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Abstract 

Synchrotron based mammography imaging experiments have been performed with 

monochromatic x-rays in which a laue crystal placed after the object being imaged has 

been used to split the beam transmitted through the object. The X27C R&D beamline at 

the National Synchrotron Light Source was used with the white beam monochromatized 

by a double crystal Si(lll) monochromator tuned to 18keV. The imaging beam was a 

thin horizontal line approximately 0.5mm high by 100mm wide. Images were acquired in 

line scan mode with the phantom and detector bom scanned together. The detector for 

these experiments was an image plate. A thin Si(l 11) laue analyzer was used to diffract a 

portion of the beam transmitted through the phantom before the image plate detector. 

This "scatter free" diffracted beam was then recorded on the image plate during the 

phantom scan. Since the thin laue crystal also transmitted a fraction of the incident beam, 

this beam was also simultaneously recorded on the image plate. 

The imaging results are interpreted in terms of an x-ray schliere or refractive index 

inhomogeneities. The analyzer images taken at various points in the rocking curve will be 

presented. 





Introduction 

Synchrotron based mammography imaging experiments have been performed with 

monochromatic x-rays in which a laue crystal placed after the object being imaged has 

been used to split the beam transmitted through the object. The imaging beam was a thin 

horizontal line approximately 0.5mm high by 100mm wide. Images were acquired in line 

scan mode with the phantom and detector both scanned together. The detector for these 

experiments was an image plate, A thin Si(lll) laue analyzer was used to diffract a 

portion of the beam transmitted through the phantom before the image plate detector. 

This "scatter free" diffracted beam was then recorded on the image plate during the 

phantom scan. Since the thin laue crystal also transmitted a fraction of the incident beam, 

this beam was also simultaneously recorded on the image plate. 

The imaging results are interpreted in the context of schlieren optics in which refractive 

index inhomogeneities of a transparent media can be quantified and imaged. These 

techniques rely on an optical element which modulates the transmitted intensity 

according to a deviation angle of rays through a media. The crystal analyzer in the x-ray 

imaging system is the equivalent of such an element. 

The X27C R&D beamline at the National Synchrotron Light Source was used for these 

experiments. This is a large general purpose white beam hutch. A double crystal bragg 

case monochromator was installed in the hutch to prepare a wide horizontal imaging 

beam at a photon energy of 16-25keV. An energy of 18keV was chosen for these 

experiments. This imaging beam was then monitored by an ionization chamber to 



measure the skin entry dose to the various phantoms used to characterize the imaging 

system. Plastic absorbers were used to control the dose to the phantom. A fast shutter 

system was used to begin and end the exposure on the image plate. The shutter was 

opened when the scanning stage was at a constant velocity and was closed at the end of 

the scan range before the stage was slowed to a stop. The dose was controlled by a 

combination of incident beam plastic absorbers and the scanning speed. The phantom 

thickness was typically in the 4-8cm thickness range to simulate the attenuation of 

compressed breast tissue as would be the case in a conventional mammography; imaging 

procedure. 

Exposures were made onto a 20x25cm image plate and were subsequently read on a Fuji 

BAS 2000 reader. Typical reading parameters were a sensitivity of 1000, a latitude of 4 

and a resolution size of lOOum. 

Imaging experiments were performed with and without a crystal analyzer. The 

arrangements are shown in figure 1. Only the experiments with the analyzer are 

presented here. Non-analyzer results will be discussed elsewhere[l]. The top 

arrangement in the figure is the non-analyzer setup while bottom shows the setup with the 

analyzer. The analyzer was place in the beam after it had passed throught the phantom. 

The crystal was set in the laue arrangement in which the beam is incident on one side of 

the crystal plate and the diffracted beam emerges from the other side and was set in the 

parallel crystal geometry with respect to the monochromator. The crystal was 

approximately one absorption length thick (u.t=1.04, t=0.74 mm) at the 18 keV imaging 

energy and had an asymmetry angle of 26°. This is thickness range referred to as the thin 



crystal laue case in dynamical theory [2]. Figure 2 shows the theoretical and measured 

relative intensities from the crystal. Note the relatively large transmission directly 

through the crystal. The agreement between the calculation and measurement is quite 

good. 

Since the crystal is semi-transparent, this feature allows two simultaneous exposures to be 

performed on the image plate. The separation between the analyzer and the image plate 

was set so that these two images could be recorded over the scanning range without 

overlap or spilling over the edges of the image plate. Thus two images were recorded in 

each scan; a 'direct' beam image and a diffracted beam image. 

There are three regions of particular interest when using such an analyzer crystal to create 

images. Those regions are the left and right slopes of the diffracted beam rocking curve 

and the center peak position. As can be seen from the complex shape of the transmitted 

beam rocking curve, the low and high angle sides of the diffracted beam rocking curve 

are not equivalent for the transmitted beam. The half intensity point on the low angle side 

corresponds to a peak in the transmitted beam (the anomalous transmission side) while 

the half intensity point on the high angle side corresponds to a mimima in the 

transmission (anomalous absorption side)[2]. The peak of the diffracted beam 

corresponds to the high slope region of the transmission. 

This behavior results in various imaging possibilities depending on the setting of the 

analyzer. Images were acquired ( as much as the stablility of the analyzer would allow ) 

at the following points in the diffracted beam rocking curve: at 1/2 peak intensity on the 

low and high angle side and at the peak. 



These images for both the diffracted and transmitted beams are interpreted in the context 

of these rocking curves (ie. their intensity values and the dependence of the intensity vs 

angle). 

ANALYSIS 

The transmitted and diffracted beam images are a composite of two (sometimes 

competing) effects: absorption and refraction. The refractive part is based on calculating 

the very small angle deflections in the media due to thickness, density or material 

composition variations. The propagation of light through such an inhomogenous media 

is called "schliere". These angle deflections alter the intensity transmitted or diffracted 

by the analyzer according to the rocking curve. This is very similar to an optical system 

used to visualize and measure gradients in the refractive index, Topler's schlieren 

method[3]. 

The optical schliere effect results when there is an effective gradient in the refractive 

index in a transparent media. The complication in the x-ray regime is that there will 

always be an attenuation of the beam as it traverses the object. 

The gradient direction, in this case, is in the vertical direction or the projection of the 

diffraction vector onto the plane perpendicular to the transmitted beam. This direction is 

referred to as z. The beam path direction through the media is the x direction. Note that 

the imaging plane is the y-z plane. Assume that the media is composed of a single 

material with a varying refractive index and thickness, then the schlieren angle, 8, is: 



s = y i ^x,y,z)dx E q n l 

5 n(x,y,z) dzz 

The refractive index in the x-ray energy range is slightly less than one and is given 

approximately by [4]: 

r /L2Z n(x,y,z) = \ —*-—(x,y,z) Eqn.2. 
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where r 0 is the classical electron radius (2.81xl0"13 cm), X is the x-ray wavelength and Z 

is the number of electronic charges in the volume V. The latter quantity, Z/V, depends on 

the spatial coordinates, x, y and z and is related to the material density, p, by 
ZA''=(Z/A)p/mAMU, where A is the atomic number and niAMu is the mass of a nucleon 

(1.66xl0"24 g). Then the schlieren angle is approximately: 

<y»s-—^ I -(x,y,z)-z±- dx Eqn.3. 
2™*AMU 0 A & 

where the l/n(x,y,z) term has been approximated by one to keep terms to first order in p. 

If equation 3 is simplified by assuming that the quantity Z/A is a constant and that all of 

the spatial dependence is in the density and thickness and that the gradient of density is 

constant with x, then the equation can be rewritten as: 

8^--^^^^^^-i2.69xl0-cm/g)^^^ Eqn.4. 
InmjMu A dz A az 

This equation gives the deviation angle of the transmitted beam through the object being 

imaged. In practice this angle is too small (8=10 radian) to result in spatially displaced 

beams in an image given the source size at the NSLS. Interference of the refracted beam 

with the direct beam would not be visible in this measurement^]. The distance from the 



phantom to image plate in our experiments is approximately lm. This displacement is 

expected to be then ~10"5 m or ~10 jam. This angle is however sufficient to cause a 

intensity change with the analyzer in place. Angles in this range (10*6 radian, 1 uradian or 

0.2 arc-seconds) can result in intensity variations of several percent ( see the rocking 

curve in figure 2). 

If the special case of a fixed density object with just thickness variations, a mean density 
•a 

of water (1 g/cm), an imaging energy of 18 keV and an effective Z/A of 0.5 is 

considered, then equation 4 can be further reduced to: 

8, s -(0.64/jradians) 
dz Eqn. 5 

This gives an indication of the scale of the deviation angles resulting from a thickness 

gradient. 

The schlieren deflection angle results in a modulation of intensity since the reflectivity 

and transmissivity of the laue crystal is a function of the incident beam angle. 

The intensity is also affected by the normal transmission through the object via: 

— = expj- J ^(x,y,z)p(x,y,z)dx = expj-^pf(y,z) Eqn. 5. 

where u/p is the massic absorption coefficient and p the mass density of the material. 

Therefore the image recorded on the image plate is proportional to: 

mp\--pt(y,zY 
R(0o+Sz) Eqn. 6. 

where I R and I T are the diffracted and transmitted beams onto the image plate respectively 

and the analyzer is set to 8 0 relative to the peak position and 8 Z is the schlieren angle. 



Since the deviation angle, 8 Z, is presumed small the reflectivity and the transmissivity can 

be expanded as: 

R(0o+Sz) 
T(0«+Sz)\ 

R(0o) +—Sz 

T(0o) +—Sz 

Eqn. 7. 

Substituting equation 7 into equation 6 gives: 

h 
/rj 

exp\--pt(y,z) 
[ P } 'R(00)~ + 

~cR(0oY 
d9 

me*) 
. d0 . 

sz{y,z) Eqn. 8. 

Thus there are two contributions to the intensity in the diffracted and transmitted beams 

through the analyzer crystal: 1) the "normal" transmission given by the absorption 

coefficient and modified by the transmissivity and reflectivity of the analyzer and 2) the 

schliere given by the product of the normal transmission, the slope of the reflectivity or 

transmissivity curve and the schlieren angle. 

This equation can be easily solved for the absorption map, pt(y,z), and the schlieren angle 

map, 8z(y,z): 

pt(y,z) = -—in 
r1 

IT(y,Z)^(0o)-IR(y,Z)^(0o) o9 o0 
io[n0o)^(0Q)-R(0o^(0o) 

Eqn. 9. 

* , ( * * ) = 
IR(y,z)T(0o)-ITR(0o) 

IT(y,z)^(90)-IR{y,Z)^(90) 
Eqn. 10. 

These equations will now be used to interpret images acquired with the laue analyzer. 



RESULTS 

The use of equations 9 and 10 require that the rocking curve angle, G0, at which the 

images were taken is known. This was determined by setting the analyzer angle to 

achieve the expected ionization chamber reading for the diffracted beam. This procedure 

could establish the region on the rocking curve, but, due to instrumental drifts occurring 

ine the time between the tuning of the analyzer and the acquisition of image data, could 

not be relied upon to give a precise rocking angle, 0O. The best estimation of the rocking 

angle comes from the data from the image plate. There is generally a region of the image 

which is known to have no structure in the imaging beam. In this region, the schlieren 

angle must be zero. The rocking angle can be calculated using the reflected and 

transmitted intensities from the image. This procedure works very well and matched 

quite closely the desired analyzer setting. 

To confirm the refractive index effects, images were acquired of a phantom which had 

known linear thickness variations, referred to as a "wedge" phantom. A full image of this 

phantom is shown in figure 3. The upper image is the diffracted beam image, I R , and the 

bottom is the transmitted beam image, I T. This full image was acquired at the peak of the 

diffracted beam, i.e. 60=0. The sensitivity to a refractive index gradient occurs along a 

line from the transmitted beam image to the diffracted beam image. A small region of the 

image was used to confirm a sensitivity to the gradient. This is a region with a Plexiglas 

sawtooth phantom. This phantom was composed of parallel Plexiglas prisms. These 



prisms had a profile shown in figure 4 with a rising thickness gradient of tan(60°)=1.73 

and a falling gradient of tan(30°)=0.56. The maximum height of the prisms are 1.14 mm 

with a repeat distance of 2.63mm. Figure 5 is a composite showing the diffracted and 

transmitted beam images as well as the resulting schlieren angle, 5V and thickness, pt, 

images. These images are taken at three settings of the analyzer corresponding to the 

locations shown on the rocking curve. The far left set from the low angle side of the 

rocking curve at 90=-4.9 uradians, the middle set near the peak at 0O=+1.5 uiadians and 

the right set on the high angle side at 90=+10.7 uxadians. 

Averaged sections of each schlieren angle and thickness images were taken and plotted in 

figure 6 along with the expected theoretical values. The expected or theoretical values 

are based on the material parameters for Plexiglas ( u/p=0.69 cm /g, p=1.19 g/cm ) and 

the use of equation 5 for the refraction angle. 

One noticebale feature in the image as well as the section line plot is that the image taken 

at the peak has little sensitivity to the gradient. This results from the use of equation 10 

in a region where the reflectivity slope can change sign. A more complex equation 

should be used here or a self consistent solution using the rocking curve. The agreement 

becomes more tolerable away from the bragg peak. The best agreement between the 

measured and expected values occurs for the image taken at -4.9 uxadians below the peak. 

At this position the measured Apt is approximately 25% below the expected value. The 

schlieren angle has the correct value for the low gradient sides of the prisms at 

approximately -0.5 uradians, however, on the high gradient side, the measured angle is 

approximately 34% below the expected value of 1.3 uradians. 



As was expected for the images taken at the bragg peak, there may be a failure of the 

equation to handle the relatively large deviation angles then there are large gradients in 

the index or material thickness. 

CONCLUSION 

Images of phantoms have been taken of phantoms using a laue crystal analyzer to create 

two images of the same object. Approximate equations have been derived to describe 

these images in terms of the analyzer rocking curve and the object being imaged. These 

two images can be combined to give an image of the absorption of the object (pt image) 

and an image of the refractive index gradient or schlieren angle image (8Z image). The 

analysis of these images in these terms look promising. There is satisfactory agreement 

between the measured and expected thicknesses and refraction angles. 

Future measurements are planned to investigate the use of diffraction optics to enhance 

the features in mammography; imaging. 
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Figure Captions 

Figure 1. Schematic of Experimental Setup in the X27C hutch, a) shows the arrangement 

without the analyzer crystal, b) shows additions to the setup for imaging with laue crystal 

analyzer. 

Figure 2. Measured and calculated laue crystal rocking curves. Measured rocking curve 

obtained with ionization chambers at the location of the image plate. Calculated curves 

based on a Si (111) laue crystal 0.7mm thick with an asymmetry angle of 26° at 18keV 

photon 

Figure 3. Image of "wedge" phantom as read from image plate. Upper image is the 

diffracted beam image and the lower the transmitted beam image. Image was taken with 

the analyzer set at the diffraction peak. 

Figure 4. Cross section view of the Plexiglas sawtooth phantom. 

Figure 5. Composite figure showing a section of the sawtooth phantom acquired at 

various analyzer angle settings and the 8 Z and pt images derived from the measured 

diffracted, I R, and transmitted, I T, beam images. The quantities in the boxes are the 

reflectivity, transmissivity and their angular gradients required to transform the images. 

The left image set was taken at 0o=-4.9uxadians, the middle image at 90=+l .5uiadians 

and 90=+10.7uradians. 

Figure 5. Averaged line plots of a section of the sawtooth phantom image. The upper 

plot is the thickness image, Apt, and the lower plot is the schlieren angle image, 8Z. The 

dotted line is the expected values based on the dimensions and composition of the 



phantom. The solid line is the measured value from the data at 0o=-4.9uradians, the 

dashed line at 0o=+1.5uradians, and the dot-dash at 0o=+lO.7uradians. 
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