first algorithm to provide a first image from X-ray 
intensities measured when Said object is present by Said 
first, Second and third Sets of detector pixels, and 

using a Second algorithm to provide a Second image from 
X-ray intensities measured when Said object is present 
by Said first, Second and third Sets of detector pixels, 

wherein said first algorithm is different from said second 
algorithm. 

93. Method of claim 61 further comprising 
acquiring and recording data for a plurality of partial 

images, 
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wherein each of Said partial images describes a portion of 

the internal Structure of Said object; and 
Synthesizing Said partial images, thereby 
forming an image that describes the internal Structure of 

Said object. 
94. Method of claim 93 further comprising 
configuring Said X-ray image detector as of a plurality of 

partial-image detectors, and 
acquiring Said data for Said plurality of partial images by 
detecting X-rays with Said plurality of partial-image detec 

torS. 

95. Method of claim 93 further comprising 
acquiring Said data for Said plurality of partial imageS as 

a Sequence of temporally-spaced data-acquisition Steps; 
and 

using the same X-ray image detector Sequentially more 
than once during Said temporal Sequence of Steps. 

96. Method of claim 95 further comprising 
repositioning Said structures that lie within slab-Volumes 
SV1, SV2, and SV3, and said X-ray image detector 
relative to said object while 

maintaining the relative positioning of Said structures that 
lie within slab-volumes SV1, SV2, and SV3, and said 
X-ray image detector, and 

performing Said relative repositioning between data 
acquisition Steps as a step in Said temporal Sequence. 

97. Method of claim 96 wherein said relative reposition 
ing is comprised of 

rotating said structures that lie within slab-volumes SV1, 
SV2, and SV3, and said X-ray image detector, relative 
to Said object. 

98. Method of claim 96 wherein said relative reposition 
ing is comprised of 

translating linearly Said Structures that lie within slab 
volumes SV1, SV2, and SV3, and said X-ray image 
detector, relative to Said object. 

99. Method of claim 96 wherein said relative reposition 
ing is comprised of 

Simultaneously translating linearly and rotating Said Struc 
tures that lie within slab-volumes SV1, SV2, and SV3, 
and Said X-ray image detector, relative to Said object, 
thereby 

providing helical trajectories for the motions of Said 
Structures and detector. 

100. Method of claim 93 for producing an image that 
describes the three-dimensional internal Structure of an 
object, wherein Said Synthesizing is comprised of 

performing a tomographic transformation of acquired 
image data. 


