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1.0 INTRODUCTION

In assay by gamma-ray spectrometry, corrections for losses by absorption within the

sample are of major importance to the accurate determination of radionuclides

emitting low energy photons (less than about 200 keV). Although the effects of self-

absorption can be minimised by calibrating the detector using standard sources with

the same geometry and composition as the sample, there are many situations where

this approach is not practicable. In these cases it is necessary to make self-absorption

corrections first for the efficiency calibration of the detector from standard sources

and then for the activity of the sample.

Self-absorption corrections can be determined empirically, or theoretically using

direct mathematical models or Monte Carlo (statistical) methods. Simplified

mathematical models (validated by experimental methods) have been developed for

disk shaped samples used on planar and coaxial detectors (Battiston et al. 1987) and

for cylindrical samples used in well-type detectors (Appleby et al. 1992). A more

exact mathematical model for use on samples in Marinelli beakers has been developed

by Debertin and Ren (1989). Rigorous Monte Carlo methods incorporating self-

absorption corrections into the determination of detector efficiency have been
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employed by a number of authors (e.g. Nakamura 1972; Nakamura and Suzuki 1983;

Sanchez et al. 1991). More recently Hasse et al. (1993a, 1993b) developed a Monte

Carlo program that can be run on a personal computer.

In the present study, simple Monte Carlo simulations were used to determine the path

length of gamma-rays in various sample-detector geometries and arrangements. Using

readily obtainable data and the path length, the self-absorption correction factors of

gamma-rays by the sample can be calculated. The simulations were carried out on

three sample-detector arrangements: disk sample on coaxial detector, cylindrical

sample on well-type detector, and Marinelli beaker on coaxial detector. The

simulation code is in FORTRAN 90.

To verify the Monte Carlo simulation results, experimental measurements of self-

absorption in samples containing varying concentrations of uranium trioxide (UO3)

mixed with inactive flour were carried out (c.f. Appleby et al. 1992). This earlier

study showed that for gamma-ray energies up to 200 keV there exists a smooth

relation between self-absorption correction and the quantity |amm, where \im is the

mass absorption coefficient (cm2g'') and m the mass (g) of the sample. This relation is

also relatively independent of photon energy. For relatively low values of ^mm the

earlier study (of self-absorption in cylindrical samples in well-type detectors) also

showed that the relation is in exponential form. As a consequence of this, for a

particular sample-detector geometry, it is expected that there also exists a smooth

relation between self-absorption correction factors and the corresponding jimp values,

where p is the mass density (gem"3) of the sample. Thus in the present study, plots of

self-absorption correction factors against the corresponding fimp are used in the

verifications. Direct comparison with the results of other authors is also used to verify

the simulations.
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2.0 METHODOLOGY

2.1 The Simulations

Figure 1 shows the three sample-detector arrangements studied, with the appropriate

parameters needed for the simulations. In each case the sample is placed coaxial to the

detector. The source points generating gamma-rays were assumed to be uniformly

distributed within the samples. The position of each source point is described by the

vertical distance from the bottom of the sample, h b and the horizontal distance from

the axis, rj. In the simulation code, a source point is randomly selected by

randomising h, in the range 0 to hj, where r^ is the sample height, and rs in the range 0

to rs, where rs is the sample radius.

To describe the travelling path of the gamma-ray, two angular directions were needed.

The angle 0 determines the direction of the gamma-ray with respect to a line passing

through the source point and parallel to the axis, while the point of emission from the

sample is determined by the angle <j>. The angle <)) is measured around the parallel line,

from a line joining the parallel line to the axis. To satisfy the condition that the

gamma-ray emissions were randomly directed towards the 4rc radian directions, 9 is

randomised from 0 to n radian, while <(> is randomised from 0 to 2TU radian.

In developing the simulations it was assumed that gamma-rays travelled in straight

lines from their origin to the point of emission from the sample. Only those gamma-

rays that enter the detector crystal were considered in the calculations. Therefore,

depending on the sample-detector arrangements, different steps and constraints were

employed. If a gamma-ray enters the detector, its path length in the sample is

calculated. In the calculation only the respective sample and detector parameters, and

the four (hb r,, 0, and §) generated variables are needed.

Using the path length, a correction factor for the particular gamma-ray is calculated

using normal absorption law

/ = exp{-^m(E)pXs, (1)
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where um(E) is the mass attenuation coefficient (cm2g'') of the gamma-ray with

energy E keV, and Xs the simulated path length . The whole process is repeated for a

given number (n) of generated gamma-rays, and the values of all the corresponding

correction factors are summed and averaged to get the average self-absorption

correction factor, fmc, in the sample for the sample-detector arrangement. The

average gamma-rays path length in the sample, Xmc, was also obtained in the same

manner. The output of the simulations will give /mc and Xmc . Appendix 1 shows

samples of the output format of the simulations.

Calculations showed that for our detector specification, absorption in the Al/Mg

detector cap was negligible.

Preliminary study of the statistical uncertainties shows that with 50,000 simulated

gamma-ray, the standard error for ten repetitions of average correction factors

simulations will be less than 1%. The computer time taken for the ten repetitions was

less than 140 seconds.

The different steps and considerations taken for different sample-detector

arrangements are discussed in more details below.

Disk Samples

For disk samples, if the sample radius is greater than the detector radius (rs > rd), then

three gamma-ray routes into the detector are considered. Gamma-rays originating

from that part of the disk directly above the detector, all enter through the top of the

detector. Gamma-rays originating from that part of the disk extending beyond the

detector may enter either through the top or side.

If sample radius is less than detector radius (rs < rd), then two gamma-ray routes are

considered. They are the route through the bottom of the sample, and the route

through the side of the sample, before entering the detector.
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Cylindrical Samples

For cylindrical samples on a well-type detector, the gamma-rays are divided into two;

those directed 'upward' and those directed 'downward'. For each direction, two

gamma-rays routes are considered, the route through the top (or bottom) of the

cylinder before entering the detector, and the route through the side of the cylinder.

Mahnelli Samples

For Marinelli sample the beaker is divided into three parts; ring section around the

detector, a disk section directly above the detector and, a ring section around the disk.

From the ring section around the detector two gamma-rays routes are considered, one

exiting through the inner side of the sample and entering the top side of detector, and

the one entering the side of detector. The disk section directly above the detector is

considered in the same manner as the case of disk sample above. For the ring section

around the disk another two types route are considered, the route that enters the

detector through the bottom of the disk section and that entering the detector through

the ring around the detector.

2.2 Experimental Procedures

For experimental measurements, three sets of disk samples (of different thickness)

were prepared for coaxial detector and one set for cylindrical samples for well

detector. The sets were prepared by mixing and homogenising different amount of

uranium trioxide (UO3) powder and previously dried plain flour, to give a series of

samples of differing attenuation coefficients. The uranium trioxide powder contained

U-234, U-235 and U-238 at their respective natural abundance composition. These

radionuclides and their respective daughter nuclides emit a range of gamma-rays. For

the present study, the low energy gamma-rays considered were 120.91 keV from U-

234, 143.79 keV, 163.36 keV, 185.74 keV and 205.33 keV from U-235, as well as

63.29 kev from Th-234 which is the daughter of U-238.

Measurements of gamma-rays emission of the prepared samples were carried out at

the Liverpool University Environmental Radiometric Research Laboratory. The disk

225



samples were measured on an ORTEC GMX-series coaxial HPGe detector while the

cylindrical samples on an ORTEC GWL-series coaxial well-type detector, whose

dimensions are given in Table 1 and Table 2 respectively.

Mass attenuation coefficients for each sample at each photon energy were calculated

using the equation

um (mu + mF)= Humu + nFmF (2)

where n^ and mF are mass of UO3 and flour respectively, and u^ and Up are mass

attenuation coefficients of UO3 and flour (assumed to take the elemental composition

of mannose, C6H12O6, and are taken from tables by Hubbel (1982).

The experimental self-absorption correction factor of each energy for every sample,

fexp, was determined using the procedures described in Appleby et al. (1992).

3.0 RESULTS

Disk Samples

The average gamma-rays path length simulated in three disk samples (sample 1, 2 and

3) used in the present study is shown in Table 1 . For comparison, results for three

geometries studied by Hasse et al. (1993a, 1993b) is also shown (sample HI, H2 and

H3). The results of the present simulations showed a reasonably good agreement to

those by Hasse et. al (1993a and 1993b).

Figure 2 shows the self-absorption correction factors obtained by the present

simulations (o) and by experiments (A) for the three sample-detector arrangements

mentioned in Table 1, plotted logarithmically against the corresponding ump.

Exponential fittings (thick line for the simulations and thin line for experimental

results) shows that for the range of values of ump considered, the points had a good

approximate to exponential relation. Comparing the two curves shows average
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deviations of around 5% throughout the range of ump studied, but generally at higher

values of ump the simulation results are lower than those obtained experimentally.

A comparison was also carried out with the results obtained from a simple

mathematical model of self-absorption in disk sample (Batttiston et al. 1987). The

model was formulated with the assumption that the photons were traversing the

sample parallel to the axis of the disk, and emitted perpendicular to the bottom surface

before reaching the detector. For a disk sample of mass m and cross-sectional area A,

the transmission fraction (or the self-absorption correction factor) is mathematically

modelled as

/ E ) m = (1 - exp{-umm/A})/(^mm/A). (2)

In Figure 2, the self-absorption correction by the model is represented by the cross

points (*), and fitted with dotted lines. The general trends of the three sample heights

indicated that the mathematical model tends to gives higher values compared to those

obtained by the simulations.

The gradients of the corresponding graphs in Figure 2 give the estimated average path

lengths by experiments, Xexp, and mathematical model XM. The values for the three

sample-detector arrangements is given in Table 1.

Cylindrical Samples

For the simulation, a 0.426 cm radius cylindrical sample container with a 4.0 cm full

filling height was considered. Table 2 shows the simulated average path lengths of

gamma photons for five different filling height. The well-type Ge detector crystal

dimension is also shown.

In Figure 3 the simulated self-absorption correction factors for full-filling height

sample is plotted logarithmically against |amp (o). The corresponding experimental

results are also plotted (A) on the same graph. The exponential fittings (thick line for

the simulations and thin line for experimental ) on the points indicate that for the
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present range of (imp, the points had a good approximate to exponential relation. A

very good agreement between the two methods is observed at famp less than 0.5 cm .

Although the general trend in the figure indicated that the simulation results are lower

than those obtained experimentally, the average deviation of less than about 5% is

maintained throughout the range of |xmp studied. Experimental value of average path

length for sample #5 obtained from the graph is given in Table 2.

Marinelli Samples

Simulations were carried out on six different marinelli beakers and detector

dimensions as shown in Table 3. Beakers #1 and #2 were used by Hasse et al. (1993b)

in their simulations, while beaker #4, #5 and #6 were used by Debertin and Ren

(1989) in their mathematical model for self-absorption in marinelli beaker. Beaker #3

was used for study in our laboratory.

Table 3 also shows the simulated path lengths together with those by other authors for

the six marinelli beakers mentioned earlier. The values of XD were calculated by

assuming that the absorption factor takes the form of exp(-{^mp}XD), where ^m is the

mass absorption coefficient of the gamma-ray and p is the mass density of the sample.

It can be seen that the simulated results agreed very well with those by Hasse et al.

(1993b), and Debertin and Ren (1989). The values of XM in the table are the results

obtained using a simple mathematical model in which the self-absorption correction

factor takes the form of exp(-A:p.mm), where k is a geometrical factor which depends on

the dimensions of the beaker (Appleby, in preparation). Except for beaker #1, there is

quite a good agreement between the results of the mathematical model with the

present simulations and those by Hasse et al. (1993b). The experimental value, Xexp, is

taken from Appleby (in preparation).

Figure 4 compares the self-absorption correction factors from the present simulations

(o) to those calculated by Debertin and Ren (1989) (A), for beakers #4, #5 and #6. A

very good agreement is observed in beakers #5 and #6. Again, for the range of ^mp

considered, the points show good exponential fittings (thick line for the present study,

228



thin line for model by Debertin and Ren (1989)). The trend of deviations of within 5%

is still observed in beaker #4.

4.0 DISCUSSIONS

The general trends for disk and cylinder samples that show lower values obtained by

the simulations as compared to those by experiments could be attributed to one main

reason. As can be seen from the graphs, the lesser number of data points at higher ^imp

values tend to average the experimental lines to the higher side. However, this is

inevitable due to the nature of the radionuclides used in the experiments, which emit a

limited number of relatively low energy gamma photons (which correspond to high

values of jj.m).

Despite the general observation mentioned above, comparison of the present

simulation results to those obtained experimentally for the range of energy studied

(Figure 2 and Figure 3), shows an agreement of within around within 5% for disk and

cylindrical samples. For Marinelli sample a good agreement of within 5% is also

observed with the results of other authors, as can be seen in Figure 4. These indicate

that the present simple Monte Carlo simulations give reasonably correct results for the

determination of the average gamma-rays path length and self-absorption correction

of various sample-detector arrangements.

The same trend of good agreement is also observed with the results of simple

mathematical model (Figure 2). Judging from the good agreement of the present

simulations to those by other authors, the deviation observed in Beaker #1 of Table 3

could be originated from the failure of the simple mathematical model on that

particular sample-detector arrangement.

The simple simulations described in this study have been shown to yield accurate

values of the average gamma-ray path lengths and self-absorption correction factors

for different sample-detector counting geometries. However one difficulty that might
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introduce error in the simulation that originates from inaccurate knowledge of the

detector crystal dimensions must be highlighted. This is because, most of the times we

relied on the manufacturer's specifications for the crystal dimensions. Study on the

simulations shows that a 1.0 mm difference in the crystal radius and distance between

the sample and detector would results in about 3% change in the average simulated

path length, which in turn could introduce about 1% change in self-absorption

correction factor.

5.0 CONCLUSIONS

Besides the accuracy of the present simple Monte Carlo simulations, it also has other

advantages such as faster and simpler, and can be run on a personal computer.

Moreover, the simulations of the path lengths and the determination of the self-

absorption correction factors need to use only readily available data.
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APPENDIX 1

SELF-ABSORPTION CORRECTION FACTOR OF DISK SAMPLE

Disk radius (cm) = 2.2500000 Disk thickness (cm) = 1.6000000
Det. radius (cm) = 2.7149999 Det. height (cm) = 6.8200002
Distance (cm) =0.8000000 Number of gamma-rays simulated = 50000
Energy (kev) = 1.6338000E+02 Mass atten coeff. (cm2/g) = 0.1720000
Sample density(g/cm3) = 0.8354000

i P.Length(cm) Corr. Factor
1
2
3
4
5
6
7
8
9
1C

0.9052058
0.9102317
0.9081732
0.9046248
0.9040750
0.8996805
0.9075848
0.9082530
0.9088103
1 0.9057919

0.8809824
0.8803524
0.8805429
0.8810261
0.8811219
0.8816111
0.8806633
0.8805712
0.8805272
0.8808888

Ave.: 0.9062632 0.8808287

SELF-ABSORPTION CORRECTION FACTOR IN CYLINDER SAMPLE

Radius (cm): 0.4260000 Height (cm): 4.0000000 No. of gamma: 50000
Well depth (cm): 4.2500000 radius: 0.7500000 Dist.: 0.2500000
Energy(kev) : 1.2091000E+02 mu (cm2/g): 0.4772000
Density (g/cm3) :0.9980000

i
1
2
3
4
5
6
7
8
9
10

Av

P.length (cm)
0.6451707
0.6439569
0.6477239
0.6449517
0 .6495087
0.6518307
0 .6433972
0.6465966
0.6470199
0.6476257

e. : 0 .6467782

Corr. factor
0.7580577
0.7582397
0.7572219
0.7579281
0.7565445
0.7557651
0.7584587
0.7575712
0.7570336
0.7573575
0.7574178

SELF-ABSORPTION CORRECTION FACTOR IN MARINELLI SAMPLE

Outer radius (cm) = 7.6900001 Inner radius (cm)= 6.1700001
Outer height (cm) = 11.7100000 Inner height (cm) = 9.8299999
Number of gamma-rays simulated = 100000
Detector's radius = 2.1500001 Height = 4.6500001 Distance = 0.8000000
Energy (kev)= 1.OOOOOOOE+02 mu (cm2/g)= 0.1682000
Density (g/cm3)=1.6000000

i P.lemgth (cm)
1
2
3
4
5
6
7
8
9
10
Ave

0.9782690
0.9998046
0.9824774
0.9900737
1.0114079
0.9709417
0.9781740
1.0095874
0.9770426
1.0067363
.: 0.9904515

Corr. Factor
0.77912472497
0.77497582464
0.77858902600
0.77677052482
0.77274782557
0.78091002413
0.77967882458
0.77381742504
0.77950362493
0.77305202538
0.7769170
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Table 1 Detectors and disk samples parameter, and gamma-rays path lengths

Parameter/Sample

Detector radius (cm)
Detector height (cm)
Distance (cm)
Sample radius (cm)
Sample thickness (cm)
Xmc (cm)
XH(cm)
Xexp (cm)
XM (cm)

1

2.715
6.82
0.8
2.25
0.30
0.207

-
0.175
0.145

2

2.715
6.82
0.8
2.25
1.10
0.669

-
0.579
0.529

3

2.715
6.82
0.8
2.25
1.60
0.906

-
0.735
0.765

HI

2.15
4.65
0.8
2.50
2.50
1.345
1.27

-
-

H2

2.15
4.65
0.8
2.50
5.00
2.294
2.21

-
-

H3

2.15
4.65
0.8
4.50
15.7
5.301
5.26

-
-

MC Simulations by Hasse et al. (1993) and Hasse et al. (1993b), Xexp from experiments, XM from
mathematical model.

Table 2 Detectors and cylinder samples parameter, and gamma-rays path lengths

Detector parameter

Detector radius (cm): 2.175 Detector Height (cm): 6.05
Distance (cm): 0.25 Well depth (cm): 4.25
Well radius (cm): 0.75

Sample

Radius (cm)
Filling height (cm)
Xmc(cm)
Xexp (cm)

1

0.426
0.1
0.111

-

2

0.426
0.5
0.303

-

0
2
0

3

.426

.0

.534
-

0
3
0

4

.246

.0

.592
-

5

0.426
4.0
0.647
0.537

Xexp from experiments.
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Table 3 Detectors and Marinelli beakers parameters, and gamma-rays path lengths

Parameter (cm)/Beaker #

Outer radius
Inner radius
Outer height
Inner height
Volume (cm3)
Detector radius
Detector height
Distance
Xmc (cm)
XH(cm)
XD (cm)
XM(cm)
Xexp (cm)

1

5.6
4.1
12.1
7.5
800
3.0
6.1
0.7
2.114
2.09

-
1.449

-

2

6.9
4.4
9.4
7.0
980
2.15
4.65
0.8
1.234
1.24

-
1.306

-

3

4.9
3.8
8.85
7.0
350
2.35
5.49
0.8
0.968

-
-

0.685
0.623

4

6.97
4.4
9.35
7.03
1000
2.15
4.65
0.8
1.214

-
1.34
1.327

-

5

7.69
6.17
11.71
9.83
1000
2.15
4.65
0.8
0.986

-
0.99
0.831

-

6

5.56
4.05
8.17
6.66
450
2.15
4.65
0.8
0.836

-
0.824
0.785

-

XH from Hasse et al (1993b), XD derived from Debertin and Ren (1989), XM by
mathematical model, Xexp from experiments (Appleby, 1997).
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Figure l l

DISK SAMPLE

Sample

hs

S : Source Point
E : Point of Emission From the Sample

Figure lb

CYLINDRICAL SAMPLE

S : Source Point
E : Point of Emission From the Sample

Figure lc

MARINELLI SAMPLE

Detector:

S: Source Point
E : Point of Emission From the Sample
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Figure 2. Self-absorption correction factors in disk samples (radius 2.25 cm) for three
different thickness. The curves shown are exponential fittings for experimental results
(thin lines), the present simulations (thick lines) and simple mathematical model
(dashed lines).
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Cylinder Sample (height 4.0 cm)
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Figure 3. Self-absorption correction factors for cylinder sample (radius 0.426 cm,
height 4.0 cm). The curves are exponential fittings for experimental results (thin line),
and by the present simulations (thick line).
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Marinelli Beaker #4
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Figure 4. Self-absorption corrections for three marinelli beakers. The curves are
exponential fittings for results by Debertin and Ren (1989) (thin lines), and by the
present simulations (thick lines).
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