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Abstract
The minimum detectable activity (MDA) for gamma spectrometric measurements was studied as a function of filling height 
for two detectors having different background characteristics and for two sample matrices: a water sample with a low content 
of natural radionuclides, and zircon sand, with high activities of uranium and thorium. The zircon sand is also a material in 
which the self-attenuation of low-energy gamma photons will be high. The results show that for the water sample it is always 
favourable to completely fill the sample container. However, due to the inherent content of naturally occurring radionuclides 
in the zircon sand the MDA may not necessarily improve with the filling height, since an increased amount of sample will 
increase the background in the spectrum as well.
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Introduction

Measurements of radionuclides in environmental and 
nuclear material are important from both safety and secu-
rity point of views. One of the most common measurement 
technique serving this purpose is gamma ray spectrometry 
[1]. An important characteristic of the gamma spectrometric 
measurement method is minimum detectable activity (MDA) 
that defines the least amount of activity in the sample one 
can be confident of measuring. Beside e.g. the measurement 
efficiency, amount of sample, measurement time and pho-
ton emission probability, the MDA [e.g. (Bq/kg)] in gamma 
spectrometry depends on the background level at a specific 
energy.

Optimisation of measurement geometries has been stud-
ied earlier [2–4]. Those studies aimed at maximizing the 
detection efficiency multiplied by the amount of sample. 
For a fixed cylindrical sample beaker, the volume or mass 
is a linear function of the filling height. Increasing the fill-
ing height will result in a reduction of the measurement 

efficiency, ε, but since the amount of sample, a, increases 
with filling height, the product of these quantities might still 
increase. In the end, and depending on the matrix, i.e. the 
level of self-attenuation, this function (ε·a) might in particu-
lar at low energies eventually become constant, though ε·a 
will never decrease for a fixed sample matrix. What was not 
considered in the studies cited above was that increasing the 
amount of sample might also increase the background in the 
measurement when the dominating background component 
originates from radionuclides present in the sample matrix 
other than those to be measured, e.g. naturally occurring 
radionuclides like 40K and members of the uranium and tho-
rium decay series.

It should be noted that there are two components con-
tributing to the background in a spectrum. First there is the 
instrumental background that originates from the detector 
parts and surroundings of the detector. Then there might 
be, depending on the sample to be measured, a background 
component originating form e.g. scattered photons from 
radionuclides present in the sample. Both these background 
components will sum up to yield a total background in a 
spectrum. In this work we have not treated these background 
components separately, but rather treated them as a total 
summed background.

For clean samples having in principle no inherent radio-
nuclides present, the background at a specific energy will 
be fairly constant, i.e. independent of the amount of sample, 
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since in this case the background originates from the sur-
roundings of the detector. In those cases the MDA will never 
deteriorate at any energy with an increased amount of sam-
ple. But when the detection limit (in counts) increases due to 
a higher background more than ε·a (or when ε·a ultimately 
at a low energy becomes constant) the MDA might instead 
increase with filling height.

In this work MDA was studied as a function of filling 
height and energy for two different sample matrices, water 
and zircon sand. The study also included two different detec-
tors having different background characteristics.

Material and methods

Measurements

Of the two HPGe (High Purity Germanium) detectors stud-
ied one was from Canberra (detector A, Mirion Technolo-
gies, Meridien CT, USA) and one from Ortec (detector B, 
AMETEK, TN, USA). Both detectors had a relative effi-
ciency at 1332 keV of about 80% and a resolution of about 
1.9 keV. Detector A has a diameter of 75 mm, and detector 
B a diameter of 73.4 mm. The first detector (detector A) was 
an ultra-low background system consisting of a Canberra 
777-B lead shield which was continuously purged with N2(g) 
in order to reduce the background from radon daughters, 
while detector B had a more ordinary shielding with lead 
bricks and a copper lining of about 2 mm in thickness, and 
no N2(g) purging. All electronics of both detectors (high 
voltage bias supplies, linear amplifiers and multi channel 
analysers) consisted of analogue NIM modules from Ortec. 
Measurements of backgrounds as described below were 
done with the sample container (Noax 200, Sarstedt, Swe-
den; diameter of 69.5 mm, polypropylene) placed directly 
on the endcap using Gammavision (Ortec, AMETEK, TN, 
USA). The detectors were calibrated with a semi-empirical 
calibration approach described in [5]. No analyte emitting 
gamma photons in cascade and therefore resulting in count 
losses was considered in this work. In such cases the MDA 
will increase accordingly.

Backgrounds were measured for different filling heights 
(10–60 mm with 10 mm increments) of blanks, slightly 
acified MilliQ water samples and zircon sand samples 
(MinChem HMP Ltd, Stoke-on-Trent, UK). The integral 
number of counts in the background measurements were 
evaluated using region of interests (ROI) at different energies 
ranging from 45 to 1800 keV for detector A. For detector B, 
the lowest energy considered was 60 keV since the calibra-
tion of this detector was only done down to this energy. All 
measurements were done with a measurement live time of 
80 ks (about 22 h).

Based on the semi-empirical calibration [5], efficien-
cies were calculated for the different filling heights of the 
sample container using EFFTRAN [6]. The material file 
in EFFTRAN for the zircon sand was based on the techni-
cal information sheet (not a certificate), which stated 99% 
ZrSiO4 + HfSiO4. The density of the zircon sand was 2.7 g/
cm3. The chemical content was verified using secondary 
scanning microscopy with energy dispersive X-ray emission 
spectroscopy (SEM/EDX, Phenom ProX, ThermoFisher, 
Germany) and with X-ray diffraction (Bruker D2 Phaser, 
Bruker, Germany). Detected elements in the EDX analysis 
was zirconium, silicon and oxygen. From the XRD meas-
urements, the diffractogram was consistent with a reference 
diffractogram for Hf0.01Zr0.99SiO4. In the efficiency transfer 
(ET), the zircon sand was defined as 100% ZrSiO4. In this 
work, 1 at% of hafnium relative to zirconium had no signifi-
cant impact on the calculated efficiencies. The zircon sand, 
measured as received, had according to the SEM measure-
ments particle sizes ranging from about 50–200 µm. The 
aqueous solution was defined as 100% H2O having a density 
of 1.0 g/cm3.

Calculations

The MDA at a given gamma ray energy was calculated 
according to

 where ε is the peak efficiency at that energy, a is the amount 
of the sample (mass or volume) and tm the measurement 
time. The photon emission probability Iγ was always set to 
unity, i.e. the calculated MDA is valid for a fictitious radio-
nuclide having an Iγ of unity. LD is the detection limit in 
number of counts above the background based on the gross 
number of counts in the background at the given gamma 
ray energy (or very close to the energy if background peaks 
were present), and calculated according to Currie (paired 
observation) [7]. 

 where NBG is the gross number of counts in the background 
in an ROI centred on the gamma ray energy. Here it is impor-
tant to observe the difference between the detection limit LD 
expressed as the number of counts above the background, 
and the MDA. If LD increases due to a larger sample amount, 
MDA may necessarily not. Eq. (2) is valid for a risk of false 
positives and false negatives of 5%. Uncertainties other than 
those stemming directly from the measured spectrum may, 
if large enough, increase the MDA [8, 9]. Such uncertain-
ties can come from e.g. different corrections, but were not 
considered in this work.
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A short note on the uncertainty in the MDA should be 
made. According to [10], since the uncertainties on a and 
tm in Eq. (1) are usually very small and the values used 
for ε and Iγ do not vary between the different measure-
ments of the same sample, the variability of the MDA 
would be entirely due to the counting uncertainty on the 
background continuum, resulting in the relative uncer-
tainty of the MDA being 1∕

√

4 ⋅ NBG  , if we assume that 
2.71 ≪ 3.29 ⋅

√

2 ⋅ NBG , which is also small. Accordingly, 
and in line with the recommendation from [10], the MDA 
values are given in this article with no uncertainty.

Results and discussion

One approach to the optimization of the sample filling 
height of a given sample container is to look for a maxi-
mum in the signal, i.e. the count rate, for a fixed activ-
ity content per sample unit (mass, volume) [2, 3]. For a 
radionuclide that emits gamma photons at an energy Eγ 
this can be achieved by maximizing the product of the 
efficiency and the amount of sample (ε·a). Using only this 
criterium, the count rate will never decrease, although the 
last incremental addition of sample to the sample container 
might not contribute to the signal. In such a case, one has 
reached the so called infinite thickness [11] for the sample 
under measurement. The infinite thickness depends on the 
sample matrix and the gamma ray energy and is smaller 
for lower gamma ray energies. However, if the radionu-
clide to be measured is embedded in a sample matrix that 
contains other radionuclides and if these emit gamma pho-
tons with higher energies than the one to be measured, the 
background will increase with the amount of sample. By 
increasing the sample amount one then also increases the 
background at the energy of interest, since the high energy 
photon emitters will increase the Compton continuum at 
lower energies. This effect can be particularly pronounced 
when the major contribution to the background originates 
from the sample itself and not from the instrumental back-
ground, i.e. the background with no sample presented to 
the measurement system. Therefore there are two compet-
ing processes present in the measurement process with 
respect to the MDA:

1	 the product ε·a in the denominator in Eq. (1) that never 
will decrease with sample amount, although ultimately 
it might become constant when the filling height become 
large enough, and.

2	 the increase of the background with an increased a since 
more activity other than that of the analyte to be meas-
ured is present, which will increase the LD in the nomi-
nator in Eq. (1).

The key question is which of these two quantities will 
change the most, relatively speaking, when a is increased? 
If ε·a increases, on a relative basis, more than LD, the MDA 
will decrease with a, but the contrary applies if LD increases 
more. The result in the latter case would then be an increased 
MDA with the amount of sample.

Figure 1 shows the MDA of detector A for a MilliQ water 
sample as a function of filling height and for the lowest and 
the highest gamma ray energy considered in this study.

The same trends were observed for gamma energies 
between 45 and 1800 keV, as well as for detector B having 
a higher instrumental background. For this sample type it 
would then always be favourable to measure as much sample 
as possible.

Figure 2 shows the result from the measurements of the 
zircon sand on detector A. It can be observed in Fig. 2 that 
at the lower gamma ray energies (45, 60 and 120 keV) the 
MDA increases with filling height for the zircon sand. This 
is a consequence of an increased background at these ener-
gies for this material when the sample amount is increased, 
in combination with a constant or less quickly increasing ε·a. 
Interestingly, one can actually observe a true minimum in the 
MDA at 250 keV, even though it is not much pronounced. 
Again, the same results were observed for detector B, which 
has a higher instrumental background due to a poorer lead 
shield and no N2(g) flowing through the shield. As an illus-
tration, Fig. 3 shows LD and ε·a for the zircon sand sample as 
a function of filling height at 60 and 1800 keV (detector A).

Clearly, at 60 keV LD increases with filling height while 
ε·a remains in principle constant, resulting in an increased 
MDA, but at 1800 keV both the LD and the ε·a increase. 
In fact, ε·a increases more than LD on a relative basis at 
1800 keV resulting in a decreased MDA with the filling 
height.

For a laboratory striving for low minimum detectable 
activities the choice of the amount of sample depends on 
the sample matrix and the gamma ray energy emitted by the 
radionuclide to be measured. Figure 2 shows that it would be 

Fig. 1   MDA at 45 and 1800 keV as a function of filling height for a 
water sample measured on detector A
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counterproductive to fill the sample beaker to its maximum 
if a radionuclide emitting a gamma ray with a low energy 
is to be measured. To a first approximation the MDA would 
not increase at any energy and for any sample matrix with 
the amount of sample, but that truly applies only if the back-
ground contribution from the sample itself is insignificant. 
One solution to reach a lower MDA for a low energy gamma 
emitter would be to change the sample container to one with 
a larger diameter. However, many laboratories may use only 
a few container types, since that will reduce the effort and 
therefore the cost required for calibration.

For many sample types measured in environmental mon-
itoring, radiological preparedness and nuclear forensics it 
may be favourable from a MDA point-of-view to maximize 
the sample amount in the measurement even for low-energy 
gamma emitters. However, this work has shown that such an 
approach does not always hold if the lowest MDA is desir-
able. Work done by others that focused on maximizing the 
count rate did not consider the increased contribution from 
e.g. natural content of radionuclides in a sample matrix that 
also has a large self-attenuation [2, 3].

Somewhat hypothetically, in a case where one has 
the option of choosing between two gamma ray energies 

pertaining to the same radionuclide, and the two gamma 
rays have a similar photon emission probability, the adop-
tion of the gamma-ray yielding the lowest MDA differs for 
the two matrix types studied in this work. For the water 
matrix the lowest MDA occurs for the energy with the high-
est peak efficiency, which was at about 120 keV, since there-
after the MDA increases with energy in general for all filling 
heights. However, for all filling heights in the measurements 
of the zircon sand the results is different. Although the high-
est peak efficiency occurs at 200 keV in this material, the 
MDA decreases with energy up to about 500 keV where-
after it is somewhat constant (up to the highest energy of 
1800 keV where it is lowest). This can be explained by the 
rapid increase in the background of the continuum for ener-
gies below 500 keV for the zircon sand sample. This MDA 
energy dependence for detector A is shown in Fig. 4 for a 
filling height of 30 mm.

A laboratory involved in free release measurements of 
radionuclides, radiological preparedness, or nuclear foren-
sics should be aware that they can encounter sample types 
in combination with low-energy gamma emitters for which 
it might be counterproductive to measure as much sample 
as possible. Such awareness might improve (1) the sample 

Fig. 2   MDA at 45, 60, 120, 250, 1000 and 1800 keV keV as a function of filling height for the zircon sand measured on detector A

Fig. 3   Detection limit LD and ε·a (here a = msample) as a function of filling height at 60 keV (left figure) and at 1800 keV (right figure) for a zir-
con sand sample (detector A)
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throughput in e.g. free release measurements and radiologi-
cal preparedness since for a fixed MDA the measurement 
time can be shortened, and/or (2) in the nuclear security 
case, the capability to measure lower activity contents of 
radionuclides that should not be present in a material which 
is composed of a matrix containing e.g. natural radioactivity.

Conclusions

In this work it was shown that optimisation of gamma spec-
trometric measurements via maximizing the count rate for 
a fixed activity concentration and a fixed cylindrical sample 
container may not necessarily always improve the MDA. For 
gamma spectrometric measurements where the background 
originates from the sample itself, a larger amount of sample 
may not only increase the ε·a, but also the background and 
consequently the LD, which then may lead to an increased 
MDA instead of a decreased one. It was also shown that 
for some materials there may actually exist, although weak, 
a true optimum in the filling height with respect to MDA, 
depending on the gamma ray energy to be measured. Moreo-
ver, there is a dilemma present when the analyst wants to 
measure radionuclides emitting low energy gamma photons 
in combination with radionuclides emitting high energy 
gamma photons. In such cases the MDA may decrease 
with the amount of sample for the high energy emitter, but 
increase for the low energy one.
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