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CALCULATION OF THE COUNTING EFFICIENCY FOR EXTENDED SOURCES
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Abstract. A computer program for calculation of efficiency calibration curves for extended samples counted on
gamma- and X ray spectrometers is described. The program calculates efficiency calibration curves for
homogeneous cylindrical samples placed coaxially with the symmetry axis of the detector. The method of
calculation is based on integration over the sample volume of the efficiencies for point sources measured in free
space on an equidistant grid of points. The attenuation of photons within the sample is taken into account using
the self-attenuation function calculated with a two-dimensional detector model.

Introduction

Determination of the activities present in samples is straightforward in X-and gamma ray
spectrometry if the counting efficiencies are known. The areas of peaks, corrected for counting losses,
are proportional to the numbers of radioactive atoms decaying in the sample during the measurement.
Neglecting the probability for coincident detection of two or more gamma rays, the factor of
proportionality is given by the product of two probabilities: the probability that during the decay a
gamma ray with energy E is emitted and the probability that this gamma ray is registered in the
spectrum in the full-energy peak.

Whereas the emission probability can be obtained from tables giving the properties of
radioactive nuclei, the experimenter himself must extract the detection probability. The detection
probability is defined by:

, 7... . . . number of detected photons
probability for detection

number of emitted photons

and is usually referred to as counting efficiency. This efficiency depends on detector properties,
sample properties and the relative sample-detector position. For a given detector the efficiency is a
function of the sample shape, size, composition, the distance of the sample from the detector and the
photon energy.

To calculate the activities of gamma- and X ray emitters from a spectrum measured with a
given sample-detector arrangement, the counting efficiency must be known. Usually its uncertainty is
the main factor influencing the uncertainty of the calculated activity. Therefore the measurement
and/or calculation of the counting efficiency must be done with the greatest care and utmost precision.

The counting efficiency can be extracted by measurement or by calculation. Measurements are
performed with calibrated samples, which contain a known activity of one or more gamma ray
emitters. If measurements of counting efficiency for a given sample-detector geometry are performed,
care must be taken that the calibrated sample resembles the unknown sample in all the properties
influencing the counting efficiency. If unknown samples come in different sizes, densities and
materials the differences between the calibrated sample and the unknown samples must be recognised
and appropriate corrections to the counting efficiency applied [1,2]. The uncertainty of the measured
efficiency is limited by the uncertainties of the calibrated activities; usually, these amount to 1%.

Alternatively, the counting efficiency can be calculated. The calculations are performed by the
Monte-Carlo method or by analytical methods [3-9]. The main disadvantage of calculations is that
their results depend on data on the internal construction of the detector that are not very well known.
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Usually, therefore, doubt is present as to whether the calculations take the influence of the detector
data on the efficiency into account properly. The mentioned disadvantage can be overcome by
combining measurements and calculations. The counting efficiency is measured for a specific sample-
detector arrangement and the calculation is performed for the same arrangement. The correction
extracted from the disagreement is applied to other calculated efficiencies. In this way the calculated
efficiencies are corrected, at least in part, for the influence of possible errors in the detector data. The
corrected efficiencies are the more reliable the more closely the sample-detector arrangement
resembles the arrangement in which the calibration measurement was performed, and the less reliable
the less the detector model used in the calculations resembles the actual detector.

The described idea of correction of calculated efficiencies by calibration measurements is used
in the calculation of counting efficiencies for extended sources. Many calibration measurements are
performed in order to describe the detector properties as thoroughly as possible and a simple detector
model is used in order to speed up the calculations.

The spatial dependencies of the point-source efficiencies in the volume where the sample is
placed are the detector characterisation data needed to calculate the counting efficiency for an
extended source. Measurement of these dependencies at many energies represents a major effort. This
effort can be reduced to a large degree by assuming that detectors with similar physical data exhibit
similar spatial dependencies of the efficiencies for point sources. Therefore, by choosing one of the
supplied detector characterisation data files on the basis of agreement between the corresponding
physical properties of the detector they belong to and those of the actual detector, and by replacing the
efficiency calibration data for a point source positioned on the detector surface and on its symmetry
axis with the data measured for the actual detector, it is possible to avoid the measurement of the
spatial dependencies. However, the accuracy of the efficiency calibration curves in this case is best
for small samples, positioned on the detector surface.

Calculation of counting efficiencies for extended sources

It can be shown [3,7,10,11] that the efficiency of an extended source can be described by

, (1)

where V denotes the sample volume, £ps(E, f) the efficiency of a point source emitting photons with
energy E, placed at the point f within the sample, and F(u,E, F) the self-attenuation function. The
self-attenuation function describes the amount of radiation with energy E emitted at point f and
prevented from registering in the full energy peak in the spectrum by interaction with the sample
material with an attenuation coefficient ]x. For the case of a homogeneous sample the self-attenuation
function can be expressed as [10]:

J'
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VD

(2)

Here, VD denotes the sensitive volume of the detector and N(E, f ,R) the number of photons
with energy E emitted at f within the sample volume and interacting in the absence of attenuation

within the sample at R within the sensitive volume of the detector in such a way that their full energy
E is absorbed within VD. s( f, R) is the path length these photons traverse in the sample and sj^ f, R)
denotes the path length of the photons through the detector cap or the entrance window. :w is the
attenuation coefficient of the cap or the entrance window material. s;( f , R ) denotes the path length of
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the photons through the inactive layer of the detector crystal (dead layer) and :G the attenuation
coefficient of germanium.

The self-attenuation function depends strongly on sample parameters and much less on the
detector parameters, since the influence of the detector partially cancels out in the ratio. Therefore,
the calculation of counting efficiencies by Eq. 1, using measured point source efficiencies and a self-
attenuation function calculated with a detector model, offers the following advantages:

Since F(0,E, f )=1, the efficiency calculation is exact at zero attenuation;

For sufficiently refined detector models the calculated counting efficiency approaches its exact
value.

It follows that for any detector model yielding satisfactory results for the counting efficiency at
an attenuation coefficient \i in the sample, the results calculated at any j4.'< ja are just as good or better.

hi the approach implemented the self-attenuation function is calculated using the following
simple detector model. The sensitive volume of the detector is represented by a sensitive surface,
where the area of the surface equals the area of the front surface of the detector crystal. On top of the
sensitive surface is an absorbing, inactive layer of germanium, representing the dead layer of the
detector crystal, whose thickness is a parameter supplied by the user and usually obtained from the
manufacturer's data sheet.

The surface is positioned within the detector at the depth )h(E), equal to the sum of the
window thickness Sw, the distance between the crystal and the detector cap dc , the thickness of the
inactive layer s; and the average interaction depth in the germanium crystal dd: )h(E)-sw+ dc+ st+ dd.
The quantity da is calculated as the average interaction depth of photons with energy E in germanium,
impinging on the detector parallel to its axis:

dd
 MG(E) l-

Here, 1 denotes the crystal length, hi the calculation it is assumed that all photons impinging on
the sensitive surface are registered in the full energy peak. Then the number of photons impinging at a

point R on the detector surface is proportional to the illumination of the surface at that point from a
point light source placed at f . The self-attenuation function can be expressed as

y RdRd<j>

f •f*(>91£-*<?AB)-Mo(B)-j£}4(?AB) RdRd<j>

dS(?,R,E)

where r denotes the distance of the source from the detector axis and h(E) the distance between the
point source and the surface representing the sensitive area of the detector; ho/h(E) is the part of that
distance occupied by the sample material (in the case when the sample is placed on the detector we
have h(E)= Jh(E)+ h0), sJh(E) is the part of h(E) occupied by the window material and Sj/h(E) is the
part of h(E) occupied by the material of the inactive layer. Re denotes the radius of the sensitive

surface of the detector, R and <p the co-ordinates of the vector R and d( f, R ,E) the distance between
the source and the point where the illumination is observed:

. (5)
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The data characterising the detector, sPS(E, r ), are obtained by measurement [12]. In this way
the appropriate detector data such as those on crystal shape, the position of the crystal within the
detector cap, the influence of the inactive core etc. are implicitly taken into account.

In the calculation of the counting efficiency a grid of points within the sample is constructed.
The self-attenuation function is computed on that grid, thereafter multiplied by the measured
efficiencies interpolated to the grid and finally averaged over the sample volume. In this way the
material of the sample as well as the sample dimensions are taken into account when calculating the
efficiency.

The detector model described well resembles the processes of photon detection at low energies,
since there the interaction between the photons and the detector crystal takes place at the crystal
surface and the photoeffect is the dominant interaction process. Therefore it is expected that the
model will yield good results at low energies. Since attenuation coefficients decrease with energy, it
will yield good results at any higher energy as well.

To assure the validity of the model for low energies and high self-attenuation, it is also
absolutely necessary to include the dead layer, positioned on top of the active surface, in the model. If
the dead layer is absent, the model overestimates the efficiencies at very high self-attenuation, since
the inclusion of the dead layer reduces the nominator of Eq. (2) more than its denominator. This is due
to the fact that high self-attenuation in the sample causes the gamma rays emitted from a given point
within the sample upon exiting the sample to form a beam that is closer to a completely collimated
one compared to the beam that results when the sample has low or no attenuation. When such a
parallel beam impinges on the dead layer it traverses it on average with a shorter path and is less
attenuated than the broader beam with which we are dealing when computing the denominator of Eq.
(2), since in that case we have no attenuation in the sample. For the same reason it is also necessary to
take into account the absorption in the detector cap, although the effect is usually of lesser importance
due to the lower atomic number and density of the cap material as compared to germanium.

Description of the software

The software is not supplied by a dedicated user interface since it is, in the first case, intended
to be used as a building block in automated spectral analysis procedures. It runs unmodified on
computers with DOS/WINDOWS, UNIX or VMS operating systems.

The software uses the sample data file, the detector characterisation file and the attenuation
data for materials present in the sample and detector as input. The sample data file contains the data
on the dimensions of the sample, its distance from the detector, density and composition. The detector
characterisation file comprises the data on the detector crystal dimensions and position and the data
on the spatial dependence of the efficiencies for point sources at all characterisation energies.

The VOLUME program package is comprised of three programs: VOLUME.EXE that
performs the actual computation of the voluminous source full-energy peak efficiency calibration
curve, DETECTOR.EXE that checks the adequacy of the detector characterisation input file
DETECTOR.DAT, and SAMPLE.EXE that carries out an equivalent task for the sample description
input file SAMPLE.DAT. The user, therefore, has to supply the DETECTOR.DAT and
SAMPLE.DAT description input files, as well as the attenuation coefficient energy dependence files
for all the materials entering the sample matrix composition and the detector cap material.

A typical session with the VOLUME package therefore starts with preparing the input files
SAMPLE.DAT and DETECTOR.DAT, proceeds with running a check on them using the
SAMPLE.EXE and DETECTOR.EXE files and using the possible error messages they issue as
guidelines for the necessary corrections, and ends by computing the efficiencies with the
VOLUME.EXE program.

The DETECTOR.DAT input file is used to describe all the geometrical, structural and
experimentally obtained data on the detector and its point source efficiencies. Measured efficiencies
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are given at a rectangular grid of points, spanning in the axial and radial directions the volume near
the detector occupied by the sample. The efficiency e(E,r,z) for the gamma ray energy E at a point
(r,z) is given as

s(E, z, r) = s0Q (E) e, (E, z) sr (E, z, r),

where £oo(E) denotes the efficiency for a point source positioned on top of the detector on its
symmetry axis, sr(E,z) the axial dependence for the point source at the energy E on the symmetry axis
and sr(E,z,r) the radial dependence at a distance z from the detector.

There should be a minimum of n=3 detector characterisation data records present in the
DETECTOR.DAT file. Their number need not be explicitly specified. The efficiencies are computed
at all energies where the detector is characterised, at the lower and upper boundary of the detector's
useful energy range and at all energies for which the attenuation coefficient of the materials
comprised in the sample matrix are given and which fall within the useful energy range.

It should be noted, however, that the characterisation of the detector at just three energies does
not assure the calculation of reliable calibration curves over the whole useful energy range of the
detector. If the number of characterisation energies is small or if they fall within a narrow energy
interval, the calculated efficiency calibration curve is unreliable or reliable only within that energy
interval. For reliable calculations at least three energies must lie below the energy where the
efficiency reaches its maximum, and at least four above.

Detectors with similar physical data have similar spatial dependencies of their point-source
efficiency. Therefore, in order to calculate the counting efficiencies of a specific detector, it is not
necessary to measure the spatial dependencies at several energies, since the dependencies given for
one of the detectors already characterised can be used instead. Characterisation data files for some
detectors can be found on the web site: http://rubin.ijs.si/vlg/. These data files must be modified, but
apart from the physical detector data, only the absolute efficiencies for a point source placed in the
detector cap in the symmetry axis of the detector, s0o(E) need be changed.

Conclusion

The results of the computations stored in the output file bear uncertainties that originate to a
large extent in the uncertainties of the input data. Usually, the main sources of uncertainty are the
absolute efficiencies soo(E). The spatial dependence of the efficiency for point sources contributes less
to the uncertainty since it is expressed by relative values, where the systematic uncertainties are
cancelled out. hi detectors sensitive to low energies, the spatial dependence of the efficiency for point
sources is almost independent of the energy above 100 keV. Detectors with thick dead layers at the
front surface exhibit stronger energy dependence. In any case, the spatial dependence varies smoothly
with energy. The uncertainty due to the numerical procedure itself is estimated at 5% for E<20 keV in
the case of an <2>90x20 mm SiO2 sample with density of 1.3 g/cm3. For samples with smaller self-
attenuation this uncertainty is negligible.

The best way to arrive at reliable estimates of the overall uncertainty of the calculated
efficiencies is to compare them with measured efficiencies for the same counting geometry. With
reliable data sets for the detector properties the relative errors are on average below 5%.
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