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cover picture: Chernobyl atomic power station by nikel303 on deviantART, see
http://nikel303.deviantart.com/art/Chernobyl-atomic-power-station-34320902

The artist displayed the Chernobyl sarcophagus (photo taken in June 2006). The unit
of the number displayed on the counter is micro roentgen, which is a measurement for
ionizing radiation: 1R = 2.58 · 10=4C/kg.

1

http://nikel303.deviantart.com/art/Chernobyl-atomic-power-station-34320902


1 Introduction

Apart from natural radioactivity, it is possible to trace arti�cial radioactivity in everyday
life objects. Provided that the detector is sensitive enough, it is even possible to clearly
identify individual isotopes, like Cs-137. The existence of this isotope in Germany is
partly due to global fallout after atmospheric nuclear bomb tests, but partly originates in
the 1986 Chernobyl accident. The special aim of the experiment Natural and Man-Made

Radioactivity in Soil is to detect the Cs-137 isotope and to analyze its activity. For this
purpose, a High Purity Germanium (HPGe) detector will be calibrated and employed to
investigate a self-fetched soil sample. The high resolution of the HPGe detector will allow
to clearly identify many radionuclides in the soil sample, among them Cs-137.

2 Theory

2.1 Modes of Decay

Nuclides which are unstable are called radioactive. Their decay is a transformation to
di�erent, less heavy nuclides. It is always accompanied by a certain type of radiation
which may be electromagnetic radiation, but also a radiation of particles (like electrons
or neutrons). The four principal types of radioactive decay are presented below.

α decay

In α decay, an α particle (which is a Helium nucleus: 4
2α equals 4

2He) is emitted, while
the mother nucleus loses two protons and two neutrons. α decay usually occurs in heavy
nuclei (roughly Z > 83). Unlike in case of β decay (see below), α particles have a
relatively sharply de�ned kinetic energies, so there is no need to introduce a third particle
to understand the energy distribution. Here is an example of naturalα decay

232Th→228 Ra +4 He

When α decay occurs, the daughters themselves can also experience α decay. Thus, a
decay chain can be formed. It is interesting to note that α decay has been convincingly
explained using tunneling. George Gamow claimed in 1928 that tunneling is responsible
for the escape of an α particle from the Coulomb potential wall erected by the nucleus.
In classical terms, the wall would be insurmountable for the α particle.

β− decay

β decay is usually subdivided into β− and β+ decay. In case of β−, the reason for the
decay is a proton excess in a nucleus. In this case, a neutron (n) is transformed into a
proton (p), an electron and an anitneutrino (ν̄e):

β− decay: n→ p + β− + ν̄e

Note that in terms of β decay, electrons (e−) are referred to as β− particles and positrons
(e+) are referred to as β+ particles. 1). It is also interesting to note that there is no

1The three kinds of radioactive radiance were called α decay, β decay and γ decay before it was
found that α particles are helium-4 particles, β particles are electrons or positrons and γ rays are highly
energetic photons.
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(apparent) need for the neutrino when it comes to charge and mass conservation. However,
it was found that the β− particles of a certain radioactive process do not have a constant
energy, but an energy distribution. It was proposed by Pauli in 1930 to introduce a
neutrino which would help to explain energy and momentum conservation. Its existence
was proven by an experiment in 1956.

β+ decay

Proton excess is the common reason for β+ decay. In this case, a proton is transformed
into a neutron (which remains part of the nucleus), a positron and a neutrino (νe). A
such transformation never occurs in free protons, but only when a proton is part of an
atom's nucleus and thus subject to the atom's Coulomb and binding potential. Similarly
to β− decay, the energy is distributed between the β+ particle and the neutrino. Here is
a typical example of β+ decay:

13
7 N→ 13

6 C + β− + νe

γ decay

Unlike in α or β decay, a nucleus which experiences γ decay does not change its number
of protons or neutrons. γ occurs when an excited nucleus relaxes and drops into a lower
energy state. This results in the emission of highly energetic gamma rays (the wavelength
dimension are usually about 1 pm).

γ decay is usually preceded by α decay or β decay. For example, think of a radioac-
tive mother nucleus which experiences β decay. Its daughter nucleus then drops into its
ground state by emitting γ rays.

2.2 Several Basics of Probability Theory

First of all, a couple of terms from probability theory shall be introduced. They are cru-
cial for the theoretical understanding of the experiment.

Let the expected or mean value of a random variable X be µ = E(X). Then the variance
Var (X) is given by:

Var (X) = E
[
(X − µ)2]

The standard deviation (frequently abbreviated as sdev or stdev) is given by

σ =
√
E
[
(X − µ)2] =

√
Var (X)

The standard deviation can be regarded as a measure of the variability or dispersion of
a random variable X (which might be e.g. a dataset from a physical experiment). A
low standard deviation indicates that the data points tend to be very close to the mean,
whereas high standard deviation indicates that the data are spread out over a large range
of values.

Also, the standard deviation has a very important meaning in connection to the Gaussian
(normal) distribution. In a normal distribution, the likelihood that X ∈ [µ− σ, µ+ σ]
occurs is 68%. [µ− σ, µ+ σ] is called a con�dence interval. It is quali�ed by its con�dence
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Figure 1: standard deviation diagram (own design)

con�dence level interval radius

68% σ
90% 1, 64σ
95% 1, 96σ

Table 1: Several important con�dence levels and the corresponding interval radii

level (which is 68% in this example). In other words, think of a statistical experiment (like
radioactive decay) which is approximated by a Gaussian distribution2. The probability
that the experiment yields a result which is within the above con�dence interval is given
by the con�dence level 68%. The most important con�dence levels and interval radii
are given in table 1. Two of them, the 68% con�dence interval and the 95% con�dence
interval, are illustrated in �gure 1.

2.3 The Poisson Distribution

The Poisson distribution can be applied to systems with a large number of possible events,
each of which is rare. Also, for large numbers, the Gaussian is a very good approximation
for the Poissonian, so variance and con�dence interval calculus can be applied. On top
of that, the variance of the Poissonian can be calculated very easily (see below). That's
why the Poissonian is quite perfect for this experiment's purpose of statistically describing
radioactive decay. The Poisson distribution and its variance are given by

Poisson distribution: Pn =
Nne−N

n!
n = 0, 1, 2, ... variance: σ =

√
N

where n is the occurring event and N the expected or average event (being not exactly
but close to the most probable event). Several plots of Poissonians are given in �gure 2.
In this experiment, n will be the corresponding channel number (to which after an energy
calibration it will be possible to assign an energy level of the incident photon). Pn will be
the number of impulses counted by the MCA for every channel (or energy level).

2Working with the MCA (see section 3.1) in this experiment, the spectra are discrete, whereas a
Gaussian distribution is continuous. But that is not much of a problem here as a discrete Gaussian is
called a Bernoulli distribution and has very similar properties.
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Figure 2: Plot of several Poissonians for di�erent average values N (own design)

2.4 Interaction of radiation with matter

Brie�y, the γ detector which is used in this experiment is based on the photoelectric
e�ect. Once it has been performed, an electron causes multiple ionization (which, in turn,
is dependent upon the photon's and thus the electron's kinetic energy). The Compton
e�ect, as well as pair production, are not desired in this experiment (i.e. they add noise
and thereby deteriorate the measurement). Yet all of these e�ects actually are possible
within the energy range of the photons in this experiment (about 40keV to several MeV ,
also see �gure 4 for a graphical representation). Therefore, all of the e�ects need to be
considered.

Photoelectric e�ect3

Let the frequency of a γ particle be ν. Then its energy is E = hν (h being Planck's
constant). The most important presumption of the photoelectric e�ect is that the photon
is absorbed entirely by a metal object (this di�ers from e.g. the Compton scattering
where the energy of the photon is only partly absorbed). The photon's energy is then
transferred to a delocalized electron from the surface of the metal. A part of the energy
is used to make the electron escape the potential barrier of the metal object. This part is
called the work function ϕ = hν0, where ν0 is the threshold frequency which enables the
electron to escape the potential barrier. Naturally, the kinetic energy of the photon must
be Ekin ≥ ϕ for the photoelectric e�ect to occur. The remaining energy transferred to
the electron's kinetic energy: E = hν − ϕ. See �gure 3 (a) for a graphical representation
of the energies.

3The photoelectric e�ect has been correctly interpreted by Einstein in 1905. The Nobel Prize has
been awarded to him in 1921 �especially for his discovery of the law of the photoelectric e�ect� (not for
the Theory of Relativity, which was very disputed even at that time).
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(a) kinetic energy of the electron in dependence
of incident photon's energy

(b) momentum before and after Compton scat-
tering

Figure 3: photoelectric e�ect and Compton e�ect (own design)

Compton e�ect (also referred to as Compton scattering)

The Compton e�ect occurs when only a part of the photon's energy is absorbed by an
atom. In this case, the photon performs an inelastic scattering process with one of the
atom shell's electrons. The total (relativistic) energy, as well as the momentum, are
conserved (see �gure 3 (b)). Using the equation of momentum conservation pγ = p′γ + pe
(where pγ is the photon's momentum before the scattering process, p′γ its momentum after
scattering and pe = p′e the electron's momentum after scattering) combined with energy
conservation Eγ = E ′γ + Eekin

(Eγ and E ′γ being the photon's energies before and after
scattering and Eekin

being the electron's kinetic energy after scattering) and combining
these with de Broglie's relation, the relativistic energy momentum invariance equation
and several other relations, one obtains the Compton scattering formula4

λ′γ = λγ +
h

mec
(1− cos θ)

λγ and λ′γ being the photon's wavelengths before and after scattering and θ being the
scattering angle.

Pair production

A photon is transformed into an electron and a positron. The positron has the same mass
as the electron, but the inverse (that is, positive) charge. This process only occurs with
photon energies greater than 1.02MeV . Also, for the process to happen, the electric �eld
of a nucleus is required.

See �gure 4 for a comparison of cross sections at di�erent energies. It helps to distinguish
which of the e�ects (photoelectric e�ect, Compton scattering, pair production) is most
probable at a given energy.

4See http://en.wikipedia.org/wiki/Compton_effect for a good derivation of Compton's scatter-
ing formula.
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Figure 4: Cross sections compared for di�erent energies
(from [8], p. 89, translated from German)

2.5 Exponential radioactive decay

A (activity) is the number of disintegrations per second, measured in Bq (Becquerel)
which is one disintegration per second. Another unit is Ci (Curie), 1Ci = 3.7 · 1010Bq.

Activity, i.e. disintegrations per time, is a statistical process. Activity experiences expo-
nential decay. Let t be the time and A0 be the initial activity (i.e. t = 0). Then the
activity at time t is A = A (t). It is given by

dA

dt
= −λA⇒ A (t) = A0e

−λt (1)

The latter result was obtained via separation of variables. The parameter λ, [λ] = 1
s
is

a speci�c decay constant, of which the half life is dependent. The half life T1/2 is the
amount of time after the activity has bisected:

A
(
T1/2

)
=

A0

2
= A0 e

−λT1/2 ↔ ln (2) = λT1/2 ↔ λ =
ln (2)

T1/2

→ A (t) = A0e
− ln(2)

T1/2
·t

(2)

If only the time t has some error or uncertainty t±∆t, error propagation yields

∆A =
A0 ln (2) ∆t

T1/2

e
− ln(2)

T1/2
·t

(3)

After the occurrence of α or β decay, corresponding daughter nuclides are formed.
Frequently, the daughters are, too, radioactive, and disintegrate. Thus, a decay chain
is formed. As radioactive decay is statistical, certain probabilities can be assigned to
di�erent kinds of decay. For example, Cs-137 may have Ba-137 (β decay) in the ground
state as its daughter. It may also have (Ba-137)* in an elevated energy state as its
daughter. The probability for the �rst event is 6% and for the latter is 94%. Therefore,
a decay process can be assigned a branching ratio (in this case, f = 0.94 for Ba-137).
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3 Experimental Setup

3.1 High Purity Germanium detector

Basic idea underlying HPGe detectors

A High Purity Germanium (HPGe) detector is used to obtain γ spectra of di�erent sam-
ples in this experiment. In this type of detector, photons perform a photoelectric e�ect
with the HPGe semiconductor detector. Thus, they cause a separation between an elec-
tron and a hole. The electron is thereby put into the conductor band and causes multiple
ionizations. The kinetic energy of the electron is dependent on the incident photon's
energy. The more kinetic energy the photon transfers to the electron, the higher is the
number of ionizations the electron causes. Those ionized electrons cause ionizations them-
selves and the current which results is very representative for the incident photon's kinetic
energy.

This principle is actually very similar to an ionization chamber. But as the medium
for ionization in a HPGe detector is solid (not gaseous), its density is much greater, and
thus a much larger number of ionizations occur (consequently, the measured output signal
is relatively large). That is why the output signal is relatively easy to amplify and very
representative for the incident photon's energy. Therefore, HPGe semiconductor detectors
achieve a very good resolution. However, compared to scintillation detectors like the NaI
detector, the HPGe detector's e�ciency is rather small.

Brief comparison with NaI scintillation detectors

NaI detectors consist of special crystals which cause �uorescence when hit by γ particles.
Dynodes in a photomultiplier are used for the ampli�cation of the signal. The e�ciency
advantage is due to the fact that the crystals can easily be built in large shapes, e.g.
(almost) completely surrounding a small sample. But unfortunately, the resolution is
low compared to HPGe detectors. As this experiment is about the investigation of low
energy samples (the energy spectrum is about 40keV to several MeV ), HPGe detectors
are a better choice. Also, their e�ciency can be improved by providing favorable sample
geometry (a Marinelli beaker is helpful for this purpose).

More on this experiment's HPGe detector: Cooling and MCA

The HPGe detector must be cooled in order to reduce the thermal charge carrier gen-
eration (noise) to an acceptable level. So cooling reduces Compton scattering. Liquid
nitrogen cooling was employed in the detector used for this experiment.

The HPGe γ spectrometer used for this experiment was connected to an analog dig-
ital converter (ADC), where the signal was digitalized after linear preampli�cation. The
digital signal was then conducted to a multichannel analyzer (MCA). The MCA has an
internal memory of 8kbits (8096 bits). It can be visualized like a sorting device: channel
numbers are assigned to certain pulse height intervals. If an impulse of a height which
is part of that interval is measured, the counts number of the corresponding channel is
increased by one. As the preampli�cation is linear, only two points are required to build
a relationship between between channel numbers and energies (energy calibration). The
HPGe detector in use used a step width of approximately two channels for one keV .
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The MCA had a built-in display for live observation of the spectrum, but also collected
the counts data internally and transferred them to a computer. This data was obtained
for the analysis of the experiment.

Both the sample and the detector were locked in a cabinet of lead in order to isolate
them from background radiation.

3.2 Evaluation of γ spectra

The MCA's ampli�er can be assumed as linear. Thus, the relationship between channel
number and energy are linear: E (n) = a · n+ b.

What is also very important is the relationship between e�ciency ξ and activity A

ξ (E) =
N

t · f · A
(4)

This relationship is required for obtaining the e�ciency in dependence of the activity (as
in section 5.3), and vice versa (section 5.5). In simple terms, it is the fraction between
the amount of γ particles registered by the detector and the amount of γ particles which
were actually emitted from the source (within a certain time frame).

After registering a particle, the detector is unable to respond for a certain dead time,
so its life time is slightly shorter than the time which actually passed (real time).

When a spectrum is measured, it is partially buried in a background. This is why it is
required to subtract the background from the net peak. The idea of how this is done in
this experiment is shown in �gure 5. First of all, it is necessary to decide which channels
actually belong to the peak. Suppose these are channels 5176 to 5190, that is n = 15
channels. The content of these channels (which is the sum of all counts in channel 5176

Figure 5: Visualization of background subtraction procedure used in the experiment's
analysis (own design)
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to 5190) is Ntot. Then, with a constant distance d to the left and to the right preserved,
the same amount of channels n used for summing up its count contents. Let the sum of
counts within the n channels to the left of the peak be NBGL, and the one to the right be
NBGR. The average of them is NBG = (NBGL +NBGR) /2. Consequently, the net number
of counts in the peak Nnet can be obtained:

Nnet = Ntot −NBG

σnet =
√
σ2
tot + σ2

BG =
√
Ntot +NBG

The latter result has been obtained assuming that both the peak and the background can
be adequately represented by a Poisson distribution.

4 Experimental Procedure

For the experiment, it was necessary to collect a soil sample. A Marinelli beaker was
used for this purpose. Its shape is very well adapted to the shape of the detector, thereby
improving the e�ciency of the measurement. The time, date and location of the sample's
collection are given in �gure 6. It is a digitally modi�ed Google Map5.

5The original unmodi�ed picture can be recreated via http://maps.google.de/maps?f=q&source=

s_q&hl=de&q=Waller+Feldmarksee,+Walle+28237+Bremen&sll=51.151786,10.415039&sspn=

17.455926,38.979492&ie=UTF8&cd=1&geocode=FZSmKgMdWheGAA&split=0&hq=&hnear=Waller+

Feldmarksee&ll=53.126625,8.788526&spn=0.006837,0.015235&t=h&z=16

Figure 6: Sample collected in this location at 00:30 PM on October 8th, 2009
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The sample's weight is given below.

weigth of Marinelli beaker (empty) : 180.2g

beaker �lled with soil sample : 1348.7g

soil sample itself : 1168.5g

4.1 Test source with one γ line

The spectrum of a Cs-137 point source sample is recorded from di�erent locations, each
time for 20 seconds. In one case, a lead plate is put in between the sample and the detector.
The Germanium detector has a cylindrical shape. The goal is to �nd a dependency
between the sample's location and the number of registered counts, and also to give
reasons for this dependency.

4.2 Test sources with multiple lines - energy calibration

Co-60 and Cs-137 test sources are placed on top of the detector. The spectrum is recorded
for 200 seconds with closed shielding door. Cs-137 has one distinct distinct peak, whereas
Co-60 hast two. An energy calibration is performed using two peaks.

4.3 E�ciency calibration

A Cs-137 test source was placed on top of the detector. The spectrum was recorded for
400s with closed shielding door. An e�ciency calibration was performed based on given
information about the Cs-137 (age, activity, half life).

4.4 Soil sample spectrum measurement; calculating activities

After a new energy calibration, the spectrum of the soil sample was recorded for 5864s
(which is about 98 minutes). Using an energy table it was possible to identify many
peaks. Three prominent peaks were chosen for calculating the current activity of the
corresponding radionuclide in the soil sample.

5 Analysis

5.1 Test source with one gamma line

For each of the below situations (1 to 4), a characteristic peak is measured in the spectrum.
In every situation, the shielding doors were closed. The number of recorded counts in the
central channel is given in table 2. A graphical representation of the situations is given
in �gure 7.

1. Sample on top of detector, centered.

2. Sample on top of the detector, as far away from the center as possible.

3. Sample on top of the detector, centered. A lead plate (about 2.5mm thickness) is
put between the sample and the detector.

4. Sample as far away from the detector as possible within the detector chamber.
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Figure 7: Numbers of counts in the central channel in di�erent positions (own design)

situation no. location (short) measured t counts (central channel)

1 on top of detector (center) t = 20s N = 2400
2 on top of the detector (edge) t = 20s N = 1452
3 on top, with lead plate t = 20s N = 1321
4 as far away as possible t = 20s N = 48

Table 2: Counts N in the central channel obtained in di�erent situations

Obviously, the further away the sample is from the detector (and also, the more resis-
tance � like lead shielding or lead plates � is in the way of the photons), the fewer counts
are registered. This is due to the fact that the emission of photons is isotropic, i.e. the
photons are distributed to all directions. In situation no. 1, about one half of all photons
hit the detector. In situation no. 2, less than one fourth of the photons hit the detec-
tor, and in no. 4 it is even less. The very low number of registered counts in case no. 4
is also due to the fact that the photons actually ionize the air on their way to the detector.

In situation no. 3, although the position of the radionuclide is favorable, the lead plate
absorbs lots of photons. The higher the thickness of the lead plate, the fewer photons
reach the detector with su�cient energy to perform a photoelectric e�ect (and thus are
correctly detected by the HPGe detector). This is due to the fact that the γ rays lose some
of their kinetic energy through scattering (esp. Compton) and ionization and therefore
have less remaining energy to perform a photoelectric e�ect in the detector.

5.2 Test sources with multiple lines - energy calibration

With the HPGe γ spectrometer in use, linear ampli�ers can be assumed. Thus, channel
numbers are proportional impulse heights, which, in turn, are proportional to energies.
Energy calibration is all about assigning energies E to channel numbers n. The energies
of the photons emitted by radioactive nuclides in use here can be looked up in literature
([3] was used for this purpose). Table 3 combines the literature energy values and the
corresponding channel numbers.

For the energy calibrations, the two outer points (n1, E1) and (n3, E3) were used.
Using these points combined with the linear equation E (n) = a · n+ b yields a set of two
linear equations. The solution yields the unknown parameters a and b:

E (n) = 0.49582keV · n+ 0.24052keV E : energy in keV n : channel number

12



large peak energy nuclide channel number

E1 = 661.66keV Cs− 137 n1 = 1334
E2 = 1173.24keV Co− 60 n2 = 2366
E3 = 1332.50keV Co− 60 n3 = 2687

Table 3: Data points for energy calibration.

5.3 E�ciency calibration

The properties of the used Cs− 137 sample were these:

activity on 1975/09/29: A0 = 13.2µCi , 488.40Bq half life: T1/2 = 30.17y

error of initial activity: ∆A0 = A0 · 5% = 24.42Bq

In order to calculate the e�ciency ξ = N/ (t · f · A), the current activity needs to be
obtained �rst. The date of the experiment was the 15th of October, 2009. The time
di�erence is tnow = 34.07y. Thus the current activity is

A (tnow) = A0 · e
− ln(2)tnow

T1/2 = 223.27Bq (5)

∆A (tnow) = ∆A0 · e
− ln(2)tnow

T1/2 = 11.16Bq (6)

For the e�ciency, 14 channel of the Cs− 137 peak were considered. Another 14 channels
were considered for the background radiance to the left and another 14 channels for the
background radiance to the right of the peak. Among these channels, all the counts were
summed up. This resulted in Ntot = 5191, NBGL = 1 and NBGR = 31. The average counts
of the background channels are

NBG =
NBGL +NBGR

2
= 16 σBG =

√
NBG

Thus, the net counts of the peak (without the background radiation) are

Nnet = Ntot −NBG = 5175 σnet =
√
Ntot +NBG = 72.15→ Nnet = 5175± 72

Note that the MCA-built-in display had an internal routine for calculating Ntot and
Nnet. The values it yielded for the very same channels were Ntot, MCA = 5188 and
Nnet, MCA = 3893. Consequently, NBG, MCA = 1259 � 16 = NBG. However, Ntot, MCA

and Ntot are very close to each other.

The branching ratio being f = 0.85 and the time of the experiment being texp = 400s,
the e�ciency can now be obtained

ξ = Nnet

t f A(tnow)
= 6.81% ∆ξ = σnet

t f A(tnow)
+ Nnet ∆A(tnow)

t f [A(tnow)]2
= 0.44%→ ξ = 6.84%± 0.44%

For the above error calculation, several assumptions had to be made: ∆Nnet 6= 0,
∆A (tnow), ∆texp = 0, ∆f = 0. These assumption actually make sense because texp
and f and have either been measured very precisely or have been taken from literature:
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� the MCA was con�gured to measure for a real time interval of texp = 400s. As
analyzed in the soil sample section, the di�erence between real and life time only
causes an error of < 0.5%.

� f was looked up in [3].

� concerning A (tnow) = A0 · exp
(
− ln (2) tnow/T1/2

)
: the value for T1/2 was inscribed

on the sample. tnow has been computed as described above. The computation was
performed in Mathematica based on seconds. For this reason, the exp() term itself

is assumed to have practically no error at all. However, an error of 5% for A0 was
inscribed on the sample. This has been considered in the computation of ∆A (tnow)
according to equation 6.

It is now possible to compare the results for the e�ciency ξ with the the laboratory's
own e�ciency calibration curve (see Appendix B). It results from measurements with
many radionuclides and is a good source for comparison. The laboratory's calibration
curve yields an expected e�ciency of ξlab = 4.3%, whereas ξexp = 6.84% ± 0.44%. The
author presumes that the principal source of error is the background radiation (as stated
above, the other variables have very small error ranges, and also Ntot, MCA and Ntot are
very close). The background radiation value was much more appropriately given by the
internal MCA routine (its result could be read o� the internal display). Performing the
e�ciency calculation with Nnet, MCA yields ξnet, MCA = 5.12% which is much closer to
ξlab. However, an obvious error source can not be made out. The author was carefully
instructed in the usage of the MCA and entered nearly all of the commands himself
(under supervision). Still, the only reasonable cause for error seems to be software based.
Perhaps an automatic and undesired re-scaling or normalization was performed by the
oscilloscope.

5.4 Data analysis of soil sample measurement

For the analysis of the soil sample spectrum, another energy calibration was required.
The Cs-137 peak, as well as the K-40 peak were used for this purpose. Both peaks are
very characteristic for the spectrum (the Cs-137 peak is the largest peak of the spectrum,
whereas the K-40 peak is by far the largest peak with energies above 1000keV ). The
Cs-137 peak at E1 = 661.6keV was found at channel number n1 = 2651 and the K-40
peak at E2 = 1460.8keV was found at n2 = 5846. The linear energy calibration yielded
E (n) = 0.250141keV · n− 1.52338keV .
With the energy calibration performed, it is possible to identify radionuclides from the
soil sample's spectrum. The energies to which the peaks correspond, as well as the
corresponding nuclide information, can be found in table 4. An overall plot of the spectrum
is given in �gure 8. It provides a good view on the proportions of the peak heights (The
three peaks which are annotated in this plot are important for section 5.5). A large plot
of the spectrum with annotated peaks can be looked up in 9.
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Figure 8: spectrum recorded from soil sample (overall view)

energy [keV] radionuclide f [%] half life origin

77.1 (x-ray) Pb-214 10.7 long U-238
92.6 Th-234 5.6 long U-238
185.6 U-235 54.0 71e7y natural
209.5 Ac-228 4.1 long Th-232
238.6 Pb-212 45.0 long Th-232
270.2 Ac-228 3.8 long Th-232
295.2 Pb-214 18.7 long U-238
338.5 Ac-228 12.3 long Th-232
352.0 Pb-214 36.6 long U-238
511.0 annihilation peak � � �
583.1 Tl-208 30.0 long Th-232
609.4 Bi-214 45.0 long U-238
661.6 Cs-137 85.2 30.2y fallout
727.2 Bi-212 7.0 long Th-232
768.4 Bi-214 5.0 long U-238
794.9 Ac-228 4.9 long Th-232
911.1 Ac-228 29.0 long Th-232
968.9 Ac-228 17.5 long Th-232
1120.4 Bi-214 15.2 U-238 U-238
1460.8 K-40 10.7 1.3e9y natural
1509.5 Bi-214 2.2 long U-238
1588.1 Ac-228 4.6 long Th-232
1631.0 Ac-228 3.4 long Th-232
1764.7 Bi-214 15.4 long U-238

Table 4: Nuclides identi�ed in the soil sample (individual nuclide information from [3])
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Figure 9: annotated spectrum (recorded from soil sample in Marinelli beaker)
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A characteristic property of natural radionuclides is their half life, which is usually
very long. Also, it is much more probable to encounter a radionuclide with a small
branching ration (e.g. 5%) and a very long half life than to encounter a nuclide with
a short half life (e.g. 10 days), even though if its branching ratio may be great (e.g.
85%). This consideration was helpful in many decisions when close energy values made
the distinction of di�erent radionuclides possible. Also, it is important to remark that
many of the encountered radionuclides originate from either Th-232 or U-238, which are
both natural radionuclides.

5.5 Calculating activities of three prominent lines

The �nal task was to calculate the activities of three prominent lines. The time of the
experiment t, as well as the branching ratio for each radionuclide f being known, the
activity A, the e�ciency ξ and the net number of counts in the peak Nnet need to be
found.

� For Nnet, the same procedure as in section 5.3 is employed (summing up the total
number of counts N tot in the peak, doing the same for the background radiation
NBGL left of the peak and NBGR right of the peak and then averaging them, and
�nally subtracting Nnet = Ntot − NBG). For a more detailed description of this
process, see section 2.2.

� For the e�ciency ξ, another calibration curve is obtained from the laboratory's long-
termed measurements (see Appendix C). The required e�ciency can easily be read
o� the graph, as indicated in the Appendix.

The real time of the experiment was 5864s, but the time in which the detector was
responsive (life time) was slightly smaller: t = 5861s. Note that the di�erence is only
about 0.05%, so ∆t is regarded as practically non-existent. With this information, it is
possible to calculate the activity A of the investigated radionuclides. Note that this time,
error propagation (according to Gauss) was necessary to employ.

A =
Nnet

t f ξ
∆A =

√(
σNnet

t f ξ

)2

+

(
Nnet ∆ξ

t f ξ2

)2

and σNnet
=
√
Nnet

The error of the e�ciency was appropriately set to ξ = 0.001. The investigated radionu-
clides were K-40, Cs-137 and Pb-214 (at 352.0keV), also see �gure 8. The results for the
activities, as well as their errors and other details of the calculation process, are given in
table 5. All of the data given in this table was calculated using the self-written MATLAB
functionpeak_counter. Its source code is given in Appendix A.

Surprisingly, the activity of Cs-137 is comparatively small. Even though its peak is
about three times larger than the Pb-214 peak, it is also narrower, so their activities
are very close. The activity of K-40 (which like Pb-214 has a natural origin) is much
greater. Having in mind that the Cs-137 peak is the largest peak in the spectrum, it is
still a somewhat comforting result that the activity of the arti�cial isotope Cs-137 is not
outrageously great (any more).
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variable K-40 Cs-137 Pb-214

t[s] 5861 5861 5861
f 0.107 0.852 0.366
ξ 0.010± 0.001 0.018± 0.001 0.024± 0.001
Ntot 1399± 37 1234± 35 726± 26
NBGL 25± 5 294± 17 191± 13
NBGR 14± 3 270± 16 181± 13
NBG 19.5± 4 282± 16 186± 13
Nnet 1379.5± 37 952± 30 540± 23

A [Bq] 219.97± 22.78 10.59± 0.68 10.49± 0.63

Table 5: Detailed information on activity calculation

6 Conclusion

The results of the experiment Natural and Man-Made Radioactivity are Soil are absolutely
satisfactory and do not leave many questions unanswered.

The linear energy calibration (which was performed twice with a dataset of only two
points) of the Canberra MCA was precise and allowed investigating even very distinct
peaks. Although the calculation of the e�ciency in section 5.3 yielded a rather unreal-
istic result, it was possible to narrow down the error source to a disharmony in software
calculations.

In the soil sample, as many as 24 radionuclides were identi�ed. Among them, Cs-137
(which originates in global fallout after atmospheric nuclear bomb tests, and also in the
1986 Chernobyl accident) has the most distinct peak. The digital data which resulted
from the soil sample measurement was easy to handle and had a very good resolution (as
was to be expected from a HPGe detector). The activity calculation of the radionuclides
Pb-214 (at 352.0keV ), Cs-137 and K-40 clearly illustrated the independence between peak
height and activity.
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A function peak_counter for calculating activities

This MATLAB function was written by the author in order to calculate the values for
table 5

function peak_counter(BGL1, BGL2, peak1, peak2, BGR1, BGR2,f, epsilon, counts)

% PEAK_COUNTER Calculates the activity of a prominent line from the

% spectrum.

%

% counts: array holding the counts per channel. Its index number minus

% one corresponds to the channel number.

%

% The other variables are quite obvious. The following calls of this

% program have been used in order to compute the data given in the

% labreport:

%

% Cs-137

% peak_counter(931,944,952,965,973,986, 0.852,0.018,counts)

%

% K-40

% peak_counter(5804,5832,5833,5860,5861,5888,0.107,0.01,counts)

%

% Pb-214

% peak_counter(1387,1403,1404,1420,1421,1437,0.366,0.024,counts)

depsilon=0.001;

tlife=5861;

NBGL=sum(counts(BGL1-1:BGL2-1));

NBGR=sum(counts(BGR1-1:BGR2-1));

Ntot=sum(counts(peak1-1:peak2-1));

NBG=(NBGL+NBGR)/2;

Nnet=Ntot-NBG;

dNnet=sqrt(Nnet);

Ak=Nnet/(tlife*f*epsilon);

dAk=sqrt((dNnet/(tlife*f*epsilon))^2+(Nnet*depsilon/(tlife*f*epsilon^2))^2);

fprintf(1,'t[s]:\t%g\n',tlife);

fprintf(1,'f:\t%1.3f\n',f);

fprintf(1,'$\\xi$:\t$%1.3f \\pm %1.3f$\n',epsilon,depsilon);

fprintf(1,'Ntot:\t$%g \\pm %g$\n',Ntot,floor(sqrt(Ntot)));

fprintf(1,'NBGL:\t$%g \\pm %g$\n',NBGL,floor(sqrt(NBGL)));

fprintf(1,'NBGR:\t$%g \\pm %g$\n',NBGR,floor(sqrt(NBGR)));

fprintf(1,'NBG:\t$%g \\pm %g$\n',NBG,floor(sqrt(NBG)));

fprintf(1,'Nnet:\t$%g \\pm %g$\n',Nnet,floor(sqrt(Nnet)));

fprintf(1,'A [Bq]:\t$%.2f \\pm %.2f$\n',Ak,dAk);
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