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Introduction

Harmonex X-Ray can be applied to x-ray calculations from the most common
lab situations to sophisticated research topics. In this article, we show you how to use X-
Ray by examples. In each example, we introduce the problem, discuss the physics of the
equations and formulas, and then use X-Ray to solve the problem. We have included
spreadsheets of the calculations in the examples. These were created with Harmonex X-
Ray. For each example, you can open the spreadsheet and follow along with the
calculations. Then, the spreadsheets can be re-used and combined for your own
calculations. The diskette provided is for Windows so the files can be opened directly by
Microsoft Excel. To use on a Macintosh, convert the files with the Apple File Exchange

utility. Then open the files from within Excel (using EgO).

Because X-Ray provides both physical data and a software environment for
doing calculations, its potential applications are unlimited. A solution to a particular
problem with X-Ray is implemented in a spreadsheet. The spreadsheet contains both x-
ray data, calculations, and parameters. In this tutorial, you will see how to set up a
spreadsheet to do useful calculations that previously required a specially written program.
This approach gives you a way to implement the calculations that are done repeatedly
and also to rapidly modify and extend them for new situations.

The examples that we will discuss are:
1. calculate image values in a computed tomography image,
2. design shielding for a Co0 Source,
3. calculate exposure (Roentgens) with an industrial x-ray tube source, and
4. compute (photons/cm2)/milliRoentgen for molybdenum anode tubes.

If you wish to discuss your particular application, please give us a call.

Before we begin our discussion of the examples, we will introduce the use of
the spreadsheet user "front-end” with X-Ray.

Spreadsheets for X-Ray Calculations

The tools typically used for x-ray calculations are hand calculators or writing
and compiling programs in languages such as Fortran or C. Hand calculations give quick
results but are error prone and tedious for calculations of any complexity. Compiled
programs can process large amounts of data but are difficult to write, test and debug.
Spreadsheets provide an alternative intermediate between these two methods.
Calculations can be started and done as quickly as by hand. Data can be entered directly



into spreadsheet cells and calculations done by simply by entering formulas into other
cells. Modern spreadsheets provide a variety of built in mathematical functions to
implement the calculations. The spreadsheet interface provides the capabilities shown in
Table 1.

Table 1
Calculation Capabilities of the Interface
Mathematical Functions Statistical
exponential average
logarithm median
trigonometric variance

standard deviation

Matrix Database
multiply lookup
inverse match
determinant index

The spreadsheet can also process large amounts of data like a compiled
program. Different cases can be handled by entering the data in a column and then
copying the formulas that implement the calculations. The spreadsheet will automatically
do the computation with the corresponding data. Examples of the use of the spreadsheet
to process data sets are given later. For sophisticated users, the spreadsheet also provides
a powerful macro language with capabilities similar to compiled computer languages.

Although the capabilities listed in Table 1 are powerful, they, of course, do not
provide the physical data required for x-ray calculations. These data are provided by the
X-Ray program tools. The examples show how to combine the data with these tools to
provide complete calculations.

Example 1. Computed Tomoqgraphy Image Value

X-ray computed tomography (CT) provides images with two unique
characteristics. The most widely known feature of CT is that it gives an image of a cross
section slice through an object. But perhaps equally important is that the image is a
highly accurate "map™ of the the linear attenuation coefficient of the material of the
object. The x-ray attenuation coefficient varies strongly with energy so the CT value of
an object depends on the energy spectrum used to measure it. The first example shows
how the x-ray software tools can be used with the spreadsheet functions to calculate the
average attenuation coefficient, and therefore the CT value. To carry out this calculation,
we will need two quantities: the attenuation coefficient u(E) and the spectrum S(E). With

these quantities, one way to define the average attenuation coefficient p is
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where L is the thickness of the object, e is the charge of an electron and V is the tube
voltage so eV is the maximum energy in the tube's spectrum. Notice that the quantity in

brackets is the transmission t (the flux with the object in the x-ray beam divided by the
flux with no object). Equation 1 simply solves the equation, t = exp(-

_ . A 1
u L), for the average attenuation coefficient p = - L In(v).
We will show how to implement Equation 1 using the X-Ray software tools.

We will assume the object consists of water. The menubar in Figure 1 shows the
categories of tools available—the Attenuation menu is pulled down displaying its tools.
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Figure 1 Software menu bar. This shows the categorieé of tools available for
building software models. The Attenuation menu is pulled down showing its
tools.

Suppose we want to calculate the average linear attenuation coefficient of
water. We select Compound in the Attenuation menu which brings up the dialog box in
Figure 2.We specify the material by using its chemical symbol, for example H20 for
water. In the Output Units box we can specify the linear attenuation coefficient. This
requires the density (which is, of course, 1.0 for water). Clicking on OK causes the
server to calculate the attenuation coefficient and place the results in the spreadsheet. The
results are shown in columns C and D of Figure 3. The value in D1 is the density used in
the calculation.
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Figure 2 Dialog box to calculate the attenuation coefficient of water.

Next, we can use the X-ray Tube tool in the Spectrum menu to calculate the
spectrum. This brings up a dialog box similar to Figure 2 to specify the spectrum param-
eters. We enter the same energy range as for the attenuation coefficient and the server
calculates the spectrum in in columns A and B of Figure 3. Before invoking the tool, we
selected cell Al to tell the program where to put the results. Now we can use the spread-
sheet tools to calculate the average attenuation coefficient. In column E we calculate the
products of the spectrum and the transmission at every energy. To do this we select cell
E3 and enter the formula =B3*exp(-$C$20*D3). This calculates the product at 10 keV.
To calculate at other energies we "click and drag" over cells E3 to E17 then select Fill
Down under the Spreadsheet menu. This copies the formulas down (the appropriate row
number is used for every row, the $ signs in $C$20 causes the same cell to be used in
every row for the thickness, L). We approximate the integrals in Equation 1 as sums
using the spreadsheet's SUM() function. The formula for the average attenuation
coefficient is entered in cell D20. The formula is shown at the top of Figure 3. It's a
straight forward implementation of Equation 1. The CT value displayed is proportional to
the average attenuation coefficient. The exact relationship depends on the CT system.
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Figure 3 Spreadsheet to calculate the average attenuation coefficient.

We have now created a general purpose tool. To see its use, follow along in the
spreadsheet . Load the file CTvalue.xls into Excel. Select cell C20. This contains the size
of the object in cm. If we change the size to 10 cm, we immediately see the average mu
increase to 0.206. This change is due to beam hardening. The thinner object causes less
beam hardening so the average energy is lower and the attenuation coefficient is larger.
You can also change the composition of the object. In columns G and H, we have placed
the attenuation coefficient of carbon. Select cells G1:H17 and copy them onto the
clipboard. The select cell C1 and paste. The spreadsheet then computes the average linear
attenuation coefficient of carbon as 0.385. To calculate the average attenuation
coefficient of any other material, we select cell C1 then either Element or Compound
from the Attenuation menu. X-Ray places the data into the spreadsheet which then
automatically calculates the average coefficient for the new material. We can save the
spreadsheet as a disk file and load it again whenever we need it. It can be distributed to
other users—so long as they have their own software. The other users do not need to do
their own programming. They can simply enter the parameters for their immediate
application and use the results.

Example 2:Design Shielding for a Co%0 Source

The second example is the design of shielding for a Co®0 radioactive isotope
source. We will assume that we have a specification of 0.1 milliRoentgen per hour at a
distance of 1 meter from the lead shielded 1 milliCurie source. The approach is to
calculate the exposure rate (in Roentgens per hour) at a specified distance attenuated by a
shield material. We can then interactively vary the thickness of the shield to give the
desired exposure rate. The same model can be used for many different applications. For
example, in radiography the model can be used to calculate the time to produce a well




exposed film image of an object (We will need to know the exposure at the film to give
the required film density.).The model's geometry is shown in Figure 4. A radio-isotope
source with activity C (curies) is located at a distance R (cm) from a measurement or
image plane. The radiation from the source passes through a thickness t (cm) of material
with linear attenuation coefficient u (cm1). The exposure rate D can be calculated from
the energy flux rate ¢ (energy per unit area per unit time) multiplied by the mass energy
absorption coefficient of air (u/p)e *. The activity C gives the the number of radioactive
nuclei disintegrating per second (one Curie is 3.7x1010 disintegrations per second). If Ey

is the energy of the radiation produced per disintegration, then ¢ = CE, 14nR2-,
Multiplying by the shield transmission gives

C
D = 7r2 Br (Wp)e exp(-t) )

If, as is the case with Co60, two photons are produced for every disintegration of the
radio-isotope, the model generalizes to

D = (ni/p)e Ey1exp(-pEv1)))+ (n2/ple Ey2exp(-wEr2)t)) 3
where E,1 and E,2 are the energies of the two gamma rays produced by the radio-
isotope. For Co80, these energies are 1170 and 1330 keV. To convert the units, we will

also need the conversion factor: 1 Roentgen corresponds to 5.5x1010 keV absorbed per
gram of air.

® R >
Radio-isotope Measurement D
Source C vl
<a— [ —»

Figure 4 Geometry for dose rate calculations. The model gives the exposure
rate D at a distance R cm from a C curie source with t cm absorber having a
linear attenuation coefficient .

The spreadsheet (Cobalt60.xls) in Figure 5 implements Equation 3. The
calculation requires two types of coefficients. One is the linear attenuation coefficient of
lead. This can be calculated using the Element tool of the Attenuation menu. This
brings up a dialog box similar to Figure 2. For elements, X-Ray provides the density (by
checking the "builtin™ option box) for the linear attenuation coefficient. We can use the
energy list feature of X-Ray to enter the Co60 energies. In the "Start Energy or Energy
List" box, we enter 1170;1330 (the gamma ray energies in keV) and X-Ray calculates the
values at exactly these two energies. The results are placed in the spreadsheet in columns
A and B rows 1 to 4.



We also need the energy absorption coefficient of air. This can be calculated
using the Compound tool. We use the cell entry feature of X-Ray. The fraction by weight
formula for air is entered in cell E1 (.755 N, .232 O, and 0.013 Ar). In the Compound
dialog box (Figure 2) we enter the cell location for E1 in RC notation, r1c5. X-Ray then
reads the formula from this cell. We also need to check the "Fraction by Weight" option
in the "Formula Type" box on the lower left of the dialog. The results are placed in the
spreadsheet in columns C and D rows 1 to 4.

We can now use the spreadsheet to compute the other results. These are shown
in Figure 5 (rows 7 and 8). Cells A8,B8, and C8 contain values for the variables: source
activity C, source to measurement plane distance R, and object thickness t. Cell D8 con-
tains the formula to calculate the dose rate. The formula, shown in the top row of Figure
5, is a straight forward implementation of the equation. Conversion factors to go from
disintegrations per second to Curies, seconds to hours, and keV/gm to Roentgen are
entered in cells E4, E6, and E8 (the factor of 1000 converts from Roentgens to
milliRoentgen). Now, the power of the spreadsheet can be applied immediately. We can
change any of the parameters and the effect on the dose rate will be calculated
immediately. By adjusting the lead thickness in cell C8, we see that it takes 3.8 cm (about
1.5 inches) of lead to reduce the exposure rate to the specification. What thickness gives
1 mR/hr? (answer: 0.37 cm).

We can extend the spreadsheet model to include buildup factors for scattered
gamma rays. For imaging, we can compute the time to produce a well exposed image on
our film or other detector with a particular object material and thickness.
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Figure 5 Design of shielding for a Co60 source. The software places the results
of the calculations in the spreadsheet in rows 1 to 4. The formulas entered in
rows 7 and 8 implement Equation 3. The formula in cell D8 is displayed along
the top. It implements Equation 3 using the values in the spreadsheet.

Example 3: X-ray Tube Output

The third example is calculating the exposure rate with an x-ray tube source.
This model can be used, for example, to make quantitative calculations of x-ray tube
output. For this example, we will compare the exposure rate calculated by X-Ray to the
manufacturer's specification. The data sheet for the Philips MCN 421 industrial x-ray
tube states that, with the voltage at 300 kV and the current at 10 mA, the tube produces



an exposure rate of 9800 Roentgen/min at a distance of 20 cm. Let's compare this to the
predicted exposure rate by X-Ray.

The exposure (in Roentgens) with a broad spectrum source—like an x-ray

tube—is
eVTt
S(E) (Habs(E)
X = J47§R)2 ( a; )a"dE | “
0

This equation is analogous to Equation 3. X-Ray produces an energy spectrum so S(E) dE
is the x-ray energy of photons with energy from E to E+dE. Dividing this by 4nR2 gives
the flux density and multiplying by the mass energy absorption coefficient of air gives
the exposure. The X-Ray Spectrum tool produces units of joules so we will have to use
the conversion factor that one Roentgen is equivalent to 8.8x10-6 joule/gram of air. The
integral can be calculated by breaking up the energy range into a large number of
intervals, calculating the integrands at each interval, and summing them.

Generating spectra

The software can automatically generate an x-ray tube spectrum. Selecting X-
ray Tube from the Spectrum menu calculates a spectrum and places the results in the
spreadsheet. It can be plotted using the tools in the Plot menu. The results are shown in
Figure 6. The sharp peak near 60 keV is the tube's fluorescence radiation.

Calculating X-Ray Tube Output

The data can be used to calculate the tube output using the spreadsheet
spectrum.xls shown in Figure 7. This implements the calculation of the tube output. The
x-ray tube spectrum generated by X-Ray is in columns A and B. In columns C and D, we
placed the mass energy absorption coefficient of air. Column E contains the product of
the spectrum and absorption coefficient. The formula to implement Equation 4 is in cell
E20 and is displayed at the top of Figure 7.

With the X-Ray spreadsheet model, we can now compare the calculated and
experimental results. A tube current of 10 mA for one minute is 600 mAs which is
entered in C20. The tube specification specifies that the output is measured at 20 cm from
the tube so this is entered in cell D20. The calculated result is 9700 r which should be
compared to the 9800 r in the tube specification. This close agreement is probably better
than might be expected in general. It is very sensitive to the low energy spectrum where
other factors such as the attenuation of air and of the case of the measurement
instruments needs to be entered into the computation.

What is the exposure at 1 meter from the tube? This can be computed by
changing cell C20 to 100 cm. (answer: 389 R/min).
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Figure 6 Plot of the spectrum data generated by the x-ray tube spectrum
generation tool.
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Figure 7 Spreadsheet to calculate x-ray tube output. The output in Roentgen is
in cell E20. The mAs (tube current multiplied by exposure time) is in cell F20
and the distance from the tube is in cell D20. The formula to implement
Equation 4 is in the top row of the figure.



Example 4: Compute (Photons/cm?)/milliRoentgen for a Mo Tube

The fourth example shows two features of X-Ray : (1) implementing a new
calculation by extending a template spreadsheet and (2) the accuracy of the spectrum
calculation for a molybdenum (Mo) anode tube. After implementing our tube spectrum
model, we needed to validate it using experimental data. We did this by comparing X-
Ray's computed spectrum to experimental data from the Bureau of Radiological Health
(BRH)?. The BRH report described measurements of the spectra of Mo anode x-ray
tubes. From these measurements, the report computed the number of photons per square
centimeter per milliRoentgen exposure. To check our spectrum data, we computed this
quantity for X-Ray's spectrum and compared it to the experimental results. We did these
calculations by building on the spectrum.xls spreadsheet from Example 3.

The computation was done by implementing spreadsheet calculations for the
numerator and denominator in the (photons/cm2)/milliRoentgen parameter. The
spectrum.xls spreadsheet already computes a quantity close to the one required for the
denominator. It computes the exposure for a tungsten anode tube; we need the exposure
for a molybdenum anode tube. Modifying spectrum.xls to compute the Mo anode
spectrum is straightforward. Simply click on cell Al then choose Other Z Anode Tube in
the Spectrum menu. In the dialog box, specify a Mo anode, a tube voltage of 20 kV and
a window thickness of 0.06 cm of aluminum. This gives the result shown in Figure 8
(which is in file molyspec.xls). We also need to compute the air energy absorption at the
new energies. This is done using the Compound command in the Attenuation menu as in

Example 3.
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Figure 8 Spreadsheet spectrum.xls is used to compute the exposure for a Mo
anode x-ray tube. Note that the mAs cell was changed to 1.

Next, we need to compute the number of photons per square centimeter. We did
this by computing the photon number spectrum for each photon energy in column F then
summing it. X-Ray produces an energy spectrum with physical units Joules per keV. To
transform this to number of photons we just divide by the energy per photon (which is in
column A). We need to transform Joules to keV so we multiply by the conversion factor
in cell B20.

The parameter is computed in cell F20 of numspec.xls shown in Figure 9. We
sum the number spectrum then divide by the area of a sphere with radius equal to the
distance to the tube to give us the number of photons per unit of area. Dividing by the
exposure in cell E20 (multiplied by 1000 to give milliRoentgen) gives the parameter. The
BRH report gave an experimental value of 2.8350E+06 for this spectrum. Our value of
2.58E+06 is about 9% different.
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Figure 9 Spreadsheet to compute (photons/cm2)/milliRoentgen parameter. This

is saved in file numspec.xIs.

The BRH report contained parameters for a set of tube voltages and added
aluminum and Mo filtration thicknesses. A comparison of our results with the
experimental results is plotted in Figure 10. The largest error is about 10% but most
errors are substantially smaller. To compute these values we developed a more
sophisticated spreadsheet that allows us to specify the Al and Mo added filter

11



thicknesses. The spreadsheet is in file numspec2.xls. This spreadsheet is a
straightforward extension of numspec.xls. Study the formulas to convince yourself that it
computes the parameter correctly.
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Figure 10 Comparison of (photons/cm2)/milliRoentgen parameter for
experimental and X-Ray spectra. Values for corresponding X-Ray and
experimental spectra are joined by a line. If only one box is shown, the values
for both spectra are the same.

Implementation

The physical attenuation data are calculated from a table published by x-ray
physics researchers®. The table combines and reconciles values from the best available
references in the scientific literature®>%’. It is arranged as values for all the elements
with atomic number from 1 to 94 versus energy. The energy values are chosen so that
intermediate energies can be calculated by using log-log interpolation to an accuracy at
least as good as the the original data. The software is based on the published table but
rearranges it for efficient computer searches. The resulting method of computation is
unique but still reproduces the values of the published table.

The bremsstrahlung x-ray spectrum data are calculated from Kramer's model®.
The fluorescent radiation is then added if the tube voltage is sufficiently high. Two
models are used for tungsten anode and other anode elements. The intensity of the
tungsten anode fluorescent radiation is calculated using a model based on Tothill's
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results®. The intensity for other anode materials is based on the model described in Green
and Coslett®,

An important advantage of the software's implementation is that it can be ported
to different platforms while still retaining the same user interface. Versions exist both for
the Macintosh and Windows environments.

Conclusion

The software tools described provide an open architecture that the user can
customize for individual needs. The tools provide efficient calculations of physical x-ray
parameters with an interface that allows them to be combined for a specific application.
The applications presented here show the power to implement calculations quickly and
efficiently then to incorporate and extend them for other applications.
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