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X-RAY ATTENUATION COEFFICIENTS 

L J Martin and J F Hika 

INTRODUCTIOH 

A facility is being establisheo for the precise measurement of X-ray 
attenuation co-efficients. As well as provioing accurate values for Materials 
of interest throughout the medically relevant energy range, the sensitivity of 
the results to various aspects of the experiaental arrangement will be 
evaluated. By observing which systematic errors are associate*, with 
particular experimental arrangements, a better comparison with other data will 
be made. 

THEORY 

Tne interaction of X-ray photons with matter is characterised by several 
atomic processes. The most important in the medical X-ray energy range are: 

1. Photoelectric absorption - The photon is completely absorbed by the 
atom which then emits either an electron or another photon of 
different energy. 

2. Compton scattering - A collision occurs between the inicident photon 
and an atomic electron. The resultant, scattered, photon is of lower 
energy and is generally deflected from the original direction. 

3. Coherent scattering - The photon collides elastically with an atom, 
thus changing direction but retaining its initial energy and phase. 

Each of these interactions has the effect of removing energy from the incident 
beam and directing the lost energy to either electrons in the material or to 
scattered photons. 

The overall reduction of incident oeam intensity is described by the total 
interaction cross-section. The magnitude of this quantity depends strongly on 
the incident photon energy and on the atomic number of the absorbing material. 
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If a highly collimated mono-energetic beam of photons passes through a 
thickness t of sample, the ratio of transmitted, I, to incident, I , 
intensity is given by. 

I/I0 = exp (-„t) U) 

The interaction cross-section may be calculated from an experimental 
aetermination of y, the linear attenuation coefficient or, more commonly, from 
(y/p), the mass attenuation coefficient. The latter is derived from y by 
dividing by the sample density, p. 

Many photons will be transmitted with an energy that differs from the inciaent 
photon energy ana will emerge at an angle to the incident beam. These photons 
must be excluded from the measurement of I if the true narrow-beam attenuation 
is to be measured. Hence a detector with good energy resolution, together 
with a highly collimated geometry are essential. 

APPLICATIONS 

A knowledge of attenuation coefficients is required in practically all areas 
of work in which the interaction of X-rays with matter is considered. For 
ex amp 1 e: 

i. A Computer Assisted Tomographic (CAT) scanner provides a map of X-ray 
absorption throughout a region of interest (1), (2). An accurate 
knowledge is then required of the dependence of the X-ray absorption 
on the atomic number of the absorber and the energy of the X-ray beam 
to reconstruct an image of the absorber material itself. 

2. Solia state photon detectors are widely used to accurately measure X 
and gamma radiation from irious sources. Knowledge about the 
interaction of incident photons with the detector itself and its 
surroundings is essential to the proper understanding of the 
detector's energy response and absolute efficiency. To confidently 
model the detector's behaviour using Monte-Carlo or other 
calculations, we not only need to know the total attenuation 
coefficient of the materials involved, but also the components of 
this which are due to different interaction processes (3). 
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3. The use of X-rays for the non-destructive analysis of materials often 

requires data on photon attenuation. For example, given a mixture of 
different elements, the attenuation coefficient is given by: 

(M/PHE) = n HLW i (w/p^E)] (2) 

where W. is the weight fraction of the i'th element in the total 
mixture of elements 1 to n. ( U / P L ( E ) is the attenuation 
coefficient of element i at energy E. 

If a number of measurements of (P/P) are taken at different energies 
and the ( W / P ) - coefficients are well known as a function of energy, 
then the weight fractions, W., can be calculated. This technique 
is useful in the elemental analysis of a bulk material and do ̂  not 
need very elaborate sample preparation. Under optimum conditions, 

-4 -3 and for certain materials, weight fractions of 10 to 10 can 
be measured (1), (4). 

ATTENUATION COEFFICIENT MEASUREMENT 

One is often interested in different physical aspects of an X-ray beam (e.g. 
photon flux, energy flux, absorbed dose) and these quantities alter in 
different ways during interaction with matter. Correspondingly, there are 
many alternate ways to express X-ray attenuation and one must therefore be 
clear about which is applicable (5). 

The most commonly used measure of photon attenuation is the narrow beam mass 
attenuation coefficient. This quantity should be measured by use of a 
perfectly collimated, monochromatic X-ray beam, with the same collimation 
conditions applying to the transmitted photons. For elements it depends only 
on the X-ray energy and «.he type of absorber material, but not on its physical 
state or density. 

Several tabulations of mass attenuation coefficient are currently available 
(e.g. (5), (6)), generally combining measurements from different sources with 
theoretical, and usually approximate, calculations. Indeed the tabulated 
coefficients for some materials have never been measured but rather have been 
obtained by interpolation. Also, as pointed out by Hubbell (7), some of the 
experimental determinations are in disagreement by up to 5 percent ,n the 
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energy range considered here. This is possibly due to difference in 
measurement techniques which would tend to introduce different systematic 
errors in each case. 

It is our intention to measure the attenuation coefficients of interest, using 
a variety of techniques and geometrical arrangements, in an effort to identify 
the errors involved in each case and hence to eliminate them. 

EXPERIMENTAL ARRANGEMENT 

From equation (1) it can be seen that the mass attenuation coefficient is 
given by: 

(U/P) - l/(pt) . l n ( y i ) (3) 

The determination of (u/p) then requires that the ratio of incident to 
transmitted intensities, IQ/I» be mee 
through which the beam passes be known. 
transmitted intensities, I /I, be measured and that the amount of material 

H 

Fig. I - Experimental Arrangement 

The thickness and density of solid sample; can be measured using micrometer 
ana analytical balance to the desired level of accuracy. The experimental 
arrangement for determining the intensity ratio is shown in figure 1: 

1. The primary X-ray source is a MAXIMAR - 220 therapy X-ray generator 
capable of operating at up to 15 mA filament current at tube voltages 
of between 100 and 220 kV. 
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A monochromatic beam is obtained by allowing the primary X-rays to 
strike a perfect Si crystal cut with its faces parallel to the (111) 
planes. When the crystal face makes an angle of 8 with the incident 
direction, a diffracted beam of wavelength x is reflected at an angle 
of 29 to the incident beam, where 

nx = 2dSin8 (4) 
d = 3.136 A for the (111) reflection 

and x = 12.4/E A/keV 

Thus the diffracted beam will have an energy 

E = (6.20n)/(dSin8) keV (5) 

Equation (4) is the Bragg diffraction condition, n is an integer 
l,2,3...n(max), where n(max) is determined by 8 and the maximum X-ray 
energy in the incident beam. Hence we often get more than one 
diffracted beam in a given direction, 28, each with photons of a 
fixed energy given by (5) and corresponding to different values of 
n. The energy width of the monochromatic beam produced depends on 6 
and the angular divergence of the collimators. It ranges from 200 eV 
at 20 keV to about 2 keV at 80 keV for the first order (n=l) 
reflections. 

A high-purity Ge solid-state detector is used to measure the incident 
and transmitted beam intensities. Due to its ability to separate 
photons of even slightly different energy, the various orders of 
Bragg diffracted beams are easily separated. Thus it is possible to 
simultaneously measure the transmission for a number of energies at 
each setting of crystal and detector angles. Its excellent energy 
resolution also aids in reducing the background contribution to each 
peak. 

The sample changer consists of a multi-position horizontal motion 
bed. A stepper motor and special rotary-to-linear motion device 
allows both rapid changing, and precise positioning, of samples. It 
is located before the analysing crystal so that radiation scattered 
in the forward direction by the sample, and which is not considered 
to be part of the transmitted intensity, will fail to satisfy the 
Bragg condition and hence not be detected. 
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To obtain narrow beam geometry, we require that the incident and 
transmitted beams should have low angular divergence. This condition 
is attained by means of two area defining collimators together with a 
pair of Soller slits. The collimators are placed in the primary and 
Bragg-diffracted beams and can be adjusted both horizontally and 
vertically to obtain the desired beam size and position. The Soller 
slits serve to limit the horizontal divergence to 0.075 degrees. 

A CAMAC based LSI-11 micro-computer acts as the system controller and 
data acquisition device. Because of high radiation levels in the 
experimental area, the detector 28 lead screw, the analysing crystal 
0 angle micrometer ano the sample changer are controlled remotely by 
means of three stepper motors. 

Amplified pulses from the X-ray detector are input to a CAMAC ADC, 
the output of which is directed to one of four regions in a 16K by 24 
bit woro store. A gate generator inhibits the ADC during that part 
of the mains cycle in which no X-rays are being produced. 

Spectra can be displayed and partially analysed during acquisition 
and all parameters relating to motor movements, ADC activity and data 
analysis can be altered by operator command. A feature of the systeir 
is its ability to send acquired spectra directly to the main 
Laboratory computer for storage and more elaborate analysis. A block 
diagram of the system is given in figure 2. 
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A typical measurement of the III ratio is undertaken as follows: 

1. With no absorbers in the b°am, the desired energy is selected by 
altering the 6/26 angles and the count rate optimised by finding the 
best transverse position for the crystal. 

2. The collimators are adjusted to give the required beam size and 
location. t 

3. One or two absorbers are placed in the sample changer, together with 
a thick lead absorber for background determination. 

4. To lessen the effect of any possible variation of X-ray output with 
time, the spectra for the absorber(s), no-absorber and background are 
acquired in a cyclic fashion with the sample position being altered 
frequently and the ADC output switched to the corresponding word 
store region. 

With this arrangement, high statistical accuracy in the I II ratio can be 
attained. Since this accuracy increases continually, although at a 
decreasing rate, with acquisition time, the limiting factor is the 
experimental time available. 
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