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SUMMARY:

In this book we overviewed 17 laboratory practices in the subject of environmental
physics. Our measurements mainly covered the area of environmental radiations starting
from the acoustic waves, electromagnetic radiation hazard, visible light and going into
the area of radioactivity: X-rays, gamma-spectroscopy, annihilation radiation,
Cherenkov-radiation, alpha- and beta-spectroscopy. These exercises are good examples
for those students who intend to work in laboratories using these spectroscopic or other
environmental physics methods.

There are of course lots of areas in environmental physics that were not covered
here, but these exercises are adjusted to the technical possibilities of the Environmental
Center at E6tvOs Lorand University, Budapest.


http://www.typotex.hu/

Preface

This work is based on three laboratory practices that environmental major students have been
studying for about 10 years at E6tvos Lorand University (ELTE). We describe 17 lab
practices and give 4 more chapters as an introduction to the fields. Several laboratory
practices have a Hungarian description in a book edited by Prof. Dr. Adam Kiss with
coauthorship of our colleauges: Panni Bornemisza, Gyula Pavo, Otté Csorba, Ferenc Deak,
Botond Papp, Andras Illényi and the authors of this book. However, a few new measurement
were added to the list and this book covers already the actual material for the laboratory
measurement of three lab teaching units: Environmental Physics, Environmental Physics
Methods and Radiation Physics. The introductory chapters of this book are also helpful for
the students of the master course: ,,Environmental radiation”.

New measurement of electromagnetic radiation hazards, microwave radiation, infrasound,
Cherenkov-radiation, radon exhalation, solar heat collector and polarized light pollution
widened our topics in the broad field of environmental physics.

Especially, the English description of the ,,Infrasound wave detection” laboratory practice
is well established on a work of Géabor Szeifert, Gdbor Gelencsér and Gyula P. Szokoly at the
Department of Atomic Physics of ELTE. The chapter about the ,,Solar heat collector” is based
on the Hungarian description and undergraduate research thesis (TDK) of Edina Juhasz and
Veronika Pongo.

This English text is for those student who study at ELTE e.g. as Erasmus students in
environmental sciences or in physics or by any reason they prefer English language
description.

Budapest, March 2012.

The authors
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15. Radioactivity of natural soil and rock samples (TAU)

15.1 The origin of natural rock and soil radioactivity

The isotopes of uranium and thorium, and their daughter products (members of their decay
chains) can be found abundantly in the outer layers of the Earth: **Th, ***U, **°U and their
daughters. We are going to examine a granite sample with high uranium content, and estimate
its “*®U—concentration. Besides, the radioactivity and composition of several other natural
samples will be studied.

The average uranium content of the soil is a few mg/kg (or g/t), in other words, a few ppm
(parts per million). Of course, the observed values can vary widely. It is notable that the ura-
nium concentration can be quite high close to volcanic mountain regions. There are certain
locations famous for their surface rock layers with high uranium content, like in Kerala, India.
Soils with more than average radioactivity can be found also in Hungary. Those are located
primarily in the vicinity of our andesite- and granite-based mountains, like the Velencei-
hegység or the Mecsek.

Another source of the natural surface radioactivity is the potassium isotope with the mass
number 40, whose relative abundance among all potassium isotopes is 0,0117%. The *’K
isotope decays to *°Ca with B-decay, or (with 10,7% probability) to “’Ar. (During the B-decay
the nucleus emits an electron or a positron, while its atomic number increases or decreases
respectively, by one, but its mass number does not change.) In the latter case each decay is
followed by a radiation of a y-photon with energy of 1460 keV> (the y radiation consists of
photons, the quanta of the electromagnetic field). The presence of the radioactive potassium,
with a half-life of 1.248 billion years, can be detected in virtually all soil samples, since the
“K appears in the energy spectrum with a single, well separable y-energy. Thus, it is easy to
tell it apart from the radiation of the uranium and thorium daughters. In the latter cases, the
decay chain is long and more than a hundred gamma-energy shows up in the spectrum, origi-
nating from the many daughter products. The radiating isotopes can be identified via the de-
termination of the y-energies.

Among the artificial radioactive isotopes, the '*’Cs (with a half-life of 30 years) can be de-
tected most easily in soil samples, which originate from the atmospheric nuclear bomb ex-
periments and from the fallout that followed the nuclear power plant accident in Chernobyl.

The method to be demonstrated on this laboratory exercise is rather general; it is also used to
determine the radioactive levels of the building materials at construction projects, or to exam-
ine the soil at a construction site. The decay chain of the uranium contains a radioactive radon
isotope, the ***Rn, which is a noble gas, and can escape from the soil or from the rocks by
diffusion. Since the half-life of the **’Rn is 3.8 days, it can exit the soil or building materials
and mix into the air, and may accumulate in the air of the rooms in buildings. The decay
products of the radon easily stick to dust particles, and can enter the respiratory system
(lungs) by breathing, and emit significant amount of a—radiation.

In the course of the a—radiation the decaying nucleus emits a He nucleus (called a—particle)
with an energy of a few MeV. The a—particle is doubly charged (contains two protons), there-
fore it ionizes strongly the materials it passes through, and decelerates quickly. While external

? We are using the eV (electron volt) as the unit of energy: the amount of kinetic energy gained by an electron if
accelerated through a voltage of 1 V. With SI units, 1 eV=1.6x10"" J. The thousand- and millionfold of this
quantity are also often used, that are the kel and the MeV'.
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15. Radioactivity of natural soil and rock samles (TAU) 145

o~—radiation is already absorbed in the human skin, the total energy of the above described
internal o—exposure is deposited inside the human body, and strains the sensitive inner or-
gans.

In order to avoid high radon concentration in buildings, it is advised to examine the soil at the
construction site already before the work starts. Dross from forges was often used as a build-
ing or insulating material. Dross often contains — depending on its origin— an elevated level of
**U due to the burning process. (For example uranium level of dross from Tatabanya in Hun-
gary, has been shown to be elevated.) It is known that the radioactivity of these building mate-
rials can be of concern. Besides the higher gamma dose it produces in the building, the radon
concentration can be higher than average there. It is because the higher uranium content
means higher radium content (radioactive equilibrium) and the bricks, blocks of this material
having high gas permeability, so radon can escape out of these.

The same measurement method can be used to examine the uranium and thorium content of
the rocks below surface, for mining exploration purposes.

We emphasized the gamma-radiation of the mentioned radioactive materials, since that is the
radiation that is important for us at this laboratory exercise. However, the alpha- and beta-
decaying isotopes dominate among the daughters of the uranium and thorium. These charged
particle radiations get almost immediately absorbed in the soil sample itself, already after a
short distance. Large volume samples thus emit almost exclusively gamma-radiation, which
can be detected with our experimental setup.

The aim of this laboratory exercise is to get familiar with the reasons for natural rocks and
soils to show radioactivity, and to learn an experimental method that is widely used in exami-
nations of environmental samples. During this process, we will discuss those — sometimes
complex — problems that have to be solved by the experimenter in order to apply the method
in a reasonable and reliable way.

15.2 The determination of uranium content

The uranium content of our natural samples will be determined using gamma spectroscopy.
As we will see during the measurement, only the gamma lines of the daughters of the 2**U
will appear in case of the granite sample with significant intensity during the 10-15 minutes of
the measurement. Since the *°U is only present in the uranium with 0.7% fraction, its daugh-
ters can be analyzed only with a longer measurement. Furthermore, in case of this granite
sample and short measuring time, the lines of the ***Th are hardly visible. In our case, thus,
almost all of the gamma-radiation dose originates from **U daughters.

15.2.1 The HPGe semiconductor detector

During the detection of a radiation quantum (particle) we can only measure the amount of
energy deposited in the volume of the detector. This amount of energy is determined by the
interaction between the particle to be measured (in our case the y-quantum) and the material
of the detector. These interactions (as it was already mentioned) are the photoelectric effect,
the Compton-scattering and the pair production. The photoelectric effect is most probable if
the photon has a small energy (less than a few hundred keV). Nearly all of the photon’s en-
ergy is transferred to the electron in the atom of the material. The atom gets ionized and the
electron starts to move with high velocity in the material, but it loses its energy quickly, since
it interacts with the other electrons in the material by their electric repulsion. In the course of
a Compton effect, the photon scatters on an electron, which gets free from the atomic shell,
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146 1V. ENVIRONMENTAL RADIOACTIVITY 11

similarly to the photoelectric effect. In this case, though, the photon also survives and passes
on with smaller energy (longer wavelength) than it originally had. The electron and the pho-
ton share the original photon energy randomly: therefore the energy of the electron is not a
well-defined value. The scattered photon later escapes from the detector or it can be scattered
again. As its energy decreases at each scattering (but not between them!), it can end up finally
in a photoelectric effect. In such a case the total energy of the photon gets finally deposited in
the detector, in the form of kinetic energy of the electrons. During the pair production the
photon polarizes an electron and a positron (the antiparticle of the electron) out of the vac-
uum. This electron was not present initially in the material. For that to happen, the photon
energy has to be larger than the total rest energy of the electron and the proton, which is
511+511 keV = 1022 keV. The produced electron and positron slows down in the material
quickly. The positron approaches another electron of the material after it has lost most of its
kinetic energy, and annihilates with the electron. In the annihilation, two (rarely three) pho-
tons are radiated out. Both photons have 511 keV energy and they propagate in opposite di-
rections (to satisfy the energy and momentum conservation laws). These photons are not en-
ergetic enough any more to produce another electron-positron pair, but they can participate in
the Compton and photoelectric effects. If one, or both photons escape from the material with-
out these interactions, we will measure less energy deposited in the detector than the original
photon energy was, by precisely 511 or 1022 keV, respectively. This will lead to the appear-
ance of the single (SE) and double (DE) escape peaks in the measured energy spectrum. If,
however, the two photons from the annihilation also deposit all their energy in the detector,
we will measure an energy deposit that does correspond to the total energy of the original
photon.

To summarize, all of the above described processes, elementary photon-material interactions
lead to the liberation or creation of one or two highly energetic charged particles. The kinetic
energy of these particles is much larger than the binding energy of the electrons in the atoms
of the material. These energetic particles create many electron-hole pairs (the hole is the va-
cancy at the place of the electron that is kicked out) as they travel in the semiconductor mate-
rial, by kicking electrons into the conduction band. To create such an electron-hole pair only a
few el energy transfer is sufficient. Thus, an energetic electron (or positron) can create as
much as 10°~10 charge carrier pair in semiconductors, their number being proportional to the
kinetic energy of the particle. This total amount of charge is measurable, the charges are col-
lected for a few microseconds. The precision of the energy measurement (the energy resolu-
tion) is on the order of 0.1%, thanks to the large number of electron-hole pairs created: large
numbers fluctuate statistically less (in a relative sense) than small numbers.

Our detector is a high purity germanium (HPGe) semiconductor detector. The total energy of
the y-photon can be deposited by photoelectric effect, multiple Compton-scattering, or pair
production followed by the absorption of the two 511 kel photons emitted in the annihilation.
In case of the detector we use (with linear dimensions about 5 cm) the multiple photon inter-
actions take place within a few times 10” s (a few ns). With this detector size, y-s above 200
keV that are fully absorbed usually go through multiple Compton-scattering, and not a single
photoelectric effect. Therefore, it is more correct to use the term ,.total energy peak” instead
of the ,,photopeak” for the sharp energy values in the measured spectrum. The energy resolu-
tion of semiconductor detectors at 1 Mel is about 1-2 keV.

A high voltage (3000-4000 V) is connected to our HPGe detector, to collect the electrons and

the holes on the positive and the negative electrodes, respectively, thereby creating an electric
pulse, instead of letting them recombine with each other quickly after the irradiation. It is also
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15. Radioactivity of natural soil and rock samles (TAU) 147

necessary to keep the detector at a low temperature, because under the high voltage there
would be already some current flowing, without irradiation. Low temperature decreases the
chance that the kinetic vibrations in the crystal push electrons into the conduction band. The
detector is placed on the top of a copper rod, while the bottom end of the rod reaches into a
liquid nitrogen tank filled with LN, keeping the rod at —196 °C (the boiling point of the ni-
trogen). Copper is a good heat conductor, thus not only its lower end, but also its upper end
cools down, keeping the HPGe at low temperatures. The nitrogen evaporates continuously,
and should it boil away completely, the power supply would sense the change in the current
flowing through, and would turn off automatically. Nevertheless, failing to care about the
periodic nitrogen refill ultimately damages the detector.

The signals of the detector are amplified and shaped by a spectroscopic amplifier unit, pro-
ducing a short pulse with a few volts amplitude. Each photon that deposited any amount of
energy in the detector produces such an electronic signal. This chain of events (photon arriv-
ing, interacting, creating a pulse) is called briefly a Ait.

15.2.2 The method of the measurement

During the measurement, the gamma-energy spectrum of the samples should be collected for
a known duration of time. We will use a portable spectroscopy analyzer module, which con-
nects to a personal computer via the USB port. The information will be evaluated by software
that handles the analyzer data.

The operation of the amplitude analyzer

The analyzer holds a vector with 8192 (=2'%) elements, and each element is cleared in the be-
ginning of the measurement. The analyzer measures the height of the peak of the incoming
analog signal and digitizes it: characterizes its amplitude by an integer between 0 and 8192,
proportionally to the peak voltage. The larger the energy deposit was in the detector, the high-
er this value is. This is called the channel (number). We increase the element of the vector that
corresponds to this channel by 1. For example, if the energy of a given hit — in this arbitrary
unit — is 536, then we add 1 to the content of the 536™ channel. At the end of the measurement
the content of this channel will be the number of those photons that deposited precisely that
much energy that corresponds to the channel 536. This way the probability of occurrence of
various energies is measured. In case there is a well-defined energy that was deposited in the
detector many times, a peak appears in this histogram. The resolution of the detector is finite
(not infinitely good), so even in case our photons had the same very sharp, well-defined en-
ergy value every time, the electric pulses will not be exactly the same, and the integers associ-
ated to them may also differ. Therefore, the hits corresponding to the very same energy will
not fall into one single channel, but will be distributed over 5-10 channels, forming a peak. If
we want to determine the total number of photons at a given energy, we have to take the total
area of the peak, that is, we have to sum up the contents of all the channels that form the
peak.

15.2.3 Energy calibration
Assuming that the location of the peaks is in simple linear relation with the energy deposited
in the detector, we can determine this energy-channel number relation using a nuclide that

radiates several gamma photons with known energies. After this energy calibration, other un-
known isotopes can be easily identified, based on their y-energies.
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148 1V. ENVIRONMENTAL RADIOACTIVITY 11

The energy calibration can be carried out with a natural >**Th source, collecting its spectrum
for a few minutes. It is recommended to use the peaks that appear at 238.6 kel and 2614.7
keV energies (these are the highest intensity peak at low energy, and the highest energy peak,
respectively)! For a more precise result, let us repeat the calibration also taking into account
the peaks at 338.3 kel and at 721.2 keV. For the calibration, one has to highlight the peaks
with the two cursor lines, and add the peak to the list of ROI’s (Region of Interest). We can
type in the known energies of the peaks in kel units. After the calibration, placing the un-
known sample on the detector and measuring for a known duration, we get a spectrum that
completely differs from the thorium spectrum. Obviously, the area of the peaks at various
energies will be proportional to the duration of the measurement and to the activity of the
sample. The total and net area of the peaks as well as the statistical error of the peaks can be
determined with the help of the control software of the analyzer.

15.2.4 The identification of the nuclides in the sample, based on the observed y-energies

The gamma-radiation that arrives from the sample follows an alpha- or beta-decay, when the
daughter nucleus is initially in an excited state. Usually there are several possible energy lev-
els involved, and not all of the possible gamma-energies appear in each decay. Also, the emis-
sion of several different gamma photons can follow an alpha- or beta-decay. It has to be kept
in mind that only natural radioactivity is expected from a granite rock sample. In these natural
decay chains the larger mass number that occurs is 238 (uranium), and the decay chain ends
around the mass number of 210, where the decay daughter is already a stable isotope.

The software called DECAY is also available, in which several thousand gamma energies are
listed together with the emitting nuclides. Based on the measured energies, and the fact that
the mass number of the possible nuclei should be between 210 and 238, we can easily identify
the emitting nuclides. The fraction of decays in which a given gamma energy occurs can be
found for each nucleus. This fraction is called intensity, or probability. Obviously, if the
measured gamma photon is emitted only in 19% of the decays (I=0.19), then the number of
detected gammas should be divided by 0.19 to estimate the activity.

15.2.5 Determination of the detector efficiency

A further problem is to determine the chance that a given photon energy entirely remains in
the detector. It is quite difficult to estimate this efficiency, especially in case of bulky, large
samples. In our case a simulation method, so called Monte-Carlo method is used to determine
the probability of detection.

The basis of the method is the following:

We can assume that the emission of gamma photons from all the volume elements of the
sample to all directions is equally probable. The computer generates photons emitted to ran-
dom directions, and we count them. In case a photon started to the direction of the detector,
we examine if it interacted with the material of the detector. We know that there can be three
types of interactions: photoelectric effect, Compton-scattering and pair production. The soft-
ware contains the cross section (the probability) of these processes for germanium as a func-
tion of photon energy. We follow the photon until it loses all of its energy or it leaves the de-
tector. We count the cases where the total energy was deposited. The ratio of the number of
these events and the number of all generated photons gives the efficiency (n) we wanted to
determine. If there was a photoelectric effect, the total energy of the photon remained in the
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15. Radioactivity of natural soil and rock samles (TAU) 149

detector we do not have to follow up that event any more. In case of the Compton-scattering,
however, we have to follow up the scattered photon, since it can scatter again in the detector.
Since this process completes in less than a nanosecond, and the charge collection time is
about a microsecond, the total energy can apparently remain in the detector also with multiple
Compton scattering. The situation is similar in case of the pair production, too, since the posi-
tron slows down, encounters an electron and annihilates, and the created two photons have to
be followed further, separately.

When applying this method, several million events have to be generated to estimate the
efficiency precisely. The statistical accuracy of the calculation improves inversely to the
generated event number. Thus, to decrease the statistical error by half, we have to generate
four times more events.

15.2.6 The problem of self-absorption of the sample

A further problem is that in case of extended samples the photons emitted close to the detector
reach the detector with a high probability, but photons emitted from the far side of the sample
,»see” the detector at a much smaller solid angle. In addition, the photons have to traverse the
material of the sample without interaction! To estimate this chance, again the three types of
interactions have to be considered: the photoelectric effect, the Compton effect and the pair
production. In case any of these interactions happen, a photon with a completely different
energy will arrive at the detector, or it does not even reach it. These cases should not be
counted into the efficiency. This phenomenon is called self-absorption.

e To estimate the magnitude of the self-absorption, we have to know the approximate
chemical composition of the sample, and the atomic number- and energy-dependence
of all the three interactions for the whole periodic system of elements. It is important to
know that the cross section of the photoelectric effect is proportional to the fifth power
of the atomic number. Although this probability is decreasing with energy quickly, at
smaller gamma energies (100-400 kel) already the light elements cause a significant
self-absorption. Unfortunately, the atomic number and energy dependence of the inter-
action probabilities for all elements is programmed only via approximate formulas in
the software, and the precision can be further degraded by the lack of information
about the chemical composition of the sample. Due to these facts, the systematic error
on the efficiency is about 6-8%, thus we cannot ultimately measure the ***U content of
the sample.

e For precise measurement we could measure the self-absorption of the sample using ra-
dioactive isotopes radiating with known energies, then we could correct the efficien-
cies calculated without self-absorption based on these results. This method, however,
would require much longer time to carry out, and thus it is out of the scope of the labo-
ratory exercise.

15.2.7 Measuring the granite sample

We can see sharp, Gaussian-shaped peaks in the energy spectrum at certain characteristic en-
ergies. The area of those peaks (without the Compton-background) is related to the activity of
the decaying nuclide, and also proportional to the probability (intensity) of that gamma energy
occurring at the decay of the given isotope. For example, if we have 1000 *'*Pb decaying nu-
clei, then — because of the competing de-excitation channels — in only 192 cases is there a
photon with 295.2 kel energy emitted. We attempt to determine the number of *'*Pb atoms
from the number of measured y-photons, therefore we have to divide the measured number of
photons by the intensity factor, in this case by 0.192.
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150 1V. ENVIRONMENTAL RADIOACTIVITY 11

The concentration is thus proportional to the area of the peak, but it is important to take the
energy dependent self-absorption and the energy dependent detector efficiency into account.
Both factors are measurable or calculable. Since the self-absorption depends on the composi-
tion of the sample, it has to be recalculated for each sample separately.

The half-life of the ***U and some of its daughters (T;,, from which the decay constant
A =1In2/Ty; can be calculated): 2381J. 4.468 billion years, 234. 244.5 thousand years, 20Th: 77
thousand years, ***Ra: 1600 years, *'*Pb: 26.8 minutes, *'*Bi: 19.9 minutes. The half-life has
to be converted to seconds to calculate the number of atoms correctly. The way to calculate
the activity is thus:

N

A=
n-1l-t’

where A is the activity to be obtained, N is the measured net peak area, 7 is the efficiency, / is
the intensity of the gamma-photon and ¢ is the duration of the measurement. The activity cal-
culated in this way has to be divided by the decay constant of the ***U to get the number of
uranium nuclei, then it is easy to calculate the uranium content of the sample — that is, how
many grams of uranium is contained in a ton (1000 kg) of rock sample.

15.3 Lab course tasks

1. Calibrate our equipment using the Th-sample with a few minutes of measurement!

2. Place the granite sample on the detector. Conduct a measurement for 10-15 minutes!
Determine the net area of the peaks at 186 kel 295 keV, 352 keV, 609 keV, 1001 kel
energy, and the net area of 5-6 further peaks!

3. Using the DECAY program, find the nuclides and the line intensities that possibly cor-
respond to these lines!

4. Using the Monte-Carlo program, determine the detection efficiency for the above en-
ergies! For that, assume that the granite is essentially composed of SiO,, in which the
mass number of the Si is 28, its atomic number is 14, the mass number of the oxygen
is 16, its atomic number is 8, and the sample has a 2.5 ¢m radius, 5 ¢m height and a
mass of 280.85 g.

5. Calculate the activity for each measured lines using the net peak areas, the duration of

the experiment, the peak intensities and the efficiencies. Determine the experimental

uncertainty of those activities, and calculate the average activity! (Here, the uncer-
tainty of each obtained activity can be quite different, therefore we have to use
weighted average!)

Based on the average activity, calculate the uranium content of the sample!

7. Measure and analyze the salt mixture that can be found in the laboratory in a similar
way!

8. Measure and analyze one or two unknown samples found in the laboratory!

@

15.4 Calculation of experimental uncertainties of the measured and calculated
quantities

It is not sufficient to provide the measured quantities (and their units!), their experimental
uncertainties (,,errors”) are also needed. (The unit of the error is always the same as the unit of
the corresponding quantity.) Without knowing the errors, it is not possible, for example, to
compare two quantities meaningfully. The experimental error originates from the error of the
net peak area on one hand, and from the systematic error of the efficiency (including self-
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absorption) on the other hand. Compared to those, the measured time duration and the intensi-
ties are very precise values, we can neglect their uncertainties. It is difficult to estimate the
error of the efficiency, and it is out of the scope of this laboratory exercise, therefore let us
take it to be 7% in case of the granite sample, and 20% for the other samples. We can deal
with the errors of the peak areas, however, and the errors propagated from those. We summa-
rize in the following the important knowledge we need to calculate these statistical errors.

K
Figure 15.1. The uncertainties of the counts in the selected areas in a gamma-spectrum

The error of the total peak area (7) is the square root of the total area (total number of hits) in
the peak: o, = JT . The net peak area (/) is the area obtained after subtracting the Compton-

background (/) from the total area: N =7 —H . If two quantities are statistically independent,
then the error of their sum (or difference) is the square root of the sum of the square of their

error. Therefore, the error of N can be calculated like this: o, = \/ o, +0o; = \/ T+o, . The
background is subtracted by calculating the area of the trapezoid determined by the left and
right edges of the peak we have highlighted. The area of this trapezoid is H = K (S +E )/ 2,

where K is the number of channels that compose the peak, S is the content of the first, £ is the
content of the last channel. Since K is fixed (does not change from measurement to measure-

ment), and the error of S and E is JS and \/E, the error of H becomes: o, =K+/S+E /2.
Then, as discussed above, the absolute error of the net peak area:

oy =AT+K*(S+E)/4=NT+H -K/2=\|N+H-(K/2+1).

We have to note, however, that the total peak area T is not strictly independent of S and E,
since the first and last channel is also contained in the peak. Due to that, the above formula
has to be corrected slightly. This more exact formula is (we do not provide its derivation, but
a bonus is due for it in the lab report):

oy =+/N+H-(K/2-1).
As we can see, we need the number of channels (K) that compose the peak (ROI) besides its
total area 7" and net area N. K is easily readable from the computer display. We have to write
down this o, statistical error next to each net area value! Now it is easy to get the relative

rel

error of the net peak area: o =0, /N (or hundred times that if expressed in percent).

The relative error of the product or ratio of two independent quantities is the square root of
the sum of the square of the relative errors of the two quantities. Since the net peak area and
the efficiency has to be divided when calculating the activity, the relative error of the activity,
A, is obtained as:

rel __ rel 2 rel
Oy = (O'N) +(O_n )Z
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If we assumed the efficiency to be very precise, then the above would become simply

rel rel

o'y =oy . Of course, the absolute error of the activity is obtained as: o, = 4-c'7. When

we calculate the average of the activities, we have to take into account that the activities are
not equally accurate, their errors differ. At this averaging, do not consider the error of the effi-
ciency yet, only the statistical errors! The correct method is the weighted averaging, where
the weights are given by the reciprocals of the squares of the individual errors:

ZAZ-/O'?
A) =T
<> 21/0'1.2

. . o . 1 1
tistical error of the average obtained in this way is given by the formula = Z_z , that
Gi

%)
b
ZL
V& o?
the o/ < A> relative error) the relative error of the efficiency to get the relative error of the

_ . rel
(ay =400

, where A is the activity of the i" peak, and o, is its absolute error. The sta-

is: Oy = . We still have to add — using the square rule — to that (more precisely to

average activity. The absolute error of the activity from that is: o

We always have to give the absolute statistical error of the net peak areas and the statistical
and total absolute errors of the average activities in the laboratory report.

It is recommended to use many decimal digits in the intermediate calculations, but the final
results should always be given to only as many decimal digits as reasonable and meaningful.
Do not write those decimals that are completely undeterminable due to the larger experimen-
tal error! The errors have to be given up to two or three (nonzero) digits only. For example,
»32,9 = 1,7 Bq” is correct, because the quantity and its error are given up to the same decimal
place, but ,,32,9235 + 1,6854945 Bq” and ,,32,9235 + 1,68 Bq” are incorrect. Similarly incor-
rect is to round the values excessively, like ,,30 + 2 Bq™.

15.5 Personal exercises

Each member of the group is supposed to briefly describe the method of the measurement and
the samples and tools they have seen in the laboratory. Besides, everyone has to note the
measured quantities in the report. Parts of this laboratory text should not be copied into the
report. Finally, each member of the group should choose one of the problems below, and
work it out in detail in his/her laboratory report.

A) Calculate the activity of the ***Pb and the **“Bi based on their measured peaks (no other
peaks should be considered for this problem)! First, calculate the activities that correspond to
the lead, and take their weighted average (where the different errors of the activities are taken
into account). Let us do the same for the bismuth peaks! Determine whether the activity of the
lead is the same, or not the same as the activity of the bismuth within experimental errors!
Then calculate the weighted average of the average activity of the lead and of the bismuth.
Assume that none of the radon could exit the sample, and the secular equilibrium is valid.
Calculate from that the total uranium content of the sample in grams, and the uranium concen-
tration in ,,grams of uranium / ton of rock” units!
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B) Calculate the activity of the 2*Pa™ and its experimental error! This isotope is certainly in
secular equilibrium with the ***U. Based on that, calculate the amount and concentration of
80 in the granite! Give the experimental errors! Then calculate the amount of ***U as well,
using the fact that — in natural uranium — the *°U content is always 0.72% of the total ura-
nium content. How many *°U nuclei are there in the sample? Calculate, what the contribution
of °U to the net area of the peak at 185 kel is (that is, what would be the peak area if only
23U would be present?). Subtract this **’U-contribution from the measured net peak area and
give the remaining area, together with its error! This remaining area is due to the radiation of
the **°Ra. Based on this, calculate the activity of the **°Ra and its error! Does this activity
agree with the activity of the ***Pa™ within errors? Calculate the weighted average of the ac-
tivity of the *Ra and the **Pa™ and the error of this average! If we got a larger value than the
person who calculated exercise A), which means that part of the radon could escape from the
sample before it decayed. If so, what percentage of the radon escapes?

C) Measure the gamma spectrum of the ,,Horvath Rozi” salt mixture (mass: 231 g) found in
the laboratory! This salt only contains 60% NaCl for health reasons; the rest is KCl. Measure
the amount of *’K in the sample (and its error)! Is there any other radioactive isotope in the
salt? Calculate, based on the measured values, the total amount of potassium in the sample
(given in grams), using the fact that the fraction of **K in natural potassium is always
0,0117%! Always give the experimental errors! Calculate the total K-content of the salt from
the fact that 40% of the total mass of the mixture is KCI! Do the two values (the measured and
the calculated K-content) agree within the experimental error?

The laboratory instructor sometimes gives a further simple exercise connected to another un-
known sample.

D) Let us choose an unknown sample from the many interesting samples in the laboratory!
We can also bring in a soil sample from our own garden in a glass food container. Based on
the energy spectrum of this unknown sample, let us identify as many different radioactive
isotopes as we can! Explain the observed peaks, as well as the eventually missing peaks
(compared to the granite)! Estimate (calculate) the amount of uranium, thorium, potassium,
cesium, and eventually other isotopes, similarly to exercise A)! Find out if there is uranium in
the sample, or, eventually, only radium and its daughters! Give the experimental errors of all
measured quantities! If we do not find the characteristic peaks that correspond to certain iso-
topes (like *’Cs or *°K), then let us give an upper bound for the amount that can be in the
sample at most, without producing a visible peak during the measurement. This can be done
in two ways. If, in the given range, there is not a single hit, and not even Compton-
background, then we have to calculate the number of nuclei, for which we should have seen at
least one hit at the given energy, if it was present in the sample. If there is a nonzero Comp-
ton-background, then we can define a peak area (ROI) around the expected energy value, sim-
ilarly to the case of the other visible peaks. Then, we can add the net ,,peak area” (which will
be of course a small number) and two times its error, obtaining this way a fictive net peak
area. We can state with high confidence, which we have measured /ess than this fictive peak
area. The amount of isotope that would correspond to this area is the upper bound we were
looking for. (Note that upper bounds do not have experimental errors, so do not give any un-
certainty for upper bounds).
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15.6 Test questions

1.) What kind of natural radioactive decay series are known?

2.) How do we determine the uranium content of the granite?

3.) How does our detector work, and what kind of detector it is?

4.) Would it be possible to measure alpha or beta radiation with our detector? Why?
5.) If 1 kg soil contains 0,01% uranium, how large is its activity?

6.) Which quantities do we need in our experiment to calculate the activity (formula)?
7.) Why do we need high voltage when we use the germanium detector?

8.) Why do we need to keep the detector at low temperature?

9.) What is the activity of 0,119 g clean ***U? Its decay constant is about 6:10™® s ™.
10.) What is secular equilibrium, and what is the necessary condition for it to set in?
11.)How does our amplitude analyzer work, and what is its role?

12.)How do we calibrate our equipment (energy calibration)?

13.)How does the incoming gamma-photon interact with the detector? How does all this
depend on the energy of the photon?

14.) We find two peaks in the spectrum, corresponding to the same nuclide. We calculate
the activity for both. For the first we get 100+10 Bq, for the second 112+5 Bq. What is
the weighted average of the two, and the error of this average?

15.) Our result for the net peak area is 200 + 10, and the efficiency is 0.02 = 10%. The in-
tensity for the given line is 0.5, and we have measured for 20 seconds. What is the ac-
tivity and its error?

16.) What is the self-absorption, and what kind of difficulty does it cause at the measure-
ment?

17.) Why is it necessary to know the chemical composition of the sample to determine its
uranium content?

18.)Let us say, the activity of the 2'*Bi in our sample is 1000+55 Bq, while the activity of
the *°Ra is 1500+75 Bq. How can we explain the difference?

19.)In case of one of our samples only the gamma-radiation of the *°U can be detected,

there is no sign of the '*Pb nuclide. What can be the reason for that?

20.) Which natural and artificial isotopes can be usually observed in soil samples with
gamma spectroscopy?
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Summary

In this book we overviewed 17 laboratory practices in the subject of environmental physics.
Our measurements mainly covered the area of environmental radiations starting from the
acoustic waves, electromagnetic radiation hazard, visible light and going into the area of ra-
dioactivity: X-rays, gamma-spectroscopy, annihilation radiation, Cherenkov-radiation, alpha-
and beta-spectroscopy. These exercises are good examples for those students who intend to
work in laboratories using these spectroscopic or other environmental physics methods.

There are of course lots of areas in environmental physics that were not covered here, but the-
se exercises are adjusted to the technical possibilities of the Environmental Center at E6tvos
Lorand University, Budapest.

This subject is more colorful, there are many interesting areas above these. The authors hope

that these practices can help to understand the complex behaviour of the processes occurring
in our environment.
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