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BACKGROUND 
There is a veritable renaissance occurring in x-ray imaging. X-ray imaging by 

radiography has been a highly developed technology in medicine and industry for many 
years. However, high resolution imaging has not generally been practical because sources 
have been relatively dim and diffuse, optical elements have been nonexistant for most 
applications, and detectors have been slow and of low resolution. Materials analysis needs 
have therefore gone unmet Rapid progress is now taking place because we are able to 
exploit developments in microelectronics and related material fabrication techniques, and 
because of the availability of intense x-ray sources.' 

WHY X-RAY IMAGING? 
In spite of its drawbacks, x-ray imaging bas been important for several reasons: 
X-rays penetrate matter. Plating thickness, subsurface s'uetures, and homogeneity 
throughout a material are examples of measurements which can be made. The interaction 
of x-rays with matter is complex, but well understood. Previously, it was only possible to 
image by casting a 'shadow'. The images were fuzzy due to the penumbral effect caused 
by the finite source size and beam divergence, and because of scatter within the specimen. 
More intense fine focus x-rays sources, tunable monochromatic sources, and focusing 
optics can minimize these problems. 
X-rayy have short wavelengths. Visible light has wavelengths of about 4000-7000 A, 
while x-rays have wavelengths of less than 100 A. X-rays, therefore, are intrinsically 
capable of at least 40 times higher spatial resolution. If the image is form*! on a recording a <R 
medium such as film, the image may need to be read in order to make it visibb to tntR j i \ 
human eye, or to digitize it for analysis. The wavelength of the interrogating radiation m ^ w* 5* 
set a limit on the resolution. The means is chosen to match the graininess of the medium, 
that is, visible light optical systems for film and electron microscopy for photoresist 
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Fluorescence or specific absorption by subsurface structures. The high energy photons 
can penetrate below the surface of opaque materials and cause fluorescence which is 
characteristic of the chemical elements present Likewise, high intensity monochromatic 
sources make absorption edge differencing possible in radiography and tomography. 
X-ray imaging can be done in air. Unlike electron microscopies which must be done in a 
high vacuum, specimens with volatile components, auch as water in biological materials, 
can be imaged. Furthermore, little or no sample preparation is required; even electrical 
nonconductors can be nondestructively imaged, without coating the material with a 
conducting layer. 
X-ray imaging can be performed on large areas. Scanning electron microscopy is an 
extemely powerful analytical technique for surface imaging over small areas. However, 
there are many nondestructive evaluation problems where spatial imaging over large areas 
are required. 
X-ray equipment is simple. This simplicity is in contrast to alternate imaging technologies, 
such as scanning particle beam systems. 
X-rays cause low thermal loading. Materials which may be thennally degraded or which 
contain volatile components can be analyzed. 

X-RAY MICROSCOPY 
High resolution x-ray imaging (x-ray microscopy) may be defined as the process of 

recording x-ray beams (or the secondary emissions they produce) which are spatially 
modulated by the materials under study, with resolutions of 10 (J.m or less. Low to 
medium energy x-rays (<50 keV) are typically used in order to maintain high contrast and 
resolution. Until recently, most applications of x-ray microscopy have involved biological 
specimens. There is no intrinsic reason for this limited application, and materials analysis 
uses are now appearing.2 The availability of a microscopy with penetrating radiation will 
clearly have a significant impact on materials science, inspection, and the potential for 
predicting performance of finished products. 

The four key elements to progress in x-ray imaging are sources, optics, detectors, and 
the related issues of reconstruction, analysis, and display. The state of technology in these 
areas determines the sensitivity, resolution, and practicality of x-ray imaging techniques. 
We now turn to a review of recent progress in these areas. 

X-RAY SOURCES 
X-ray sources have been improving on several fronts. Microfocus x-ray tubes with 

anode spots on the order of 10x10 | im 2 are now readily available. These tubes operate at a 
power of about 10 to 30 watts and have a specific power loading of about 100 -300 
kW/mm 2 . High intensity rotating anode sources can operate with various focal spots. 
With a 6 degree take-off angle, the apparent focal spots and operating powers vary from 
500x1000 (im 2 (18 kw = 36 kW/mm2) to 100x100 Jim2 (1.2 kW = 120 kW/mm2). 

A considerable amount of imaging, x-ray analysis, and fundamental physics is now 
being done at synchrotron facilities, where the photon fluxes available per unit area on the 
specimen increases by factors of several hundred over those obtainable from rotating anode 
sources.3 There are now 22 synchrotrons outside the Soviet Block, and 10 more are under 
construction.1 Other sources which have limited applicability at present include plasmas 
generated by high power laser pulses, free electron lasers, and plasma based x-ray lasers. 

OPTICS 
As recently as a few years ago, optical elements which could focus high energy x-rays 

were virtually non-existent Unlike visible light where a large difference in the index of 
refraction between vacuum or air and dense matter such as glass allows rays to be bent and 
focused, x-rays pass through matter essentially unchanged in direction. However, the 
very slight deviation from unity of the index of refraction for x-rays does allow specular 
(total) reflection at grazing incidence, a technology which has been very successfully 



employed in x-ray astronomy using Wolter optics.4 Such systems are optically "slow", 
difficult to align, and principally useful at wavelengths greater than tens of angstroms. 
Other optic?! elements, based on diffraction from bent natural crystals are possible. 
However, crystals have relatively low reflectivities and are very difficult to bend to the 
precise geometries required. 

Synthetic multilayer technology has made it possible to fabricate x-ray mirrors to any 
desired geometry. Normal incidence plane mirrors were the first to be constructed, and 
may be used for x-rays with energies less than about 400 eV. s Recently, low angle 
focusing mirrors for x-rays at least as high in energy as 10 keV have been made and used 
for direct radiographic imaging and for scanning fluorescence imaging.6 The latter 
application will be discussed by Robert Giauque at this conference. Very nice x-ray 
microscopy is being done using Fresnel lenses at synchrotron sources,7 but the small lens 
sizes seem to preclude their usefulness for focusing laboratory x-ray sources for the 
present time. In summary, the question of x-ray optics is no longer whether it can be done, 
but how well. 

SCANNING METHODS 
Point scanning systems for elemental analysis and imaging by x-ray fluorescence have 

proven to be easily assembled and quite useful.8'9 Scanning times are long, however, 
because the necessary collimation limits the total x-ray flux available — even when 
synchrotron radiation is used. These systems will benefit considerably by the use of x-ray 
focusing optics. A scanning fluorescence instrument developed by Kevcx, Inc. will be 
described in a separate paper at this conference by David Wherry and Brian Cross. 

An entirely different approach from point scanning in order to obtain elemental mapping 
is the us - . f coded irradiation.10 The specimen is irradiated through a mask of open areas 
distributed in an apparently random but carefully chosen "code", which exposes roughly 
half the surface area of the specimen to the exciting radiation. The specimen is then step-
scanned, using the same number of steps as would be used in point scanning. The signal-
to-noise ratio improves because of the increased surface area exposed approaches that in 
bulk analysis. A data transformation is then employed to restore the point-by-point spatial 
information. 

AREA DETECTION 
Film 

X-ray detection continues to rely upon film for many applications when area detection is 
useful or required by time constraints. Film is highly versatile and its storage capacity is 
immense.1 1 Resolution for very fine grained film is about 4 finfl; therefore, a 14"xl7" film 
contains about 4 x l 0 1 0 pixels of grey scale information with a dynamic range of >105. 
From a practical standpoint, the dynamic range is limited by the method used to inspect the 
image. Digital systems are currently limited to 8 bits at video rates (30 frames/sec) and 12 
bits for slower rates using laser digitizers and specialized cameras. If image interpretation 
is visual, then the limiting factor is the light intensity of the film viewer. Standard units 
permit viewing of films over a range of lO* (0-4 photographic density units). 

Because of its versatility, film continues to be used even by researchers who otherwise 
use CCD cameras. An example is shown in absorption edge radiography.1 2'1 3 In this 
application, two radiographic exposures are made, one with synchrotron radiation tuned to 
just above the absorption edge of the element of interest, and one with the radiation tuned 
to just below the absorption edge. The films are digitized, and the images are numerically 
subtracted. The resulting difference image clearly maps the distribution of the chemical 
element 

On the other hand, the disadvantages of radiographic film are its relatively low 
sensitivity, and problems associated with repeatability and uniformity over the surface due 
to variables in processing (as well as non-uniformity of the x-ray source). Lastly, the 



sharpness of film images are limited by the grain size of the silver bromide; however, this 
graininess is analogous to the'finite (and larger) detector element size of alternative 
electronic devices. Many of the problems with film can be circumvented in practice, as will 
be described below. 

Photoresists 
When resolution finer that about O.S |im is required, a grainless photoresist may be 

used. Because the resists are thin polymer films (polymethyl methacrylate = PMMA) with 
low interaction cross sections for energetic x-rays, the technique is best suited for 
radiographing thin, low Z specimens such as biological specimens using sub-kilovolt x-ray 
sources. Extremely brilliant soft x-ray sources such as z-pinch plasmas and laser 
generated plasmas, and synchrotron radiation have boosted the application of this 
technique. If long exposure times can be tolerated, or a bright x-ray source such as 
synchrotron radiation is used, materials research problems can be addressed with 
extremely fine resolution. The technique is best suited for viewing applications, as the 
quantitative aspects are not known a priori. However, careful control and standardized 
procedures may lead to quantitative measurements. 

The study of cellular structure is an important application of soft x-ray contact 
microscopy. 1 4 - l s Cells can be studied "wet", without fear of introducing artifacts caused 
by staining, drying, and imbedding required, by other forms of microscopy. By using 
radiation above the carbon and nitrogen absorption edges, but below the edge for oxygen, 
absorption is relatively insensitive to water but is sensitive to the organic components of 
cell structure. 3-D information can be obtained through stereoscopic imaging. Image 
quality is not degraded by the resist as it is with film, but other physical aspects of imaging 
do become important. For "point" sources such as x-ray tubes or plasma sources, the 
diverging beam from the finite sized source causes petiumbral blurring of edges. This 
effect may be reduced by increasing the source to specimen distance, at the cost of 
decreased intensity. For synchrotron sources, which are nearly parallel due to the the very 
large source to specimen distance required to bring the beam out of the storage ring (515 
meters), penumbral diffuseness is virtually nonexistent, but Fresnel diffraction at edges 
remains. Aberrations are also introduced by the development of the photoresist, such as 
lateral spreading with depth and differential dissolution rates due to differences in absorbed 
dose under structures with dissimilar absorption. Keeping the specimen in as close contact 
to the resist as possible and using a short development step minimize these effects. 

Viewing the developed photoresist may be straight-forward or complex, depending on 
the resolution and contrast required. Optical microscope viewing and photography are the 
simplest methods, and quite satisfactory where the resolution limit of tiie wavelength of 
visible light is adequate. Otherwise, electron microscopy is required. Scanning electron 
microscopy (SEM) in back reflection requires deep development to enhance contrast as 
well as coating the developed resist with a conducting metal. Transmission electron 
microscopy (TEM) has low contrast if the development depth is low relative to the 
thickness of the resist and supporting substrate. In addition, the resist can actually 
evaporate under examination. Carbon replication of the resist topography overcomes this 
problem. 
Charge Coupled Devices 

As alluded to above, charge coupled devices (CCD's) are becoming a part of x-ray 
imaging technology, particularly where quantitative information is required. CCD cameras 
have a large dynamic range, are exceedingly sensitive to light, have small individual 
detector elements, and come in arrays of -1000x1000 elements. When cooled, the dark 
current is exceptionally low. Because of their light sensitivity, CCD's are now extensively 
<i6ed in astronomy. As in film based imaging, the practical dynamic range is limited by the 
method used to interpret the image, for instance, -2X10 2 grey scale information on 
television monitors. Digital systems are likewise limited by the same factors discussed 
above for film. In the simplest form of x-ray imaging, visible light from a phosphor 
screen, or phospor-loaded glass plate or fiber optic bundle, is focused onto the CCD plan?:. 



The CCD chips themselves cost only a few hundred dollars, but complete imaging systems 
based upon them have costs ranging upward from about $45,000. 

The characteristics of a Texas Instruments 4849 chip for use in x-ray imaging have been 
quantitatively measured.16 The TI-4849 chip is a 584x390 element device, with each 
element measuring 22x22 (tin2. When thermoelectrically cooled to -60° C, the dark 
current was only 10 electrons/sec per element, and was very reproducible. The charge 
transfer noise (slow scan) is only IS electrons. The well capacity is greater than 2.5x10s 

electrons and the response of the detector is linear over a range approaching full well 
capacity. Factoring in the rms noise, the dynamic range is -10*. This system has been 
used as a multidetector array for tomographic imaging, as described at this conference by 
Quintin Johnson and John Kinney. 

CCD cameras have been designed as direct x-ray detectors.17 The same type of chip as 
described above has been used to image x-rays from 200 to 10,000 eV. When the total 
data rate is less than one photon per element between readouts, the device operates as an 
array of non-dispersive Si detectors. At room temperature, it has a resolution of -450 eV 
at 5.9 keV; when thermoelectrically (Peltier) coolirf to only -30°C, the resolution is 140 
eV. When the system is operating as a multidetector spectrometer, many short exposures 
(less than 10 seconds) are taken and processed ir real time. The software performs pulse-
height analysis on the charge for each detector element, and stores die binned data in a sub-
array. The implied count rate is about .13 counts/ssc per element, which amounts to about 
30,000 counts/sec over the face of the array. 

Other chips consisting of larger arrays of photosensitive elements and of smaller 
dimensions are now commercially available. For example, Kodak sells 1320x1025 chips, 
with each element measuring 6.8x6.8 pun2. When an image is magnified by the projection 
method, resolutions of less the 1 |J.m can be expected with near real time viewing and 
direct digitization. The image area is less than about one square centimeter, however. 

Phosphor Integrating Storage Plate 
A new area detector which has been developing over the past few years is based on a 

phosphor screen, called an "imaging plate", which stores the effects of x-irradiation as 
quasistable color centers until they are read out by photostimulated luminescence with a 
laser beam.18 The detector system consists of (a) a phosphor screen (the imaging plate); 
(b) an image reader; (c) an image processor; and (d) an image writer. The imaging plate is a 
flexible plastic plate coated with a 0.15 mm layer of phosphor crystals (BaFBr:Eu+2)-
When stimulated by scanning with a laser beam, the phosphor emits luminescence 
proportional to the absorbed x-ray dose. The emitted light is collected by a photomuitiplier 
tube, whose output is amplified, digitized, and stored in an array which maps the pixel 
location. Image enhancement techniques, such as spatial frequency filtering, can be 
performed with the image processor. The image writer converts the digital signals back 
into analog signals that modulate the intensity of another laser beam that scans s 
photographic film to record the x-ray image. The image plate can be restored by exposure 
to light, so it can be repetitively used. The spatial resolution is dictated by the phosphor 
grain size and the laser beam diameter; the authors report 150 [Lia FWHM in both 
dimensions over an area of 185x185 mm .̂ The measured quantum efficiency at 8 keV is 
70%; exposure times are about two orders of magnitude shorter than with film. In 
addition," the background level is only -3 photons/pixel, which is in contrast to -1000 
photons/pixel for film. The non-uniformity was about 1.6% over the area of the plate. 
The dynamic range is -10 5, and is linear over -10 3 ' 5. One of the prime benefits in medical 
applications are dose reductions by a factor of 1/10. 

Muhiwire Proportional Counters 
Position-sensitive x-ray detectors, when arranged as crossed multiwire grids, are 

another means of imaging in two dimensions. These detectors have been used to detect x-



ray diffraction patterns by the Laue method," but could also be used as area detectors for 
imaging applications. Nicolet, Inc. has a 11.5 cm diameter detector with a resolution of 
200' urn (512x512 array). This is a gas proportional counter, so upper and lower 
thresholds can be set for some energy discrimination. The count rate for a diffuse source is 
-50 kHz (for limited area beams such as Laue spots, the count rate is more like 3 kHz). 
The large surface area requires optimizing fill gas pressure and entrance window thickness. 
The optimization for a particular application generally means a high energy about 3 times 
the low energy, within the range of about 2-25 keV. 

Now that we have surveyed the recent advances in various aspects of x-ray imaging, 
we turn to specific experiments performed in the Non-Destructive Evaluation Section at 
Lawrence Livermore National Laboratory. 

IMAGE DISPLAY AND AND ANALYSIS 
As.a result of the many methods of x-ray imaging discussed above, we can end up with 

a digitized version of our image in a computer. We can then apply many powerful image 
processing techniques for enhancing and analyzing these pictures. Image processing 
operations can be grouped into three general categories: image restoration - removing 
known distortions introduced by the imaging system; image enhancement - improving the 
perception of the image for a human observer; image analysis — making measurements or 
estimates of image parameters. An important but often overlooked requirement is that the 
many images we acquire must be databased and all imaging parameters must be recorded 
and accessible. 

Common image restoration operations are the subtraction of backgrounds, sensor 
calibrations, noise smoothing, and deconvolution of the point-spread-function of the 
imaging system. The emphasis in these operations is to use knowledge of the imaging 
system to improve the accuracy of the image. Typical image enhancement operations are 
pseudocoloring, contrast enhancement, zooming, and edge sharpening. In these operations 
the goal is simply to make the image more informative to the observer — thus their 
application and usefulness can be very subjective. In the image analysis category we can 
calculate image statistics, extract line intensities, estimate centroids, find edges, and make 
distance measurements. 

A major goal of our image processing work is to bring the processing power directly to 
the users. We have progressed from systems which process images in batch mode to 
interactive systems running on central time-shared systems to personal image processing 
workstations. We have developed a public domain, image analysis program, VIEW, which 
provides all the processing capabilities mentioned above as well as image and signal 
databasing operations. The system runs on systems ranging from personal computers to 
large mainframes and provides communications between them. Using VIEW, the user can 
acquire an image in a laboratory system, do some local processing, and move to a more 
powerful central system for further analysis and be assured that the data will be compatible 
and that the image processing environment will be the same. In this way we can apply 
these powerful tools to the entire spectrum of x-ray imaging techniques. 

Image analysis 
An example of image analysis performed routinely in die NDE Section at LLNL is thav 

of quantitative film radiography for evaluating the homogeneity of materials.20 Step 
wedges (i.e., penetrameters) are radiogrpphed along with the objects being evaluated. The 
penetrameter standards should be located as close as possible to the objects. This practice 
minimizes errors introduced by the non-uniformity of the x-ray beam (heel effect), 
variations in film sensitivity, and variations in processing. The beam is filtered in order to 
approximate a mono-energetic soi'ice and thereby simplifiy the analysis. 

The film is digitized on a light table using a CCD television camera which is interfaced 
to a computer-based image processor. The camera output is digitzed into 256 discrete 
levels; 32 frames are averaged in order to improve the signal/noise ratio of the digitizing 



system. The light intensity data are then converted directly to film density by interpolation, 
using a calibration curve for the particular camera, f-stop and light table being used. The 
calibration curves are established by measuring the intensity output of the camera with 
respect to film density on an NBS stepwise film density standard. 

We are presently using a Cohu CCD model 1600 camera which provides 512x480 
screen resolution. The physical resolution is determined mainly by the size of the field of 
view; the highest resolution is therefore determined by the shortest focal length of the lens 
being used. Film sensitivity (density/unit exposure) is non-linear, and is greatest around a 
density of 2. Exposure is therefore controlled to provide film density near this point Over 
small ranges of exposure, film density is proportional to exposure, and the relationship 
between film density and part density is simply 

D = D0exp[-(p7p)*(pl)] 

where D = measured film density, 
D 0 = intercept of the linearized film density - penetrameter density curve, 

(ft/p) = mass absorption coefficient (cm2/g), 
(pi) = areal density (g/cm2). 

A least-sqaares fit is made to the penetrameter data, from which the areal density of the 
part is determined in terms of the penetrameter density. If the part and penetrometer are of 
different materials, the actual part density is determined from an empirical radiographic 
equivalency curve previously determined. Alternatively, radiographic equivalency can be 
calculated by knowing the tube spectrum, absorption coefficients, and film response, all as 
a functions of energy. Tube spectra and absorption coefficients may be obtained from a 
program such as NBSCGS. 2 1 ' 2 2 Film sensitivity as a function of energy has been 
discussed in various places;23,2*! we have found that a very close fit to equivalency data is 
obtained by weighting the calculated photon flux incident on the film by its energy. 

Image enhancement 
An example of contrast enhancement is the use of pseudo-color display. Pixel values 

such as intensity, density, or concentration can be displayed as a grey scale. We can 
enhance the image by displaying it with a range of colors instead. The motivation behind 
using a pseudo-color image lies in the proposition that if the eye can distinguish 16 
differences of monochrome intensities, then it should be capable of distinguishing 
(I6)3=4096 combinations of red, green and blue. Fseudo-color provides visually striking 
and useful imagery, but must be used with caution so as not to mislead the viewer. For 
example, if a part has a smoothly varying density gradient, the digitized image of this part 
displayed in grey level will have a smooth change in grey tones. On the other hand, when 
displayed in pseudo-color level, the image will have abrupt changes in color which may 
lead the user to think that the image has an abrupt density gradient. This problem is 
alleviated by displaying a color scale proportional to the density range of the part 

X-RAY COMPUTED TOMOGRAPHY 
CT Imaging Background 

The use of x-ray computed tomography, or CT, allows cross sectional views of 
materials, parts, and assembled devices for non-destructive evaluation. Using this 
technology we can quantitatively measure the three-dimensional distribution of x-ray 
attenuation at reasonably high resolutions. Through the use of more advanced techniques 
such as absorption edge imaging it is possible to acquire images of the distribution of 
elements in an object As the tolerances for industrial materials become more stringent, the 
need for inspection cf this sort becomes essential. 



In x-ray transmission CT we reconstruct a two-dimenr ional slice of as object from one-
dimensional projections of its x-ray attenuation.*5 If we assume a monochromatic source 
the transmitted intensity, IT, seen at the detector for the path i from the scarce to detector is 

(1) 

where IQ is the incident intensity and p.(x,y,z) is the three-dimensional distribution of the 
linear attenuation coefficient The monochromatic ray sum is given by the natural logarithm 
of the attenuation 

m = In p = }u(x,y,z) d i , (?) 

If we collect rrt for all projection angles we have the Radon transform of the function 
|x(x,j,z). Therefore, our goii in CT is to measure m az accurately as possible and then to 
invert equation (2) to give us n(x,y,z). 

There arc typically several difficulties in measuring m. Equation (2) is valid only under 
the assumption of monochromatic radiation. However, in practice, we often use 
polychromatic tube sources which emit a continuous energy spectrum. In this case the 
measured intensity Lj- is the integral of equation (1) over the energy spectrum of the 
incident radia. ion weighted by the detector efficiency with respect to energy: 

IT = |*I 0(E) sxpT- Jii(x,y,z)di"jde. (3) 

If we define a polychromatic ray sum, p, iimilarly to the monochromatic ray sum. m, only 
using measurements of the form of equation (3) we can blithiy proceed to reconstruct an 
image. However, due to the spectral shift caused by the preferential absorption of lower 
energy photons as the beam passes through the object, p * m. This beam hardening 
results in severe errors in the reconstruction. Other important sources of error in the ray 
sum measurements are scatter, the finite width of detectors, ana the statistical nature of the 
entire process. 

Our ray sum measurements can be reconstructed using any of several well-known 
algorithms such as filtered backprojection and algebraic reconstruction techniques.26 We 
will not describe the algorithms in wis paper, but will concentrate on the different types of 
experimental systems which may be used to measure the linei'r attenuation coefficients ibr 
computed tomography. 

Ind'iStrial vs. Medical CT 
Until very recently, virtually all CT had been in the medical imaging field. Industrial 

inspection can make use of much of this work but it is not necessarily a strai;4 tforward 
extension of medical CT. 

The major difficulty is the wide range of materialf which must be inspected. Materials 
range from low-density plastics to high-density metals. In addition, the resolution 
requirements for typiral applications srj much more demanding than the millimeter scale 
requiren:-nts of medical systems. The need for micrometer resolution in industrial Cr is 
not uncommon. 



A factor which works in favor of industrial systems is that the radiation dose usually 
does not nesd to be minimized, as h must be in medical applications. It is, therefore, 
possible to sufficiently irradiate the specimen to obtain adequate photon counting statistics 
from small volumes in order to obtain high resolution images. 

Current Industrial X-ray CT Capabilities 
Although work in industrial CT imaging is just beginning, significant progress has been 

made in several cases. For example, particularly successful applications of CT have been 
mads in the inspection of solid fuel rocket boosters and jet engine turbine blades.27 

A very new area is extremely high-resolution CT using high-intensity synchrotron 
sources. Micrometer scale resolution has been demonstrated.^8 and the tunable nature of 
the beam has made elemental and even chemical state imaging possible.16 In another paper 
at this conference, Quintin Johnson and John Kinney will describe meir latest experiments 
in element-specific micro-tomography using synchrotron radiation. 

X-ray CTatLLNL 
Over the past two years CT work in the Non-Destructive Evaluation Section at LLNL 

has centered on two anproachss. The first uses a single collimated beam with a single 
collimated detector. This is a first generation geometry which we call pencil-beam CT 
(PBCT). The second approach uses an image intensifijr - video camera system in a second 
generation geometrv which we call video CT (VCT). In the following subsections we will 
describe both approaches in more detail and comment on their relative strengths and 
weaknesses. 

Pencil-been CT- PBCT 
A block diagram of the PBCT system is shown in Figure 1. Currently, we are using 

radioisotopic sources, such as 1 0 9Cd (22, 25, and 88 keV) and w l A m (60 keV). A high 
purity germanium detector has oeen ;:sed in conjunction with a multichannel analyzer in 
order to make measurements at specific energies. This type of instrumentation wiJ allow 
us to simultaneously ~.iage several energy regions using a polychromatic x-ray source. 
We have demonstrated that we can acquire quantitative distributions of x-ray attenuation. 

Figure 1. PBCT block diagram. 



Figure 2. Reconstructed 2D image of lexan- Figure 3. Reconstructed image of lexan 
aluminum specimen using the PBCT system, specimen used to measure the modulation 

transfer function with PBCT system. 

In Figure 2 we show a reconstruction of a specimen using our PBCT system. Three 
aluminum rods of diameters 2,5, and 10 mm were inserted into a lexan cylindrical block 
of 38 mm diameter and 50 mm length. The results of the experimental |i(x,y,z) 
measurements were within 2% of tabulated values for both the Ie'^ii and aluminum rods. 
Thus, this system is very useiul for the determination cf density distributions, 
homogeneity, and other material properties. As an example of the contrast and spatial 
resolution performance of the PBCT, we used a test specimen consisting of a lexan 
cylinder with a set of holes of various sizes drilled into it. The cylinder had a diameter of 
30 mm and was 15 mm long. Six sets of three holes were drilled with center-to-center 
spacings equal to two diameters. The diameters of the holes in the sets were 2.0,13,1.0, 
0.75,0.50, and 0.25 mm, respectively. Projections of this specimen were measured with a 
2 4 1 Am isotopic source and a germanium detector. The reconstructed 2D slice is shown in 
Figure 3. As a measure of the spatial resolution and contrast, the modulation transfer 
function (MTF) was plotted with respect to the spatial frequency in line pairs/cm (lp/cm), 
as shown in Figure 4. The 50% point of the MTF for the PBCT system corresponds to 5 
lp/cm. 

1 

0.8 

M P6 
T 
F 0.4 

0.2 

0 
0 1 2 3 4 5 6 7 

lp/cm 
Figure 4. Measured modulation transfer functions (MFT's). 
Experimental values for PBCT (open circles) and VCT (filled circles). 
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Figure 5. VCT block diagram 

A disadvantage of the PBCT system with isotopic sources is the low specific activities 
as compared to x-ray sources. The smallest practical size for collimators with this system 
is ~1 mm; even with this resolution the counting rate is quite low and a single image can 
take days to acquire. We are now in the process of modifying the system so that we can 
replace the radioisotopes with an an x-ray tube. We will be able improve spatial 
resolution, while reducing the data aquisition time to a few hours. 

Video CI-VCT 
A block diagram of the VCT system is shown in Figure 5. X-rays from a microfocus x-

ray tube pass through the object of interest and are detected by a standard fluoroscopic 
system -an im2ge itttensifier / video camera combination. One or r..oie lines from the video 
signal are extracted and digitized These data furnish a set of ray sums for the particular 
projection being imaged The specimen is rotated stepwise through 180 degrees, with data 
collection at each step. Several video frames can be averaged at each step to improve the 
signal/noise ratio. The use of the microfocus source allows us to use geometric 
magnification to increase spatial resolution beyond that of the detector system itself. The 
resolution will ultimately be limited both by the finite focal spot size of the x-ray source 

Figure 6. Single slice of the aluminum piston. 
(-10 nm) and the relatively low signal/noise ratio of the video system. An example of the 
MTF for a particular magnification are shown in Figure 4. The 50% point on the MTF 
corresponds to 2 Ip/cm. 



The use of the two-dimensional video detector allows us to acquire multiple slices of the 
object simultaneously. These slices, after reconstruction, can be displayed as a three-
dimensional image. A slice of an aluminum piston is shown in Figure 6. In Figure 7 we 
have displayed 40 slices of the same piston in a volumetric representation. Because we 
have the total data set available, we can view the object from various angles and look at 
interior details interactively. 

The major difficulty with using a video CT system is the low signal/noise ratio and low 
dynamic range of the detection system. In addition, the detector response to x-ray intensity-
is generally far from linear and can vary dramatically from pb-.el to pixel. It is, therefore, 
necessary to carefully calibrate each pixel in the imager independently to minimize ring 
artifacts which otherwise result Since in our camera system we have 788x512 pixels this 
is a demanding task. Also, since the two-dimensional detector accepts radiation over a 
large range of incidence angles, scatter can be a significant problem. These problems are 
serious enough to limit the usefulness of VCT. However, we believe that the system can 
be useful for imaging fairly high-contrast objects, as demonstrated in Figure 6. Our 
present major emphasis is to solve the signal'noise and linearity problems by replacing the 
ir.tensifier system with an unintensified system which uses a cooled CCD detector based 
on a Kodak chip and assembled by Photometries, Inc. 

Future Developments: 
The CT systems developed by ourselves and others at LLNL, as well as work 

elsewhere, have demonstrated the usefulness of CT for non-destructive evaluation. We are 
currently expanding our CT work to improve our current systems and to look at new high-
resolution and high-energy detectors. Much work also remains in high-speed image 
reconstruction and analysis systems, particularly to exploit new work in high-speed 
parallel computer architectures. One of the most exciting aspects of our work is the 
possibility of exploiting new imaging modalities such as x-ray optical systems, charged 
particles (protons and alphas), and neutrons for CT. 

Figure 7. Volumetric representations of the aluminum piston. The image on 
the left is a complete 3D view. The image on the right has a quarter of the 
piston removed to show the internal oil ports within the piston. 



X-RAY FHOTOACOUSTTC IMAGING 
There are cases when x-ray detection of structural detail is poor or impossible, such as 

when the structures are too far below the surface to detect fluorescence or when 
radiographic contrast is poor because of the similarity in linear absorption coefficients. We 
then might seek to exploit some other physical properties of the materials. Thermoelasic 
properties may be the key, as sound is produced when electromagnetic radiation is 
absorbed29. X-radiation is a desireable excitation source, as it can penetrate into materials 
which are opaque; to laser light W - 3 2 

The generation o! ultrasound by the absorption of radiation is approximated by 

P - (pEactyaicXCcT)^" 2), 
where... 

P = the acoustic pressure p = expansion coefficient 
E -energy of the x-ray pulse a = absorption in the material 
c = speed of sound X = specific heat at constant pressure 
t = duration of the x-ray pulse r = the diameter of the beam. 

This formula applies when the radiation is weakly absorbed. The dominate material 
parameters are p and X since these parameters determine the acoustic pressure generated 
by an x-ray pulse. 

Take the example of aluminum and aluminum oxide. The linear absorption coefficients 
of these two materials are 'within a few percent of each other making conventional x-ray 
detection difficult. The photoacoustic amplitude from these two materials is expected to 
differ by a factor of about four because the coefficients of thermal expansion (CTE) differ 
by that factor. Hence, photoacoustic detection holds promise in imaging materials with 
similar linear absorption properties. 

Brilliant x-ray sources such as synchrotrons must be used if detectable sound is to be 
produced from small volumes. The complex temporal structure of the synchrotron 
radiation is expected to produce ultrasound over a wide frequency spectrum. For instance, 
at Stanford, the basic frequency of 1.28 megahertz is set by the time it takes for a bunch of 
electrons to complete a circuit around the storage ring (0.78 usee). The ring is filled 
asymmetrically with typically four groups of bunches, separated by about 30-50 
nanoseconds (20-30 megahertz); each bunch in the group is seperated by about 5.6 
nanosecond (178 megahertz); the pulse duration of each bunch is about 0.2 nanosecond (5 
gigahertz). 

The choice of transducer frequency is a compromise based on the properties of 
engineering materials we are interested in imaging. Aluminum oxide for example does not 
transmit sound well above 30 Megahertz, many metals such as copper are also limited in 
their ability to transmit high frequency. The practical limit for most polycrystalline 
materials is between 10-30 Megahertz so this range is the highest that can be used for this 
type of detection in many practical cases. The 5 gigahertz or 178 megahertz frequencies 
hold little promise because they would not be transmitted well through the materials of 
interest and the detectable level of sound is usually higher at the higher frequencies; hence 
signal-to-noise would be poorer. 

We have made preliminary measurements to test the potential of x-ray induced 
photoacoustic imaging using "white" radiation from a bending magnet at the Stanford 
Synchrotron Radiation Laboratory. The experiment is shown schematically in Figure 8. 
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Figure 8. Schematic arrangement of the experiments performed at SSRL, 
illustrating the use of a chopper wheel to modulate the x-ray beam. 

The synchrotron beam is collimatcd to a desired size and is absorbed by a fused silica 
buffer (selected because it transmits sound well while absorbing the x-radiation and 
thereby protecting the transducer from damage by the intense direct beam). A frequency of 
2kilohertz was superimposed on the beam by a chopper wheel, since none of the signals 
produced by one pulse would die away before the next pulse arrived. The transducers 
employed were 0.1,1,10,15 and 25 megahertz piezoelectrics built for NDE applications. 
In all cases the transducer was bonded to the silica with cyanoacrylate adhesive, acoustic 
paste, or with vacuum grease. 

Acoustic detection was excellcat with the signal averaging used (Figure 9). Consis(esit 
results were obtained only with the cyanoacrylate adhesive using the 10, 15 and 25 
megahertz transducers on the silica tar&et We found the best detection with a 25 megahertz 
transducer (the closest to the 30 megahertz frequency available). The transducer was a 
conventional highly damped NDE contact transducer. The amplifiers used were two low 
frequency (2 Mhz) ultrasonic amplifiers cascaded together to provide 120 dE of tain 
(X1,000,000). The detection of the high frequency pulses depends on the superposition of 
many pulses to achieve a low frequency signal capable of being detected by the signal 
averaging oscilloscope at two kilohertz. Since no sound was detected at 0.1, or 1 
megahertz transducers it is reasonable to assume that the sound generated follows the 
absorbed x-ray pulse without introducing significant low frequency content (Others have 
reported frequency signals at the basic 1 Mhz orbital frequency of the synchrotron, 
however.) 

After perfecting detection with a 25 megahertz transducer with fused silica we thought 
that detection in materials with high CTE and high absorption would be straight-forward. 
We tried aluminum and copper which should both generate about ten times more sound 
than silica but were unable to detect any sound generation in these materials. The sound 
generated when these materials were bonded to the fused silica actually decreased by about 
the amount of the x-ray absorption by that material and thickness! 

Initially we were at a loss to explain why this was but we postulate the explanation as 
the inability of the polycrystailine specimens cf aluminum, aluminum oxide, copper and 
boron carbide and similar materials to pass the 5 gigahertz sound into the fused silica 
which can transmit mis frequency. To test this prospect we used a similar detection scheme 
on a steel block at a Febatron pulsed x-ray machine available at Lawrence Livermore 
National Laboratory. The pulse length is fifteen times longer than tiie pulses used at the 
synchrotron source and sound was detectable under these conditions. This machine can 
only provide one pulse every five seconds, although a very intense one. 
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Figure 9. X-ray induced photoacoustic signal. Time averaged signal 
showing the 2 kHz chopper frequency, usiig a silica specimen, 3 
mm beam collimator, and 25 mHz receive'. 

This suggests that the x-ray source that is needed to allow successful x-ray 
photoacoustic imaging must be somewhat different than those usually employed for 
conventional imaging. The ideal source should be able to modulate the x-ray beam at 
frequencies between 1 and 30 megahertz and have average power levels about an order of 
magnitude greater than the SSRL beam we used in this experiment (-2 watts-cm-2). The 
ideal source should then be able to achieve power densities of 20 watts-cm-2 and have 
dimensions of a few microns. Such sources are becoming available through the use of 
low-angle x-ray optics based on synthetic multilayers. Modulation with a rotating-anode x-
ray machine is illustrated in Figure 10. 
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Figure 10. A posssible x-ray source for phot-acoustic imaging. The rotating 
anode is slotted, which provides modulation of the x-ray beam so that it will 
excite acoustic modes in the material placed in the focal zone of the lens. 
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