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Executive Summary
Goal: Develop metrics for dual-energy radiography.

Application: Evaluate surrogate assemblies whose appearance using dual-energy x-ray
radiography systems is indistinguishable from real threat assemblies that the systems are
required to alarm on.

Metrics developed: We have defined two metrics. They are derived from the photon flux
density transmitted along an idealized bremsstrahlung ray through an assembly.

If the “transmission” is defined as the ratio of transmitted to incident photon flux density,
the first metric is the ratio of transmission of a bremsstrahlung ray of one endpoint energy
to the transmission of a ray of a higher endpoint energy. The second metric is the number
of mean free paths of one of the radiologic non-intrusive inspection beams along the ray,
computed by the natural log of the inverse of the transmission.

The first metric tends to increase with increasing Z. The second metric tends to increase
with increasing areal density (the product of mass density and thickness) along the ray.
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and 9 refer to 6 and 9 MeV endpoint bremsstrahlung beams. These metrics are broad
enough to cover systems of different source spectra and detector spectral response; in
other words, these metrics capture physical properties of the assemblies and not the x-ray
radiography systems.

These two metrics are plotted in a Cartesian space as [[/[O% I
0




Introduction

CAARS (Cargo Advanced Automated Radiography System) is developing x-ray dual
energy and x-ray backscatter methods to automatically detect materials that are greater
than Z=72 (hafnium). This works well for simple geometry materials, where most of the
radiographic path is through one material. However, this is usually not the case. Instead,
the radiographic path includes many materials of different lengths. Single energy can be
used to compute wy; (see below) which is related to areal density (mass per unit area)
while dual energy yields more information.

Approach

This report describes a set of metrics suitable and sufficient for characterizing the
appearance of assemblies as detected by x-ray radiographic imaging systems, such as
those being tested by Joint Integrated Non-Intrusive Inspection (JINII) or developed
under CAARS. These metrics will be simulated both for threat assemblies and surrogate
threat assemblies (such as are found in Roney et al. 2007) using geometrical and
compositional information of the assemblies. The imaging systems are intended to
distinguish assemblies containing high-Z material from those containing low-Z material,
regardless of thickness, density, or compounds and mixtures. The systems in question
operate on the principle of comparing images obtained by using two different x-ray end-
point energies — so-called “dual energy” imaging systems. At the direction of the DHS
JINII sponsor, this report does not cover metrics that implement scattering, in the form of
either forward-scattered radiation or high-Z detection systems operating on the principle
of backscatter detection. Such methods and effects will be covered in a later report.

The metrics described here are to be used to compare assemblies and not x-ray
radiography systems. We intend to use these metrics to determine whether two
assemblies do or do not look the same. We are tasked to develop a set of assemblies
whose appearance using this class of detection systems is indistinguishable from the real
threats. To check such an indistinguishability, we must define metrics that are broad
enough to cover systems of different source spectra and detector spectral response; in
other words, the best metrics should capture physical properties of the assemblies and not
the source and detectors employed. In fact, one requirement for the metrics is that, as the
detection circumstances change, the similarity or difference of the metrics of two
assemblies should be maintained.

This report describes the set of two simple “dual energy” metrics that we have selected. A
second report (Wurtz, et al. 2009) goes on to demonstrate several characteristics of the
metrics, including how sensitive they are (or are not) to changes in the detection systems,
shielding, etc.

Attenuation metrics

A radiographic image is a projection in the form of a two-dimensional array of pixels.
Each pixel in the image represents the transmission of a penetrating beam of photons
projected from a source, through an intervening material or assembly of materials, into a
medium sensitive to the photons. Under the completely idealized conditions called
“narrow beam geometry” or “good geometry”, a beam of penetrating radiation of photon
flux density / moving through an assembly of materials is removed by each layer of
intervening material by the differential relation of attenuation
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where p is the mass density of the material, (i/p) is the mass attenuation coefficient, and
y; is the thickness through one of the intervening materials. This results in the equation
for each layer of
I — IO e*ﬂy !
where /j is the incident beam, / is the transmitted beam, and p is the x-ray linear
attenuation coefficient (the inverse of the beam’s energy-dependent and Z-dependent
mean free path through those materials). As the beam travels through the whole
assembly, the attenuation is multiplicative, making the exponents additive, and we obtain
- Zu,y li
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The preceding expression can be used when the beam is composed photons of a single
energy. In the case of a beam composed of a range of energies, like a bremsstrahlung
beam, the complete expressions for the transmitted and incident photon flux density are
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For the rest of the discussion, we will refer to 7 and /j as in the above expressions. These
are the measured quantities (ignoring real-world corrections made for sources and
detectors which we will not deal with in this report) so we move the unknowns to the
right side,
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Note that in the ideal case with a single layer and a monoenergetic beam, this can be
expressed very naturally using the logarithm as

I
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which is simply the number of mean free paths of the beam through the medium. In fact,
this causes the log of I/] to be a natural unit regardless of the energy distribution or
number of layers.

As an aside, because of this natural unit, one might be tempted to define an effective mu
“les” by the measured radiographic transmission 1/ along a path from source to detector

element of known length y; tuown,
1 I
= In —Oj.
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In a radiographic image, .5 represents a parameter capable of helping determine the
location of high-Z material, where larger p.;is generally associated with higher-Z
material. In reality, even if ), has been measured, the computed . does not strongly
correlate with the presence of high-Z in the intervening material unless it is the dominant
material along the line of sight. Similarly, one might be tempted to assume a value of p



for a known substance (say p4) and use /I, to obtain an equivalent path length for that
substance

lA equiv — L ln[&J .
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In either case, the only measured quantities are / and /. This report intends to remove
itself as much as possible from either knowing y; or assuming a substance’s . Stated
plainly, our metrics will be based only on /1, (without scattering), effectively the number
of mean free paths for the source-assembly-detector setup. If it is true that pey or legui
correlate with Z, then this simple function of /1, will too.

Implementation

A “dual energy” system uses a second source of different energy spectrum to obtain a
second radiographic projection image. One records the pair (I/1y|,, I/Iy|2) for every pixel,
where the “1” and “2” signify conditions of the two interrogating beams. The advantage
is that, with measurements of transmission at two different energies in each pixel of the
image, better Z-dependent distinctions for each pixel can be drawn. Z sensitivity is
strongest where p changes most rapidly with Z and energy. For these simulations of
integrated 1/ we follow the convention to choose the two different sources to have 6 and
9 MeV endpoint bremsstrahlung spectra. These two endpoints have been selected by
others because they provide differing distributions of photons below and above the
boundary in energy where pair production cross-section rises above the Compton
scattering cross-section. Regardless of endpoint, both beams are mostly composed of
photons below 1.5 MeV. When comparing integrated /1, for 6 and 9 MeV, the cross-
section dependence on the Compton to pair production boundary is strongly diluted by
integrating in these low-energy photons. To reduce the dilution, we compute integrated
I/Iy cut-on sharply above 1.5 MeV.

Finally, even after making careful spectral selections, although there is a broad range of
(/Iy|1, I/To|2) among all the pixels, when these metrics are plotted, all the pixels in an
image closely hug the x=y line for almost all values of Z. In order to improve the ability
to visually separate distributions of pixels in a dual energy image, we have decided to

compute the metrics as
1/1
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so that the x-axis is the slope of the line (I/1y|1, I/y|;) and the y-axis is the number of mean
free paths of one of the beams along the ray into the pixel.

To re-iterate: we will compute the attenuation of rays through assemblies into images
made of pixels. The two modeled sources will be 6 and 9 MeV endpoint bremsstrahlung,
with a low-energy cut-on at 1.5 MeV. We will derive two metrics from these two
attenuation images.

For illustration, we have computed these two metrics for ordered pairs (Z,/) of pure
elements at the densities they are found at standard temperature and pressure (STP). Z
runs from 1 through 99 and y; runs from 0 to 20 cm. Each element is displayed as a line
starting at (1,0), where the thickness is 0 cm and the transmission of each beam is 1.



Because the mean free path through a gas is long compared with 20 cm, gases are
scallops at nearly (1,0) in this graph. Al, Fe, Ag, Pb, W, U, and Pu appear in red to guide
the eye.
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Figure 1: Two radiographic metrics for all elements at STP. See text for explanation.

These metrics will be computed using the HADES code developed at LLNL for
radiographic imaging simulations (Aufderheide, ef al. 2000, 2004). The code will be
presented with each assembly to be interrogated and characterized, two planar collimated
bremsstrahlung sources of 6 and 9 MeV endpoint with spectra that do not exhibit spatial
variations, and a planar detector with a simple boxcar spectral response cut-on at 1.5
MeV and fine spatial sampling. The code will create two images, essentially arrays of
pairs of (/Io|1, I/Iy|,) that can be compared against pixels in images of other assemblies.
Because the point is to obtain an ensemble of pixels that can be used to compare two
assemblies, these simulations are best described as “idealized”.
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