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Abstract
We are constantly exposed to ionizing radiation of di�erent type. Most of the radiation
exposure comes from natural sources. External background γ radiation originates from
two di�erent sources, terrestrial and cosmic. Terrestrial radiation originates from two
di�erent background, natural and arti�cial or �man-made� isotopes. The arti�cial radiation
contributes very little to the total absorbed dose.

External background γ radiation has been thoroughly studied in the Swiss �elds and
meadows, by the Environmental Radioactivity Section, since the 1960's. A data base of
more than thousand measurement have been performed outdoors. In the early stages,
dose rate measurements were performed by an ionisation chamber, and compared to NaI
spectrometry measurements. With the development of high purity germanium crystals,
HPGe spectrometers have replace the NaI in �eld measurements.

The objective of this work is to systematically survey the external background γ radi-
ation in an urban area. Therefore, various indoor and outdoor measurements were carried
out in the Fribourg (Switzerland) urban area, to investigate the average equivalent dose
rate and its variation. We want to evaluate the increase of terrestrial contribution and the
decrease of cosmic radiation in the vicinity of buildings.

Measurements sites were chosen regarding various parameters. For outdoor measure-
ments, we tried to cover most of the urban territory, measuring on di�erent soil types.

Many di�erent construction materials have been used for the structure of buildings,
in�uencing both the terrestrial and the cosmic background radiation, when being indoors.
Therefore, measurements were carried in buildings made of di�erent materials. Further-
more, measurements were made on many di�erent stories, to evaluate the cosmic absorption
by the building structure.



Résumé
Nous sommes constamment exposés à des rayonnements ionisants de multiples sources. La
majorité de l'exposition est de provenance naturelle. La composante terrestre et cosmique
forment le rayonnement de fond γ externe. Deux types de rayonnement composent la
partie terrestre, le rayonnement naturel et arti�ciel. Le rayonnement arti�ciel ne contribue
que très peu à la dose totale absorbée.

Le rayonnement de fond γ externe fut étudié en profondeur dna les prés et champs
Suisse, par la Section de la surveillance de la radioactivité, depuis les années 1960. Plus
de mille mesures extérieures furent e�ectuées. Dans les premières années, des mesures de
débit de dose, faites avec une chambre à ionisation, étaient comparées avec des measures de
spectrométrie NaI. Depuis le développement de cristaux germanium de très haute pureté,
les spectromètres au germanium ont remplacé les NaI dans les mesures de terrains.

Dans ce travail, nous souhaitions étudié le bruit de fond γ externe dans un environ-
nement urbain. Pour ce faire, de multiple mesures, à l'extérieur et à l'intérieur, furent
e�ectuées à Fribourg (Suisse) a�n d'évaluer le débit de dose moyen et ses variations. Nous
souhaitions déterminer l'augmentation de la composante terrestre et la diminution de la
composante cosmique autour et dans di�érents bâtiments.

Di�érents paramètres étaient étudiés dans le choix des sites de mesures. À l'extérieur,
nous avons essayé de couvrir au mieux l'espace urbain, en mesurant sur di�érents types de
sol.

À Fribourg, di�érents types de matériaux sont utilisés dans la construction des bâ-
timents, qui ont une in�uence directe sur le rayonnement de fond terrestre et cosmique.
C'est pourquoi, à l'intérieur, nous avons mesuré le bruit de fond γ dans des construction
de di�érents matériaux. De plus, dans la mesure du possible, nous avons mesuré sur dif-
férents étages, nous permettant de déterminer l'absorption du rayonnement cosmique par
la structure.



Chapter 1

Introduction to Radiation Protection

We are constantly exposed to ionizing radiation of di�erent types, arising from a multitude
of sources. As shown in Fig. 1.1, most of the exposure comes from natural radiation. Radon
and its a�liates, cosmic, and terrestrial radiation represents about two third of the total
exposure.

Since the 1950's, the Environmental Radioactivity Sectionof the Swiss Federal O�ce of
Public Health, measures and evaluates radioactivity and radionuclide over the Swiss terri-
tory. In the 1960's, � 2.2.1, a �rst census of natural radioactivity was made in Switzerland
on natural ground and environment. The measurement sites were chosen mainly on geo-
logical criteria. Since then, the monitoring of radioactivity focused on the surveillance of
the e�ects of atomic bomb testing and the Chernobyl catastrophe and on the surroundings
of the nuclear power plants, research centers, like CERN 1 and PSI, and on hospitals and
industries using radioactive products.

Di�erent instruments are used for the surveillance of the environment. In particular, In
Situ spectrometry allows direct outdoor measurements (see � 2.2). Such measurements are
used by the Environmental Radioactivity Section, ensuring a full coverage of radioactivity
in the environment over the whole Swiss territory, mainly in �elds, meadows, and rural
environment. All the measurements are made outdoors.

At the Environmental Radioactivity Section, we developed a project that would census
natural radioactivity and its components in an urban environment. This project, described
in details, focuses on the average exposure to terrestrial and cosmic components and their
variations in a standard urban population, both indoor and outdoor. From the UNSCEAR
report 2000, people living in urban environment spend roughly 80% of their days indoor
and 20% outdoor [28]. For the time spent indoors, UNSCEAR reports that roughly 20%
of the cosmic radiation is absorbed and there is a roughly 40% increase in the terrestrial
radiation due to building structure. Therefore, the total exposure to radiation in an urban
environment is

cosmic
terrestrial ⇒

(
80%in · 80% + 20%out · 100%
80%in · 140% + 20%out · 100%

)
·Dout =

(
0.84
1.32

)
·Dout (1.1)

With this project, we wished to measure the e�ect of urban environment on the total
absorbed γ radiation dose, excluding the irradiation by the body's own natural and arti�cial

1All acronyms and abbreviation are given in Appendix B, at page 213
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2 CHAPTER 1. INTRODUCTION TO RADIATION PROTECTION

Figure 1.1: Total exposure to the Di�erent types of irradiation, measured in milli Sievert
(mSv). The values in this �gure are taken from page A-13 of the annual report [26] of the
Environmental Radioactivity Section of the Swiss Federal O�ce of Public Health.

radionuclide and the e�ects of radon and its a�liates. We wished to evaluate the total
external dose absorbed from the ionizing radiation, terrestrial and cosmic contribution.
In Situ spectrometry was used to measure natural radioactivity in di�erent areas of a
populated region. Outdoor measurements were done on di�erent public areas, depending
on parameters like the type of ground and the elevation of the site. Indoor measurements
were done in buildings of various types, with di�erent construction materials, and on
various stories.

We have decided to do this project in Fribourg (Switzerland) for multiple reasons.
Fribourg o�ers a very wide range of di�erent construction types, from the middle ages to
current day. The city is built over roughly 200 m of vertical variation.



Chapter 2

Indoor � Outdoor measurements

Di�erent projects were developed over the years to evaluate the total average exposure of
the population to radiation. Some studies focused mainly on outdoor measurements, while
others tried to evaluate the in�uence of man-made alterations to the background rate.

I will here try to summarize a selection of di�erent projects that studied or are still
working in the �eld of environmental radiation monitoring. The projects presented were
chosen for their dried applicability or methodological impact on this project.

2.1 Radiation Monitoring in Switzerland
In 1956, in Switzerland, two federal commission were founded for protection against radia-
tions and for monitoring of environments radioactivity, called the CFSR or KUeR and the
CFR or EKS. In 2001, they fused to formed the CPR or KSR [12].

In 2004, this commission evaluated the average irradiated dose to the population, pub-
lished by the Swiss Federal O�ce for Public Health, given in Fig. 1.1. For natural external
radiation, shown in Table 2.1, two components are considered in their evaluation: cosmic
radiation contribution and terrestrial radiation contribution.

Table 2.1: Values published by KSR � CPR [12].

KSR Publication Air Kerma Equivalent dose
rate

Ambient dose
rate

(Ka in mGy
yr ) (E in mSv

yr] ) (H∗(10) in mSv
yr )

Terrestrial radiation 0.35 0.26 0.42
Indoor terrestrial radiation 0.46 0.35 0.55
Cosmic radiation (ionising and
neutronic component)

0.45 0.73

Indoor cosmic radiation 0.38 0.61
Total 0.71 1.15
Total indoor 0.73 1.16

3



4 CHAPTER 2. INDOOR � OUTDOOR MEASUREMENTS

The contribution of cosmic radiation to the external total dose has two components:
ionizing radiation and neutron radiation. Primary and secondary cosmic radiation increases
with altitude, due to its partial absorption by the Earth's atmosphere, and with latitude,
due to its de�ection by the Earth's magnetic �eld, as described in �� 3.6�4.4.3. The federal
commission evaluates the contribution of the ionizing component of the cosmic radiation
to the total external absorbed dose1 to be

Ec(z) =
(

33
nSv
h

)
e

z
2.5 km (2.1)

where z represents the altitude in km, for 0 ≤ z ≤ 2 km. The neutron component of
the cosmic radiation to the total external absorbed dose evaluates to

En(z) =
(

7.5
nSv
h

)
e

z
1.2 km (2.2)

where z again represents the altitude in km, for 0 ≤ z ≤ 2 km.

2.2 Outdoor radiation
2.2.1 Radiosurveillance Census in Switzerland of 1961
In the summer of 1961, the Swiss federal o�ce of public health, in collaboration with
the Radiological Institute at Freiburg University, in Germany, and the Swiss committee
for atomic fuels, carried out a series of measurements throughout Switzerland [35]. The
objective was to evaluate the amount of natural radiation emitted from di�erent soils.

Measurements were to be carried out so that the whole of Switzerland would be covered
as systematically and uniformly as possible. The measurement procedure was accomplished
in four stages, dividing the country into four regions, as shown in Table 2.2. Approximately
250 measurements were carried out in the whole campaign. The process took roughly four
months to be accomplished.

The measuring sites were chosen mainly on geological criteria. Measurements were
done for as many di�erent conditions as possible. The project's purpose was to link the
di�erent geological regions of Switzerland with the amount of natural radiation emitted
and absorbed. Therefore, some measurements were made in urban areas, but most were
carried in the country side. The results were given by soil composition of the sites.

Measurements were made with a NaI scintillation counter and an ionisation chamber,
made of a 25l air chamber at atmospheric pressure, with an intense electric �eld. The ioni-
sation chamber measured a total absorbed dose, without distinguishing between terrestrial
and cosmic components. The NaI scintillation counter detected the terrestrial contribu-
tion to the total background γ radiation. The comparison between the two resulted in a
fair approximation of the terrestrial and cosmic contribution to the total dose absorbed.

Halm, Herbst and Mastrocola [35] chose the summer of 1961, which was between two
atomic bomb testing periods. They suggested that the nuclear waste from the previous
bomb testing had no more e�ect on the environmental radiation. Therefore, the results of
their measurements seems to over-estimate the external background γ radiation.

1 Sv � Sievert de�ned in Chap. 4
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Table 2.2: Results from the census made in 1961 [35], over the Swiss territory.

Region Number of
Measure-
ments

Dose rate Equivalent
dose rate

ambient dose
rate

(Herbst, Halm and al. 1961) (D in mr
h ) (E in mSv

yr ) (H∗(10) in mSv
yr )

Jura, North Jura 9 68 0.45 0.72
Central Switzerland 17 70 0.46 0.74
Prealps and north lime alps 13 77 0.51 0.81
Non cristalline east alps 4 102 0.67 1.07
Cristalline Graubünden and Vallis 6 115 0.76 1.21
Tessin and Bergell 12 154 1.01 1.62
Average terrestrial radiation 61 76.1 0.50 0.80
Indoor terrestrial radiation 91 0.60 0.96
Average cosmic radiation 38.4 0.25 0.40
Indoor cosmic radiation 31 0.20 0.33
Total 114.5 0.75 1.20
Total indoor 122 0.80 1.28

2.2.2 NADAM network

Table 2.3: Results obtained by the NADAM
network over yearly period.

Year Equivalent dose rate
mSv/yr

2001 1.01± 0.22
2002 1.03± 0.22
2003 1.02± 0.22
2004 1.03± 0.22
2005 1.03± 0.22
2006 1.05± 0.22

The Automatic Dose Alarm and Monitor-
ing Network (NADAM) consists of 58 sta-
tions located at MeteoSwiss sites through-
out Switzerland. Geiger-Müller devices
transmit the measured ambient dose rate,
together with data on local rainfall at ten-
minute intervals to the NEOC, based in
Zürich. If the threshold value of 1 mSv

h is
exceeded, the alarm is raised immediately.
The NADAM data are evaluated daily at
the NEOC and enable external radiation to
be monitored over a large area [40].

The yearly average results obtained
from the 58 stations of the NADAM net-
work are given in Table 2.3. Di�erent fac-
tors can explain the over-estimated values (≈ 20%) obtained with this network :

• the sensitivity of the probes ranges over six orders of magnitude (from 50×10−9Sv/h→
50 × 10−3 Sv/h). The results obtained normally are at the lower end of the probe
range, therefore the uncertainties increase.

• the unknown internal activity of the probes can increases the results.

• several monitors are located at high mountain stations, where the results obtained
are higher (as expected from Eq. 2.1).
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The NADAM network probes are being changed gradually. The new probes should
reduce the uncertainties in the results.

2.2.3 In Situ spectrometry
Few methods are used for monitoring radioactivity in the environment, like laboratory γ
ray spectrometry, exposure rate measurement, NADAM, dose rate measurement and �eld
γ ray spectrometry. Of these methods, I will give a more complete description of �eld γ ray
spectrometry, also known as In Situ spectrometry. Field γ ray spectrometry was developed
in Switzerland in the mid 1980's (1985). More than a thousand �eld measurements have
been performed up to this day.

In �elds and meadows, the �eld γ ray spectrometry measurements brings a complete
overview of the radionuclide and their concentration. The In Situ method gives a mean
value of the radioactivity concentration over roughly 50 m2 [5]. In addition, the mea-
surements are faster than the other methods and the results can be shown directly while
measuring or shortly after.

In Situ spectrometry, for environmental radiation monitoring, consists in measuring
incident γ rays at a �xed height above ground level, with a portable γ ray detector.
The detector is normally set at 1 m above ground level [27]. The incident γ rays are
detected with a portable spectrometer made of an intrinsic high purity germanium (HPGe)
crystal of coaxial type. The incoming γ radiation deposits its energy in the HPGe crystal,
allowing the identi�cation of the radionuclide present in the soil. The concentration of these
radionuclide are calculated from the �ux of γ rays into the detector's crystal, see � 4.4.
The In Situ spectrometry is a technique to evaluate the terrestrial contribution to the total
background γ radiation.

To have a complete overview of the surroundings, a parallel measurement is done with a
high pressure ionisation chamber. The Environmental Radioactivity Section uses a �General
Electric � Reuter-Stokes� ionisation chamber, see � 5.1.6 for speci�cations of this device.
This instrument records the dose rate exposure during the �eld γ ray spectrometry mea-
surements, terrestrial and cosmic radiation indistinctly. The terrestrial component, from
γ ray spectrometry, added to the calculated cosmic contribution is compared with results
of dose rate measurements.

In Situ spectrometry has become a very common method for environmental radioac-
tivity monitoring. The work of C. Murith [5] has helped the environmental radioactivity
monitoring section develop a more complete overview of radioactivity distribution over the
Swiss' territory.

2.2.4 Radiation doses from external sources
Rybach, Bächler, Bucher and Schwarz [20] compared and analyzed the radiation exposure
of the Swiss population to environmental sources, from aeroradiometry measurements and
data collected from �eld measurements. Due to landscape variations, the population in
Switzerland is not distributed uniformly over the territory: very few people live in the high
mountain regions. Therefore, a comparison is made between the average dose rate over the
territory and the average dose rate per capita. Both cosmic and terrestrial contributions
are considered in the comparison.
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Figure 2.1: Comparison between
indoor and outdoor measurements,
made by Johner and Völkle [17].

The ionizing cosmic component of the total external exposure was calculated for land
parcels of 2km×2km, from a digital terrain model of the Switzerland. The calculations were
performed with the formula considered by the federal commission for radiation protection
and monitoring [12]. The 2 km× 2 km mapping of the terrestrial contribution to the total
external exposure is made from airborne γ radiation spectrometry, In Situ γ radiation
spectrometry, and from selected data sets from other surveys. [20].

From their measurements, Rybach et al. measured an outdoor average external dose
rate of 147 nSv

h = 1.29 mSv
yr over the Swiss territory. The average dose rate absorbed by the

Swiss population is 108nSv
h = 95mSv

yr per capita [20].

2.3 Indoor measurements
In Switzerland, like in many countries, environmental radioactivity monitoring focused es-
sentially on outdoor measurements. On the Swiss' territory, most of the monitoring was
done around nuclear power plants, research centers and industries that use radioactive
products. A great deal of e�orts over the whole Swiss territory was put into monitor-
ing the e�ects of the atomic bomb testing fallout and the repercussion of the Chernobyl
catastrophe. Very few indoor measurements have been performed in Switzerland.

From Máduar and Hiromoto [24], man-made alteration of the natural environment can
increase radiation exposure of the public. The materials used to built houses and buildings
contain natural radioactivity. Therefore, exposure to natural radiation inside buildings can
be altered by the structure itself. From Máduar and Hiromoto's computation, thickness of
the walls, material density, size of the area (rooms) are parameters that can in�uence the
total indoor exposure to radiation by up to 20% or more.

UNSCEAR [28] reports an increase of the terrestrial component when being indoor.
Even though indoor surveys are not as complete as outdoor, UNSCEAR reports an increase
of 40% of the terrestrial component when being indoor (see in Eq. 1.1). The building struc-
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ture absorbs an average of 20% of the cosmic contribution to the total external background
γ radiation.

Clouvas, Xanthos and Antonopoulos-Domis [3] did extended surveys of indoor and out-
door terrestrial γ radiation in Greece. The surveys were conducted in all Greek provinces
and in 41 towns of the Greek mainland. From In Situ γ spectrometry, they were able to
measure the in�uence of buildings on the total exposure to radiation from the Uranium and
Thorium decay series, 40K and 137Cs. From these surveys, they tried to map a complete
indoor and outdoor γ radiation of Greek urban areas.

Measurements were made to evaluate the natural radiation in Switzerland [17]. These
measurements were performed to evaluate the in�uence of construction on the terrestrial
and cosmic contribution to the total external dose exposure. The data were acquired
with a plastic scintillator and an ionisation chamber. Figures 2.2 show the results obtain
for measurements performed outdoor and indoor over di�erent areas of Switzerland. The
indoor dose rate is average at (103 ± 2) nSv

h compared to the outdoor average dose rate
of (89 ± 2) nSv

h . Figure 2.1 compares measurements made indoor and outdoor. Results
of measurements made over the Swiss territory, given in Table 2.5, show the dose rate
weighted by the number of inhabitants of the region.

From the work of Johner and Völkle [17], the terrestrial component of indoor radiation
exposure varies within a room. Simulations have been performed to evaluate the local
dose rate with a building. Figure 2.3 shows that the total exposure to radiation as it varies
within one building, depending on the closeness of walls, as well as, the geometry and
the structure of the rooms. Radionuclide concentration of the building material plays an
important role in the total indoor exposure.

Nuccetelli, Bolzan, Grisanti and Risica [6] combined results from In Situ measurements
with computational estimates from room models to evaluate the indoor exposition to ter-
restrial γ radiation. From a measured indoor speci�c dose rate, their method evaluates
the activity concentration in the walls of the room (Eq. 2.3), for the 238U and 232Th decay
series and for 40K, yielding:

Dγ = 0.876C238U + 1.130C232Th + 0.076C40K (2.3)
for di�erent concentration of radioactive materials: C238U , C232Th, C40K

Papastefanou, Manolopoulou, and Charalambous [7] studied radioactivity in various
building materials used in Greece. Through di�erent models, they evaluated the indoor
exposure to terrestrial γ radiation. The dose rate exposure is calculated (Eq. 2.4) for 232Th
and 238U series and for 40K concentration in the walls, via

Dγ = 0.887C238U + 1.17C232Th + 0.080C40K (2.4)
Monte Carlo simulations were performed at the IRA, to evaluate the in�uence of con-

struction materials on the indoor γ radiation exposure [21]. Table 2.4 compares the results
obtained from these simulations with the results from previous studies.

2.4 Our project
At the Environmental Radioactivity Section, we developed a project to measure and eval-
uate the total external background γ radiation in an urban environment, both outdoor
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(a)

(b)

Figure 2.2: (a) Outdoor Kerma rate measurements, performed with an ionisation cham-
ber: average value, standard deviation and range of values [12]. (b) Indoor Kerma rate
measurements, performed with an ionisation chamber: average value, standard deviation
and range of values [12].

and indoor. The terrestrial and cosmic component average and standard deviation, were
evaluated.

Outdoor measurements were made with a portable HPGe detector cooled with liquid
nitrogen and a high pressure ionisation chamber (GM � Reuter-Stokes). Indoor measure-
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Figure 2.3: Results of simulation
evaluating the indoor dose rate [17].

Table 2.4: The in�uence of the concentration of radioactive materials on the total absorbed
dose.

Method Room dimensions 238U-Series 232Th-Series 40K

Nuccetelli [6] 5× 4× 2.8m; 20cm wall
thickness; concrete density
2.32g/cm3

0.876 1.13 0.076
Papastefanou [7] 0.89 1.2 0.08

This work 5 × 5 × 3m; 20cm wall
thickness; concrete density
2.32g/cm3; −10% for win-
dows

0.75 0.97 0.069

ments were made with a portable HPGe detector cooled with a sterling motor (ORTEC �
DETECTIVE) and a high pressure ionisation chamber.

Measurements were carried in the whole of the urban area, covering as much of the
territory as possible. Outdoor measurements were chosen by the geographical situation
(the altitude) and the type of soil of the site. Indoor measurements were chosen by the
geographical situation (the altitude), the structure and the age of the buildings and the
height above ground level or the number of stories of the building. Since the city of
Fribourg is built in a region with about 200 m of altitude change, the geological situation
made it possible to evaluate the cosmic contribution to the total background γ radiation
(see � 3.9). For both indoor and outdoor measurements, the type of material or soil changed
the terrestrial contribution to the total background γ radiation, see � 4.4. The amount of
stories allowed an indirect measurement of the cosmic attenuation due to absorption by
the structure of the buildings.
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Table 2.5: Dose rate measurements covering Switzerland made by Johner and Völkle [17].
Canton inhabitants ×1000 Equivalent dose rate Dose × inhabitants

nSv/h mSv/yr
ZH 1179 85.5 0.75 883.05
BE 958 80.9 0.71 678.92
LU 326 77.9 0.68 222.46
UR 34 126.7 1.11 37.74
SZ 112 96.2 0.84 94.38
OW 29 87 0.76 22.10
NW 33 93.1 0.82 26.91
GL 39 71.8 0.63 24.53
ZG 86 75.6 0.66 56.95
FR 214 77.9 0.68 146.03
SO 232 71.8 0.63 145.92
BS 199 100 0.88 174.32
BL 233 100 0.88 204.11
SH 72 84.7 0.74 53.42
AR 52 96.9 0.85 44.14
AI 14 82.4 0.72 10.11
SG 428 83.2 0.73 311.94
GR 174 126.7 1.11 193.12
AG 508 93.1 0.82 414.30
TG 209 89.1 0.78 163.13
TI 282 131.3 1.15 324.35
VD 602 81.7 0.72 430.85
VS 250 116 1.02 254.04
NE 164 74.8 0.66 107.46
GE 379 82.4 0.72 273.57
JU 66 85.5 0.75 49.43
CH 6874 5347.30
Weighted average 0.78
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Chapter 3

What is radioactivity

3.1 A brief history
Knowledge of matter and its components has greatly improved since John Dalton (1803)
proposed some postulates to describe the atom. He was the �rst to postulate that matter
is composed of atoms, by suggesting that atoms are the smallest possible components of
matter.

In 1897, J.J. Thomson discovered the electrical properties of the electron. He thought
that the negatively charged electrons were dispersed in the atoms, like plums are put in
the English plum pudding. The rest of the atom had to be positively charged, since matter
is electrically neutral. His theory of matter states that atoms are put closely together to
form matter.

In 1895, Wilhelm Roentgen noticed mysterious �uorescence emitted from a glass Hittorf-
Crookes tube while studying cathode rays. These mysterious invisible rays had the ability
to penetrate opaque black paper. Roentgen called them X rays.

Soon after Roentgen's discovery, Henri Becquerel began investigating more closely these
new mysterious rays. He chose to work with potassium uranyl sulfate. He found that ura-
nium marked photographic paper, even when wrapped in black paper, and thus discovered
spontaneous emission of radiation by matter. Later, he proved that the radiation emitted
by uranium is similar to X radiation.

Following Becquerel's discovery, Marie and Pierre Curie made intensive investigation
of the newly found radioactive material. They discovered that not only uranium spon-
taneously disintegrated, but that, a panoply of di�erent elements can disintegrate in this
manner.

Even though Marie Curie �rst introduced the term �radioactivity�, Ernest Rutherford
can be considered as the father of modern nuclear physics. From his studies, he explained
many concepts of the atom and the newly found phenomenon of radioactivity. He discov-
ered that radioactive material not only emitted electromagnetic rays, but also particles,
that he named and characterized as the alpha, α, and the beta, β, particles, see � 3.3.

In 1911, Ernest Rutherford and two of his student, Hans Geiger and Ernst Marsden,
made an experiment which proved wrong Thomson's theory of matter [1]. They bombarded
a thin gold foil with a beam of α particles, represented in Fig. 3.1(a). From Thomson's
theory of matter, the α particles would be de�ected uniformly on the screen. Rutherford

13
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α source
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(a)
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Figure 3.1: (a) Diagram of Ernest Rutherford's setup which lead to the planetary atomic
model. For this setup, Rutherford used radium as the α emitter. (b) Diagram of Niels
Bohr atomic model. In this model, the electrons orbits are prede�ned to a certain energy
state.

noticed that most of the particles passed through the gold foil without any de�ection, while
some were de�ected at di�erent angles and some even bounced back. There is a di�erence
between the Thomson's expected scattering cross section and Rutherford's experiment.
From these observations, Rutherford suggested a new atomic model, where the positive
charges, holding most of the atomic mass, are compacted into a very small nucleus with
the electrons orbiting around, like a planetary system. The positively charged α particles
are de�ected by the positive nucleus, through Coulomb electric repulsion. They are more
and more de�ected, the closer they pass from the nucleus, to the point where they are
pushed back from a direct hit with the nucleus.

From Rutherford's experiment, Niels Bohr proposed an atomic model that dropped
the two major defects of the planetary model: that it could not explain why atoms emit
electromagnetic waves of certain frequencies only, and why a moving charged particle, like
the orbiting electrons, does not continuously radiate electromagnetic energy. In Bohr's
atomic model, the classical theory of electromagnetic emission does not stand, and the
electrons rotate around the nucleus on �xed prede�ned orbits, represented in Fig. 3.1(b).

J.J. Thomson, in his �plum-pudding� theory of matter, evaluated an atomic radius,
from material density, atomic weight and Avogadro's number, to be Ratom ∼ 10−10 m.
Rutherford's experiment suggested the nuclear size to be Rnucleus ∼ 10−15 m, later consis-
tant with Bohr's calculations. More than 99.95% of the atomic mass is found in a very
small nucleus of 10−5 times less than the size of an atom.

Rnucleus
Ratom

=
10−15 m
10−10 m

= 10−5 (3.1)

The full development of modern Quantum Mechanics was born at that time leading to the
theory used today. Through their work, and followed by others, we can now understand
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atomic and subatomic behaviours. They generated the discovery of the di�erent nucleons:
which are the particles that forms nuclei, to a list of isotopes: which are elements with a
di�erent mass number but with the same atomic number.

3.2 What is radioactivity
Radioactivity is the property of some atomic nuclei to spontaneously disintegrate. Emission
of highly energetic particles (α and β radiation) or electromagnetic radiation (γ radiation)
are the key signature of nuclei disintegration.

Since the discovery of radioactivity, knowledge of the atom and the nucleus has de-
veloped greatly. A good explaination of the disintegration process of a nucleus, with the
emission of radiation or particles exists. The disintegration process of an unstable nucleus
is stochastic. Therefore, a system of many nuclei must be considered.

In a system of many unstable nuclei, the average lifetime, τ , equals to the inverse of
the decay rate, λ. The average number of disintegration or activity of the system, dN ,
per time interval, dt, can be found from the mean lifetime of a nucleus and the number of
unstable nuclei in the system, N , via

dN = λNdt (3.2)

3.2.1 Nuclear mass
Very precise measurement of nuclear mass is important to understand nuclear phenomenona.
It would take much e�ort to enumerate all the methods for this purpose, only one example
of nuclear mass spectrometry will be given here.

The Bainbridge nuclear mass spectrometer gives a very accurate measurement of a
nuclei's mass. The technique is shown in Fig. 3.2. A beam of ionized isotopes is produced
and accelerated to a �xed momentum ~p. The isotopes pass through a velocity �lter, which
consist of a combination of an electric and a magnetic �eld. While in the combined �elds,
calle a �wien �lter�, the particle is subjected to both Coulomb and Lorentz forces.

~F = q ~E + q~v × ~B (3.3)

By choice of ~E and ~B , the forces can be made to cancel and the only particles which will
not be deviated have v = E

B . Slits or other collimaters can be used to select the undeviated
atoms, which will be localized around some speed v ±∆v. In the magentic �eld, only the
Lorentz force applies, and circular motion results:

FL = m
v2

R

qvB =
m µ

v

v2

R
m

R
=

qB

v
(3.4)

and dm

dR
=

qB2

E
= 0.1

U
mm





B = 1 T
E = 10 kV

mm

q = 1 e

(3.5)
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Figure 3.2: A representation of the Bainbridge nuclear mass spectrometer.

Sub mm resolution of the separation of where the ions arrive on the photographic plate
give very high mass resolution measurements.

3.2.2 Mass defect
The very accurate measurements of nuclear mass, outlined above, brought to light the
�missing� mass of a nucleus, the so-called mass defect. The total mass of all free nucleons
is greater than the mass of the nucleus. This phenomenon is easily illustrated by looking
at the 12C atom. The nucleus of that atom is composed of 6 protons and 6 neutrons. The
total mass of the free particles is

mtot = 6mp + 6mn

mtot = 6(1.6726× 10−27 kg) + 6(1.6750× 10−27 kg) + 6(9.109× 10−31 kg)
mtot = 2.00911× 10−26 kg (3.6)

The mass of the 12C nucleus is

m12C = 12.01115 u
1.660× 10−27 kg

1 u
= 1.99385× 10−26 kg (3.7)

which is di�erent from the mass of the total free nucleons by

∆m = mtot −m12C = 1.526× 10−28 kg (3.8)

Where is the mass? Did the mass disappeared for good? How do nucleons bind to each
other? These are some of the questions one can ask. To answer these questions, we must
look deep inside the nucleus and study the interactions between nucleons.
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The strong nuclear interaction is the force that binds the nucleons together. This
interaction acts on nucleons that get close enough to each other, independent on their
mass, their size, their structure, or their electrical charge. When the distance between
particles is less than a few femtometers ( fm = 10−15 m), this nuclear interaction develops
a strong attraction between the particles. Beyond these few fm, the repulsive Coulomb
interaction between charge particles takes over.

Since the strong interaction is attractive, the energy level of each nucleon is therefore
lowered by the binding process. From the theory of relativity, the negative binding energy
between the nucleons generates a decrease in the total mass,

∆E = ∆mc2 (3.9)

The binding energy of a nucleus depends on the number of nucleons it contains. From
Fig. 3.3, one can see that the binding energy per nucleon increases rapidly for nuclei
with few nucleons. The binding energy saturates for nuclei with ∼ 60 nucleons. At the
saturation point, the energy per nucleon is ∼ 8.7MeV, where MeV represent mega-electron-
volt (1 MeV = 1.602 × 10−13 J). For heavier nuclei, the energy per nucleon decreases
almost constantly. The very short range of the strong nuclear interaction (∼ 2 fm) and
the Coulomb interaction between protons are greatly responsible for the decrease in the
binding energy. For heavy nucleus, the strong nuclear interaction decreases due to the
size of the core, which is bigger than the interaction range. Furthermore, the Coulomb
interaction increases between protons, destabilizing the core.

There are several di�erent models and theories explaining nuclear behavior. Each
model explains certain behaviors in certain circumstances. No one model can explain all
the behaviors of nuclei.

The �liquid drop� model explains quite well the stability and the binding energy of
nuclei. This model approximates the nucleus to be sphere with uniform interior density,
like a drop of liquid [34]. In 1935, a German physicist, Carl von Weizsäcker, used that
model to formulated a semi-empirical equation giving the binding energy of a nucleus.

EZ,A = f0(Z,A) + f1(Z,A) + f2(Z,A) + f3(Z,A) + f4(Z,A) + f5(Z,A) (3.10)

The �rst term represents the mass of the constituent of the atom

f0(Z,A) = (mpZ +mn(A− Z)) c2 (3.11)

This term is the sum of the mass of the protons (mpZ) and the neutrons (mn(A− Z)) in
the core. The remaining terms correct the mass of the nucleus due to the various e�ect of
a liquid drop.

In this model, the nucleus is supposed to be spherical. The binding energy per nucleon
is imagined to be constant. Therefore, the binding energy of the whole core increases by
the volume term

f1(Z,A) = −c1A (3.12)

where c1 = 15.5 MeV
c2

The nucleons near the surface of the nucleus are have fewer neighbors, therefore, their
binding energy is reduced by the surface term

f2(Z,A) = +c2A
2
3 (3.13)
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Figure 3.3: Standard graph of average binding energy per nucleon for di�erent nuclei. The
�gure is from [30].

where c2 = 16.8 MeV
c2

The repulsive Coulomb interaction between the positively charged protons reduces the
total binding energy of the nucleus

f3(Z,A) = +c3
Z2

A
1
3

(3.14)

where c3 = 0.715 MeV
c2

Since nuclei do not always have the same amount of protons and neutrons, an inter-
action arising from this asymmetry term reduces again the total binding energy of the
nucleus

f4(Z,A) = +c4

(
Z − A

2

)2

A
(3.15)

where c4 = 23 MeV
c2

. This term is zero for Z = N = (A− Z).
The last term in�uencing this semi-empirical formula arises from the tendency of nuclei

to have even/odd Z and even/odd N , called pairing

f5(Z,A) =





−c5A 1
2 if even Z, even N

0

{
if even Z, odd N
or odd Z, even N

+c5A
1
2 if odd Z, odd N

(3.16)

where c5 = 11.3 MeV
c2
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neutrons protons neutrons protons

ground state excited state

γ

Figure 3.4: A schematic representation of the energy �lling of a nucleus. In the ground
state, the nucleons �ll the lower energy state in �rst.

3.3 Nuclear structure
The complex arrangement and interactions between bound nucleons set discrete energy
levels for a nucleus. The energy level of the whole nucleus depends on the energy state
of each nucleon. Figure 3.4 schematically represent the �lling of nucleons in a nucleus,
according to the limitation of Pauli's exclusion principle, as formulated in the shell model.

In quantum mechanics, a set of four quantum numbers is given to every particle, includ-
ing nucleons. These quantum numbers de�ne the quantum state of the particle. Table 3.1
gives a short description of these quantum numbers.

Pauli's exclusion principle states that �in a multiparticle system there can never be
more than one particle in the same quantum state�. The fundamental di�erence between

Table 3.1: The quantum numbers that enumerate the quantum state of each particle.

symbol name possible values
n principal quantum number

corresponds to the main energy level of the
particle

any integer possible starting from 1

l azimuthal quantum number
angular momentum quantum number
corresponds to the sub-level state of the par-
ticle

any integer from 0 to n− 1

ml magnetic quantum number any integer from −l to +l
ms spin quantum number = ±1

2
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protons and neutrons makes Pauli's principle striking. Once again the Pauli principle
is quite obvious for protons (neutrons) in di�erent energy levels. From this exclusion
principle, there can be two protons (neutrons) with the same quantum numbers n, l and
ml represented by each line in Fig. 3.4. These particles must have a di�erent spin quantum
number ms.

Nuclear instability
The stability of a nucleus lies essentially in the binding energy between nucleons. The
binding energy is found to be the sum of the attractive nuclear strong interaction and
the repulsive Coulomb interaction. Since the nuclear strong interaction has a very short
range of action, a bigger and heavier core will be less stable. Therefore, the stability of
a particular nucleus decreases with increasing neutrons in the core. Unstable nuclei will
decay to a more stable state following di�erent modes.

Independent of the mode, unstable nuclei will decay with the emission of highly ener-
getic particles, which allows the remaining nucleons to bind more tightly in the core (see
Fig. 3.3). However, the emission of particles can leave the nucleons of the newly formed
isotopes in excited states (see Fig. 3.4). The nucleons will eventually cascade to their
ground state, following Pauli's exclusion principle, via the emission of highly energetic
electromagnetic radiation, called γ rays.

An element is called �radioactive� if nuclei are either unstable or in an excited state.
The emission of particles or electromagnetic radiation to deexcite or stabilize the core is
called �radioactivity� or �radioactive decay�.

3.4 Alpha and Beta decay
It is not the purpose of this work to give a complete theoretical explanation of α and β
decay. Therefore, I will limit the discussion on the simple process of both decay modes,
without giving too many theoretical explanations on why the decay happens.

Alpha decay
The α decay occurs when an unstable nucleus � called �parent nucleus� � decays into its
�daughter nucleus� by the emission of an α particle, composed of two protons and two
neutrons. The emission of the α particle is spontaneous and transforms the nucleus A

ZX
into A−4

Z−2X. The α decay occurs when a heavy nucleus breaks into two parts, due to
the strong repulsive Coulomb interaction between protons. Figure 3.5 gives a schematic
situation of an α decay.

The mass of the parent nucleus is greater than the sum of the mass of both the daughter
nucleus and the α particle (Eq. 3.17). The remaining mass is transformed into kinetic
energy for the particles. From the momentum conservation law, and since the α particle is
very light compare to the daughter nucleus, most of the energy available from this decay
is carried away by the α particle as kinetic energy.

mZ,A > mZ−2,A−4 +mα (3.17)

Kα = [mZ,A − (mZ−2,A−4 +mα)] c2 (3.18)
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Figure 3.5: A representation of a parent nu-
cleus decaying into a daughter nucleus, fol-
lowing the α decay.

Figure 3.6: A beta decay energy spectrum.
n(E)dE is the proportion of beta particles
with energy between E and E + dE [36].
.

Beta decay
The β decay occurs when a parent nucleus decays into a daughter nucleus by the emission
or absorption of a β particle, i.e., an electron (e−) or a positron (e+). Table 3.2 shows the
three di�erent β decay schemes possible: the emission of an electron (β−) by the nucleus
A
ZX ⇒A

Z+1 X, the capture of an electron (β+) by the nucleus A
ZX ⇒A

Z−1 X and the emission
of a positron (β+) by the nucleus A

ZX ⇒A
Z−1 X. The light unstable nucleus will follow this

decay mode, due to the decreasing strong nuclear interaction. Like for the α decay mode,
the parent nuclear mass is greater than the sum of the mass of the daughter nucleus and
the electron/positron.

The energy made available from this decay is carried away partly by the β particle.
From lepton number conservation, an anti-neutrino or neutrino (ν or ν) is created in the β
decay process. The electronic neutrino (νe) and antineutrino (νe) are expected to have very
little mass (≤ 2 meV

c2
), no electrical charge and a spin s = 1

2 . These properties are essential
for electric charge conservation, angular momentum conservation, and energy conservation.
Therefore, the neutrino can carry away some of the energy made available from the decay,
leaving the rest for the β particle as kinetic energy, as shown in Fig. 3.6. Since the β
particle and the neutrino's mass are extremely small compared to the daughter nucleus,
the nuclear recoil is negligible.

3.5 Gamma radiation
When a parent nucleus disintegrates via α or β decay, the daughter nucleus is often left in
an excited state (Fig. 3.4). The excited nucleons undergo a series of cascades to the ground
state. Each transition releases a precise amount of energy, normally emitted as a photon.



22 CHAPTER 3. WHAT IS RADIOACTIVITY

Table 3.2: The di�erent cases of β decay. The decay will happen spontaneously if the
equation is energetically favorable.
β− e− emission n→ p+ + e− + νe E = [mZ,A − (mZ+1,A +m)] c2

β+ e− capture p+ + e− → n+ νe E = [(mZ,A +m)−mZ−1,A] c2 < 1.022 MeV
β+ e+ emission p+ → n+ e+ + νe E = [mZ,A − (mZ−1,A +m)] c2 > 1.022 MeV
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Figure 3.7: Schematic representation of the
radioactive decay of 38

17Cl into 38
18Ar. Three

decay routes are possible for this disintegra-
tion, with its probability.

For each transition, a photon is emitted of frequency equal to the energy di�erence divided
by Planck's constant (h = 6.626× 10−34 J · sec):

ν =
E

h
(3.19)

This type of deexcitation is called γ radiation. Figure 3.7 represents schematically the
decay process of the 38

17Cl nucleus. In this example, the β decay can happen along three
di�erent possibilities. The nucleus has 53% chance of emitting a β− particle with up to
roughly 5MeV of kinetic energy. In this case, the daughter nucleus is into the ground state.
The other scenarios, the parent nucleus β− decays into an excited state of the daughter
nucleus. In these cases, γ radiation will be emitted when the nucleus cascades to the
ground state.

Not all transitions are allowed. The transition between two states will occur only if the
�selection rules� of quantum numbers are satis�ed

∆l = ±1 (3.20)

∆j = 0,±1 (3.21)

where j is the total angular momentum quantum number.

Decay rate
Independent on the decay mode and the particle emitted, a radioactive nucleus has a certain
probability per unit time to decay, called the �decay rate� λ. In a system with many nuclei,
the amount of decays recorded per second represents the decay rate, called the �activity�
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of the system. The activity of a system of many nuclei is measured in �Becquerel� ( Bq),
representing the number of disintegration per second. In this system, the probability per
time interval that any of the excited nuclei decays is Nλdt, where N is the number of
excited nuclei in the system. Therefore, the average change in number of decaying nuclei
is

dN = −Nλdt (3.22)

where the minus sign indicates the decreasing amount of excited nuclei in the system. From
this equation, the number of excited nuclei N(t) remaining in the system after time t is
given by Eq. 3.23. In this equation N(0) is the initial activity of the system.

N(t) = N(0)e−λt (3.23)

From the decay rate, we can deduce the average time an excited nucleus survives, called
the �lifetime� τ . Since the decay rate gives the probability per second to decay, the lifetime
is therefore the inverse of λ:

τ =
1
λ
. (3.24)

One of the standards often used in nuclear physics is the �half-life� T 1
2
of the system.

The half-life represents the time needed for half of the excited or unstable nucleus to
deexcite or disintegrate. From Eq. 3.23, the half-life, proper for each type of nuclei, is
given by:

T 1
2

=
ln 2
λ

= ln(2)τ ≈ 0.693τ (3.25)

3.6 Cosmic radiation
Soon after the discovery of radioactivity, by Becquerel, physicists began to study and
evaluate radiation high in the atmosphere. In 1910, Albert Gockel made measurements
of ionizing radiation on board a hot air balloon. He discovered an increase in ionizing
radiation with increasing altitude. A few years later, in 1912, Viktor Hess made further
measurements and discovered that part of the ionizing radiation to which we are exposed
daily comes from outer space. Viktor Hess won the Nobel prize 1936 for his discovery of
cosmic radiation [9].

�Cosmic radiation� is the name given to the particles coming from di�erent parts of the
Universe and reaching the Earth. These particles are of very high energy, ranging from
eV→ 1019 eV [16]. Cosmic rays are mainly composed of protons and α particles. Heavier
atomic nuclei, in similar abundance as on Earth, make up only a smal part of cosmic rays.
Electrons, γ radiation and neutrinos are only a fraction of the cosmic particles that reach
the Earth.

The origins of cosmic radiation is not yet well understood. There is discussions between
di�erent theories on the de�nite origins of cosmic rays. Particles forming cosmic radiation
originate from at least three di�erent sources:
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Figure 3.8: A scheme showing secondary cos-
mic radiation. The process shown represents
the di�erent possible disintegration of the
particles [38].

1. Galactic Cosmic Rays come from outside the Solar system, but from within the Milky
Way.

2. Anomalous Cosmic Rays come from outside our galaxy.

3. Solar Energetic Particles arise from the sun and are kept relatively near the solar
system, guided under the local magnetic �elds.

Independent on their origin, when reaching our planet, we distinguish between �pri-
mary� and �secondary� cosmic radiation. Primary cosmic radiation is that originating
from outer space: solar, galactic or anomalous rays combined. Protons constitute ∼ 90%
of the total �ux, α particles for ∼ 10% and about 1% for the remainder of the particles
presents [16]. The two main components of the primary radiation are positively charged
particles, which interact with the Earth's magnetic �eld. Therefore, a greater proportion
of the radiation will enter the atmosphere near the poles of the planet. When penetrating
the atmosphere, the highly energetics particles collide with ncueli of the air. Their colli-
sions with the atmospheric atoms produces series of radioactive nuclei found in the high
atmosphere, like 3H, 7Be, 26Al, 32Si, 39Ar and 85Kr. The rest of the energy from the
collisions will create secondary cosmic radiation, shown in Fig. 3.8, showering the Earth's
surface.

When interacting with the Earth's atmosphere, primary cosmic radiation will create
either electrons/photons, hadrons, or muons/pions/neutrinos. Most of these create sec-
ondary particles which have a very short life, e.g. pion τπ = 26 ns, muon τµ = 2.2µs.
Very few reach the Earth's surface before disintegrating. The protons created will interact
very shortly after their creation with other particles of the atmosphere. Therefore, highly
energetic γ and neutronic radiation composes most of the secondary cosmic radiation we
are exposed to daily.
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The intensity of both type of cosmic radiation tends to increase with altitude. A
maximum intensity is reached at above 15 km about sea level. Below that altitude, the
particles created are either absorbed gradually by the Earth's increasingly dense atmo-
sphere or have disintegrated into daughter particles. Near sea level, the cosmic radiation is
composed mostly of muons (µ±), electrons (e−), neutrinos (ν) and γ radiation, decreasing
with altitude. Being dependent on the altitude, the intensity of the cosmic rays can be
expressed as follows,

I = I0e
P0−P

L , (3.26)

where I is the intensity at atmospheric pressure P , I0 is the intensity at pressure P0 and L
is an attenuation coe�cient. The attenuation coe�cient is generally expressed in g/cm2

and depends on the type of particle. The relation between the air pressure and the altitude
is

P = P0e
−H0−H

8000 m (3.27)

3.7 Terrestrial radiation
Di�erent radioactive isotopes decay following di�erent modes, as mentioned earlier. Some
of these isotopes are present in the Earth's crust (i.e. long-lived primordial isotopes, Rb-
87, K-40, U-238, Th-232, and their decay chain isotopes). The radiation emitted by these
isotopes is called �terrestrial radiation�. In the term terrestrial radiation, we include the
isotopes that are present in the Earth's crust since its formation, called �natural radiation�.
�Arti�cial radiation� comes from the man made isotopes released in nature, such as Pu−239
and Cs− 137, through the di�erent process mentioned in Chap. 1.

Natural radioactivity has been present in the Earth since the beginning of our planet.
All the isotopes present in the Earth's crust, stable or not, have an extraterrestrial origin.
Lighter elements, from hydrogen (H) to iron (Fe) in the periodic table of elements (Fig. 3.3)
were formed in the di�erent life stages of stars : main and post-main sequence, through
thermonuclear fusion. Incidents like novas and supernovas are most probably the answer
to the existence of elements heavier than iron in our planet.

In natural terrestrial radiation, we distinguish two di�erent types of elements. On
one side, our planet contains radioactive isotopes that disintegrate, via α or β decay, into
stable elements. Table 3.3 gives a short list of some of these single occurring isotopes.
On the other side, some radioactive series of elements are present in the Earth. Parent
nuclei decay into unstable daughter nuclei, which decay again into unstable nuclei, which
eventually decay into stable nuclei. Three decay series are found in nature, which are the
thorium-232 series (232Th)(Fig. 3.11), the uranium-238 series (238U)(Fig. 3.10), and the
uranium-235 series (235U))Fig. 3.9).

From the three decay series, one can deduce a recurrent pattern that takes the form of
4n for the 232Th series, 4n + 2 for the 238U series and 4n + 3 for the 235U series, where
n is an integer. From this recurrence pattern, there seems to be the series 4n+ 1 missing
in the natural radiation. In fact, this series, with 237Np as parent nucleus, was present in
nature at the formation of the Earth. Due to the short half-life of 2.25× 106 yr, this series
completely decayed, and is not found naturally anymore.
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Figure 3.9: A scheme of the decay series of uranium-235 (235U) and its daughter nuclei.
The graph is viewed from top to bottom. An α decay is represented by a change to the
left. A β− decay is represented by a change to the right. For more information concerning
the decay series see Table 3.4.

Table 3.3: Some single occurring radioisotopes found in natural terrestrial radiation [16].

Radioisotope Half-life Principal decay mode Energy
(MeV)

Intensity

40K 1.26× 109 yr β−

β+/EC
1.311
1.505

89%
11% for EC

87Rb 4.88× 1010 yr β− 0.283 100%
115In 4.4× 1014 yr β− 0.495 100%
123Te > 5.3× 1016 yr EC 0.053 100%
138La 1.06× 1011 yr β−

γ with EC
0.21
(0.81, 1.43)

80%
70%

142Ce > 1.6× 1017 yr β−
144Nd 2.1× 1015 α 1.83 100%
147Sm 1.06× 1011 yr α 2.23 100%
148Sm 7× 1015 yr α 1.96 100%
146Sm 1.03× 108 yr α 2.50 100%
176Lu 3.73× 1010 yr β− 1.192 100%
187Re 4.2× 1010 yr β− 0.00266 100%



3.7. TERRESTRIAL RADIATION 27

Figure 3.10: A scheme of the decay series of uranium-238 (238U) and its daughter nuclei.
The graph is viewed from top to bottom. An α decay is represented by a change to the
left. A β− decay is represented by a change to the right. For more information concerning
the decay series see Table 3.4.
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Figure 3.11: A scheme of the decay series of thorium-232 (232Th) and its daughter nuclei.
The graph is viewed from top to bottom. An α decay is represented by a change to the
left. A β− decay is represented by a change to the right. For more information concerning
the decay series see Table 3.4.
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3.8 gamma rays and their interaction with matter
The disintegration of radioactive isotopes, via α or β− decay, often leaves the daughter
nucleus into an excited state. From � 3.5, the daughter nucleus undergoes a cascade to
the ground state with the emission of γ radiation. The cascade occur via one or multiple
steps, with each step emitting γ radiation. The energy of the γ ray or rays emitted gives
precious information on the excited state of the nucleus.

The purpose of this work is to evaluate the total exposure to radiation of a population
in an urban area. Therefore, to evaluate the total exposure of a population, we need to
get information on the type and the amount of radioactive elements presents in the urban
environment. We will get this information through counting the number and �uence of
incoming γ rays seen by a detector (Chap. 5). For this reason, I give a description of the
interaction of γ radiation with matter.

A γ ray is a photon, that travels through free space in a straight line. The energy
carried by this photon is proportional to its frequency (ν) or inversely proportional its
wavelength (λ).

E = hν =
hc

λ
(3.28)

where h is Planck's constant and c is the speed of light in vaccuum.
We chose to measure γ radiation to evaluate the total exposure to radiation instead of

α or β radiation. Multiple reasons explains this choice. Firstly, γ radiation's penetrating
power is greater than α, which are themselves absorbed in the �rst few layers of air, or
β, which are absorbed in the �rst layers of dense matter. Therefore, γ radiation allows
�eld measurement to survey a greater area. Secondly, due to the penetrating power of
γ radiation, the detection instruments can be much smaller than for α or β rays. Field
measurements becomes easier, especially indoor measurement, with smaller instruments.
Finally, γ are indicators of the nuclei present, and can indicate whether α or β decay
preceeded the γ emission.

When γ rays encounter matter, interaction with the atoms can happen through three
di�erent process. Photoelectric e�ect, � 3.8.1, Compton e�ect, � 3.8.2, and pair production,
� 3.8.3 are the di�erent possible interaction of γ radiation with matter.

3.8.1 Photoelectric E�ect
The photoelectric e�ect is a process whereby electrons are extracted from their atom, after
absorbing a photon. The energy of the photon is completely transferred to the electron,
Fig. 3.12. The electrons can either be ejected from the surface of the material, like the
surface of a metal, or interact with electrons from other atoms in the structure. After the
electron has been extracted, the ionized atom is left in an excited state. The excited atom
will relax to the ground state by the cascade of outer-shell electron and the emission of
X-ray photons or by the emission of an Auger electron.

To extract an electron from the attractive electric potential of the atom, the photon
must carry a minimum of energy. Otherwise, the atom is simply excited before relaxing to
the ground state. The minimum energy required to extract an electron from an atom is
called the �work function� and is W = hν0 (h is Planck's constant = 6.6262× 10−34 J · s).
The value of the work function depends on the nature of the atom.
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Figure 3.12: The photoelectric process is the ejection of an inner-shell electron, after the
absorption of a photon. The atom is left into an excited state. The de-excitation process
can happen either by the cascade of the outer-shell electron or the emission of an Auger
electron [25].

The excess energy of the incident photon, if any, is carried away by the photoelectron
as kinetic energy, given by

Ke− = hν −W (3.29)

In the photoelectric e�ect, the photons interact with electrons from the �rst layer (L) of
atoms. Figures 3.12 gives a schematic representation of the photoelectric and de-excitation
process.

3.8.2 Compton E�ect
The Compton e�ect is an interaction between an incoming photon and an orbiting valence
electron of the material. Part of the photon's energy is transferred to the electron, which
is subsequently ejected from the atom. The scattered photon carries the remaining energy.
The new photon can interact many times with di�erent valence electrons of di�erent atoms.
Each interaction would eject the electron and create a new photon with less energy than
the previous. The collision of the two particles, as shown in Fig. 3.13, follows the law of
momentum conservation Eq. 3.30, which indicates the direction of the electron, but also
of the new photon.

The electron will be ejected from this collision with a kinetic energy equals to the
di�erence between the energy of the two photons, minus the work function needed to
extract the electron from the atom:

~pγ + ~pe = ~pγ′ + ~pe′ (3.30)

Ke− = (Eγ −Eγ′)−W = hν − hν′ −W (3.31)

3.8.3 Pair production
Pair production is a process where by an incoming photon creates a pair of particles
(electron and positron). For this process to happen, represented schematically in Fig. 3.14,
the photon needs to encounter a nucleus. The photon looses its energy, hν, to create a pair
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Figure 3.13: A schematic representation of the Compton e�ect. The energy and the
direction of the electron and photon are given by the laws of conservation of energy and
momentum.
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Figure 3.14: A scheme of the pair production process. An electron (e−) and a positron
(e+) are created in the process. The kinetic energy that they carry depends on the energy
of the incoming photon.

of electron-positron, γ → e+ + e−. From the law of conservation of energy, the particles
are created with kinetic energies given in Eq. 3.32. Since the positron has exactly the
same properties as the electron, except for the electrical charge, their rest mass energy
is the same. The creation of these particles must occur in the vicinity of a nucleus, for
the conservation of momentum, therefore, from the Coulomb potential of the nucleus, the
positron will have a slightly higher kinetic energy.

hν = Ee− + Ee+ =
(
m0c

2 +Ke−
)

+
(
m0c

2 +Ke+

)
= Ke− +Ke+ + 2m0c

2 (3.32)

The inverse process, pair annihilation, happens when a positron comes close enough to
an electron. Both being at rest, the particles annihilate, and their rest masses are turned
into energy, e− + e+ → γγ. From the law of conservation of momentum, a pair of photon
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have to be created. Each photon carries away the energy liberated from the annihilation :
hν = m0c

2 = 0.511 MeV

3.8.4 Cross section
An incident photon, or any other particle, travelling through a slab of material has a certain
probability of interacting with the atoms. The probability of interaction is called the �cross
section�. As a matter of fact, each type of interaction process, photoelectric, Compton,
and pair production, have a di�erent probability of happening in the material.

The probability that a photon will interact with the material through the photoelectric
e�ect is a function of the type of material and the energy of the incident photon. Equa-
tion 3.33 gives the cross section (τ) for the photoelectric e�ect. In this equation n and m
range from 2 to 5, depending upon the γ [10]. From this equation, we can deduce that the
probability of photoelectric e�ect increases with larger Z.

τPE ∼ Zn

Em
for n ∼ 4...5 and m ∼ 2 (3.33)

The cross section for the Compton e�ect decreases for higher energy photons. At low
energy, from 100 keV to ∼ 10 MeV, the Compton e�ect represents the essential absorption
mechanism. The cross section for the Compton e�ect is proportional to the type of material
(Z) and inversely proportional to the energy of the incident photon (E),

τC ∼ Z

E
. (3.34)

For pair production, the energy of the incident photon has to be at least 2m0c
2 =

2(0.511 MeV) = 1.022 MeV. Above that energy threshold, the probability for the event is
proportional to the type of material (Z2) and to the natural log of the energy (ln(E)),

τPP ∼ Z2 ln(E). (3.35)

In � 5.1, the di�erent instruments used in environmental radiation monitoring will be
explained. At this moment, one must remember that the higher the Z of the material, the
greater the chance of creating the photoelectric.

Of the three interactions possible, only in the photoelectric e�ect is the photon's energy
totally transferred to the ejected electron. Determining the energy of this electron boils
directly to knowing the energy of the incoming photon. A technique, called spectrometry,
consists in evaluating the energy of the electron ejected from photoelectric e�ect, through
the collision it makes with atoms of matter.

3.9 Cosmic rays and their interaction with matter
Cosmic rays reaching our planet are mostly secondary in nature. The energy of these
particles range from a few keV up to ∼ 20 GeV depending on the primary particle. The
techniques to detect these particles can vary from one particle to the other and depends
on the energy range in which we are interested. In the �eld of environmental radiation
monitoring, we are interested in the energy deposited by these particles when passing
through di�erent material.



34 CHAPTER 3. WHAT IS RADIOACTIVITY

3.10 Environmental radiation
γ radiation spectrometry
In γ spectrometry, the energy for incoming γ radiation is detected; allowing the identi�ca-
tion of radionuclide. Only the photoelectric e�ect absorbs all the energy of γ radiation. The
material density of a spectrometer increases the probability of photoelectric e�ect. Fur-
thermore, only in semiconductive material, th photoelectron can put valence electrons in
the conduction band. Therefore, γ spectrometers are made from semiconductive material
with a high density, and high Z.

dose rate measurements
Dose rate measurements, on the other hand, evaluates the total energy left by incoming
γ radiation. Any process, photoelectric and Compton e�ects, that releases energy to the
device (∆E/ kg) will be considered for the dose rate measurement. Therefore, dose rate
measurements are made from material with lower density and Z.



Chapter 4

Radiation Protection Standards

4.1 History of Radiation Protection
Soon after the discovery of X-rays and radium, the potential dangers of exposure to ra-
diation were recognized. In 1928, the ISR founded the International X-ray and Radium
Protection Committee. This committee was restructured, in 1950, to better account for
the total exposure to radiation, especially from sources outside the medical area. The
committee changed its name to the ICRP, which still exist today. From their web site [39],
the mission of the commission is �an independent Registered Charity, established to ad-
vance for the public bene�t the science of radiological protection, in particular by providing
recommendations and guidance on all aspects of protection against ionizing radiation.�

The ICRP is composed of a main commission and �ve standing committees. The main
commission is composed of 12 members and a chairman. The �ve committees: Radiation
e�ects, Doses from radiation exposure, Protection in medicine, Application of ICRP recom-
mendations, and Protection of non-human environment, each including 12− 20 members.

The results from Chap 6 are presented following ICRP's recommendations.

4.2 Radiation Protection Units
The exposure time to direct radiation �ux before reddening of the skin occured was the
�rst attempt to qualify safe limits while working with ionizing radiation. The experts from
the �eld of radiation protection soon realized that this �rst attempt gave very little details
on the danger of the exposure.

In the 1930's, the �Roentgen� (symbol R) appeared in the �eld of radiation protection.
This is the �rst unit that tries to measure the e�ect of exposure to radiation. The �Roent-
gen� is de�ne as the amount of radiation required to liberate positive and negative charges
of one electrostatic unit of charge in 1cm3 of air at standard temperature and pressure [30].
The process and energy required to ionized molecules or atoms can vary considerably from
one matter to the other. A measure with this unit gives no detail on the type of radiation
exposure. Therefore, new standards had to be developed that evaluate the exposition to
radiation with greater precision.

For this purpose, the �rad� unit tried to �ll the gap of the roentgen. A �rad� stands for
radiation absorbed aose. In the international system of units, the �rad� is no longer used.

35
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Table 4.1: Di�erent units used in the �eld of environmental radiation protection. Some of
the units evaluate activity of radioactive materials, while others take in consideration the
e�ect of radiation on di�erent matter.

unit name unit size
curie activity of radioactive elements 1 Ci = disintegration of 1g of 226 Ra

1 sec

becquerel activity of radioactive elements 1 Bq = 1disintegration
1 sec

roentgen charges
air volume R = C

m3 or C
kg

gray or
rad (in the U.S.)

energy
mass of matter 1 Gy = 1 J

1 kg

Sievert energy
mass of tissue or organ 1 Sv = 1 J

1 kg of organ

The United States is the only country that still uses the �rad� as an absorbed dose unit,
which represents 1 erg

g .
The �Gray� (symbol Gy) has replaced the �rad� in the international system of units.

The �Gray� is de�ned as the energy deposited by radiation in matter, where 1 J
kg . The

Gray makes no di�erence between the di�erent types radiation or matter in which the
energy is deposited.

In the �eld of nuclear physics, some units are used essentially to measure the amount
of radioactivity in matter. The �Curie� (symbol Ci) is a unit that represents the amount of
disintegration per second of a standard source. 1Ci is de�ne as the activity of 1g of radium
isotope (226Ra). The scale of this unit is enormous, and no longer used as a standard unit.

1 Ci = 3.7× 1010 Bq (4.1)

For the latter reason, a second activity unit has been de�ned. The �Becquerel� (symbol
Bq) is now used in the international system of units, and represents one disintegration per
second.

The activity of radioactive matter plays an important role in the exposure to radiation.
It is important �rstly because it gives an indication on the amount of particles (radiation)
�owing through the body, but also because when coupled to the type of radiation, the
amount of energy deposited can be evaluated. Table 4.2 gives an overview of the di�erent
physical values used when calculating exposure to a direct �ux of particles.

By knowing the geometrical situation and the activity (in Bq) of matter, we are able
to determine the �ux of radiation �owing through a body. This can help determine the
total energy transferred (Etr) by radiation �owing into a unit mass (dm) of matter, see
Eq. 4.2. This proportion is de�ned as the �KERMA� (symbol K). The KERMA represents
the total kinetic energy liberated by the incoming radiation in a reference material. The
KERMA is measured in Gy. The KERMA makes it di�cult to evaluate the danger of
human exposure to radiation, since it does not take into account the exposure time or the
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Table 4.2: Di�erent physical values when exposed to a direct �ux of particle [13]

Size De�nition Meaning of size
number of particles N =

∫
dN
dt dt This represents the total number of particles

�owing through a body
particle �ux (φ) Ṅ

A = 1
A

dN
dt ( 1

cm2·sec) This represents the number of particles per
second �owing through a surface.

Radiant Energy (ψ) R =
∫

dN
dEE · dE This represents the energy carried by the to-

tal amount of particles.
Energy �ux (Ψ) Ṙ

A = 1
A

dR
dt ( MeV

cm2·sec) This represents the amount of energy carried
through a body per second.

type of radiation.

Ka =
dEtr

dm
. (4.2)

Incoming radiation interacts with matter through the energy transmitted to its compo-
nent, see � 3.8. Therefore, the �absorbed dose� (symbol D) is the energy actually transmit-
ted (E) by the �ux of particles to the material per unit mass (dm). The �absorbed dose�
is also measured in Gy. One Gray represents the absorption of one joule by one kilogram
of matter:

D =
dE

dm
(4.3)

In radiation protection, it is not only important to know the total amount of energy
absorbed by a body, but the time scale that the energy was absorbed. The same dose can
be fatal if absorbed over a short period of time, and be insigni�cant over a long time scale.
Therefore, a new value has to be introduce called the �absorbed dose rate� or just the �dose
rate� (symbol Ḋ), which represent the total dose absorbed by a body over the absorption
period:

Ḋ =
dD

dt
(4.4)

Both the absorbed dose and the dose rate evaluate the energy transmitted by the
incoming radiation, without considering the type of radiation or the details of the material
irradiated. In radiation protection, we normally want to evaluate the danger resulting
from radiation exposure. The exposition danger will be di�erent with di�erent types of
radiation. Therefore, the �equivalent dose� (symbol HT ) is the absorbed dose weighted by
the radiation factor, since di�erent radiation type penetrate and interact di�erently with
matter. In this equation, ωR = 1...20 is the radiation weighting factor and DT,R is the
mean absorbed dose in a tissue or an organ T .

HT =
∑

R

ωRDT,R (4.5)
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On top of weighting the radiation type, a standard that considers the type of tissue
or organ irradiated is called the �e�ective dose� (symbol E). The e�ective dose is the
equivalent dose with a tissue or organ weighting factor, given by ωT = 0.01...1 in Eq. 4.6.
The equivalent dose and the e�ective dose are both measured in �Sievert� (symbol Sv).
A Sievert is the energy transmitted by the incoming radiation to the tissue or organ by
unit mass (1 Sv = 1 J

1 kg ) including all weighting factors. The weighting factors have no
associated units, they represents the sensitivity of the tissue or organ to di�ering radiation
types. The values for the radiation weighting factor are given in Table 4.3 and the tissue
weighting factors are given in Table 4.4.

E =
∑

T

ωTHT =
∑

T

∑

R

ωRDT,R (4.6)

Similarly to the dose rate, it is often more important to know the absorbed dose per time
interval, than the total amount radiation absorbed. The �equivalent dose rate� (Eq. 4.7)
and the �e�ective dose rate� (Eq. 4.8) are simply the dose absorbed by a tissue or an organ
per unit time.

ḢT =
dHT

dt
(4.7)

Ė =
dE

dt
(4.8)

Many parameters have to be considered for a precise evaluation of the equivalent dose
and the e�ective dose. The type of incoming radiation, the energy of the particles, the
isotropy or anisotropy of the radiation beam, the tissues or the organs irradiated and
the irradiation time period all play a role in the precise evaluation of the standard. The
multitude of parameters can change from situation to situation making it very di�cult
to standardize their precise evaluation. Therefore, the ICRU created a unit called the
�ambient dose equivalent� (H∗(10)) which represents the equivalent dose measured in a
sphere with tissue equivalent weighting factor ωT = 1 at 10mm in depth in the oriented
parallel incoming radiation beam, like shown in Fig. 4.1. For non-penetrating radiation,
the ambient equivalent dose can measured at 0.07mm (H∗(0.07)) in depth of the ICRU
sphere. The ambient equivalent dose, like the equivalent dose and the e�ective dose, is
measured in Sievert.

4.3 Limits in Radiation Protection
The �eld of radiation protection was developed to evaluate the danger of exposure of human
beings to di�erent types of ionizing radiation. The ICRP, since its creation, �xes dose limit
restrictions and reviews the limits periodically (given in Table 4.5). Switzerland follows
ICRP recommendations, in its �Swiss Radiation Protection Ordinance�. The last revision
made to the Swiss Radiation Protection Ordinance was edited in 2000, by the Federal
Chancellery.

Switzerland also has some limits for concentrations of radioactive material in air and
water and consumer goods which are given in the �limits on protection against radia-
tion�(art. 102) [11] and on consumer goods in the �limits on foreign substances and com-
ponents� [8].
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H*(10)

H*(0.07)

Figure 4.1: Schematic representa-
tion of the ICRU sphere. The am-
bient dose equivalent is shown for
H∗(10) and for H∗(0.07).

Table 4.3: Radiation weighting factors [28]. These values are being revised by the ICRP.
Their values can change shortly after this work is done.

Type of radiation Energy range Radiation weighting
factor ωR

Photons, electrons, muons All energies 1
Neutrons < 10 keV 5

> 20 MeV 5
Protons > 2 MeV 5
Neutrons 10− 100 keV 10

2− 20 MeV 10
Neutrons 0.1− 2 MeV 5− 20
α particles, �ssion
fragments, heavy nuclei All energies 20

4.4 Environmental Radiation Dose
In radiation protection, to evaluate the total exposition to radiation, we de�ne three types
of incoming radiation. We di�erentiate these sources based on their origins: terrestrial,
arti�cial, and cosmic radiation.

4.4.1 In-depth Terrestrial Radiation Contribution
Terrestrial radiation (see � 3.7) is generated by all the radioactive elements present in the
Earth's crust, since its formation. The radiation originates from single occurring isotopes,
see Table 3.3, or from one of the three decay schemes, see Table 3.4. The equivalent dose
and the e�ective dose are evaluated from the amount of incoming radiation per surface
area.

The isotopes contributing to terrestrial radiation have been present in the Earth's crust
since the formation of the world. Therefore, to evaluate the contribution of terrestrial radi-
ation, we assume that the distribution of these isotopes is homogeneous. The distribution
is assumed homogeneous indepth as well as radially. Figure 4.2 gives a schematic repre-
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Table 4.4: Tissue and organ weighting factors [28]. These values are currently being revised
by the ICRP, and their values may change in 2008 when the latest review is released.

Tissue or organ weighting factor ωT

bone surface 0.01
breast 0.05
colon 0.12
gonads 0.20
liver 0.05
lungs 0.12
oesophagus 0.05
red bone marrow 0.12
skin 0.01
stomach 0.12
thyroid 0.05
urinary bladder 0.05
remainder 0.05

sentation of the �ux of particles ΦE coming from a volume unit dV . The soil contains an
activity A (in Bq

kg ) of particles with energy Ei (in J) of intensity Ii

ΨE =
∑

i

EiIi

∫

V

A

4π(r′ + r)2
e−µssoilre−µsairr′dV (4.9)

where µssoil and µsair are the absorption coe�cient of the soil and of the air, respectively,
which varies for γ rays of di�erent energies. Since the integration is done over the whole
area, the �ux of incoming radiation becomes

ΨE =
∑

i

EiIi

∫ π
2

φ=0

∫ 2π

θ=0

∫ ∞

r=0

A

4π(r′ + r)2
e−µssoilre−µsairr′(r′ + r)2 sinφdrdθdφ (4.10)

where φ is the axial angle and θ is the radial angle. When integrating this equation, the
�ux of radiation through a dV , becomes

ΨE =
A

2µssoil

∑

i

EiIi

∫ π
2

φ=0
e
−µsair

cos φ sinφdφ (4.11)

From this result, we can evaluate the contribution of the terrestrial radiation to the
total absorbed dose rate

Ḋ =
∑

i

EiΦE · f (4.12)

where, in the air

f =
µaair
ρ

[cm−1] · 1.602× 10−13 J

MeV
· 1000

g

kg
· 3600

s

h
(4.13)

is the absorption factor (in [ J
kg ]) of the radiation in the body.
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Table 4.5: E�ective dose limits recommended by the ICRP (publication 60 from 1990) per
person per year [28]. These recommendation are made for e�ective dose when exposed to
radiation coming from arti�cial sources, apart from medical exposure to radiation, radon,
and cosmic radiation.

Maximum constraint Situation to which it applies

E�ective dose
(mSv/year/person)
100 In emergency situations, for workers, other than for sav-

ing life or preventing serious injury or preventing catas-
trophic circumstances, and for public evacuation and relo-
cation : and for high level of controllable existing exposures
(art. 21).

20 For situations where there is direct or indirect bene�t for
exposed individuals, who receive information and training,
and monitoring and assessment (art. 35).

pr
of
es
sio

na
lly

ex
po

se
d

5 In Switzerland, the �radiation protection schedule� precise
for situations where there is direct or indirect bene�t for
exposed individuals between 16 and 18 years of age,
who receive information and training, and monitoring and
assessment (art. 36).

1 For individuals exposed in normal situations (art. 37). general
public

4.4.2 Surface Arti�cial Radiation Contribution
Nuclear power plants, research centers, nuclear bomb testing, hospitals and industries use
radioactive material for di�erent reasons. Nuclear catastrophes, like Chernobyl, nuclear
accidents, or any other incident that releases radioactive isotopes into nature is called
�arti�cial radiation�. Two cases scenarios are used to evaluate its contribution to the
total absorbed dose: 1) freshly deposited isotopes, most of whos components are still on
the ground surface, and 2) isotopes deposited a certain while ago, having more or less
penetrated the soil.

Surface deposition
Firstly, in the case of a fresh deposition on an area, we assume that the isotopes are still
on the �rst soil layers. The contribution to the total absorbed dose comes from a �surface
deposition�. Figure 4.3 gives a schematic representation of a surface deposition. The
energy �ux ΨE passing through a body's surface element dS, for a soil containing a surface
deposition activity A (in Bq

m2 ) of isotopes emitting rays at energy Ei (in J) of intensity Ii.

ΨE =
∑

i

EiIi

∫

S

A

4πr2
e−µsairrdS (4.14)
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dV

y

h r’

r

x

φ

θ

Figure 4.2: Schematic representation of the contribution of terrestrial radiation. The
incoming �ux of particles starts from a volume unit dV . The dotted line represents the
trajectory of an incoming γ ray has not been absorbed over the distance r + r′ in the soil
or in the air.

where µsair is the absorption coe�cient in the air. After the integration, the energy �ux
becomes

ΨE =
∑

i

EiIi

∫ 2π

θ=0

∫ ∞

r=0

A

4πr2
e−µsairrrdrdθ (4.15)

where θ is the radial angle.

ΨE =
A

2

∑

i

EiIi

∫ ∞

r=0

eµsairr

r
dr (4.16)

From the energy �ux passing through a body's surface element, we can evaluate the
contribution of arti�cial radiation deposited on a soil surface to the total absorbed dose
rate Ḋ

Ḋ ∼ dΨE

dt
(4.17)

Penetrated deposition
In the case when the deposition happened a while ago, the contribution to the total ab-
sorbed dose can be evaluated similarly as for the normal terrestrial contribution, with the
assumption of uniformly penetrated isotopes if the time t >> 1. Otherwise, from the ICRU
report [27], the isotopes' distribution follows an exponential penetrating law in depth, see
Eq. 4.18. In fact, when isotopes are deposited on a surface, they encrust into the soil. The
type of soil, the type of isotopes, and the weather are some of the parameters in�uencing
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h

θ

r

Figure 4.3: Schematic representation of the contribution of surface deposition. The incom-
ing �ux of particles starts from a volume unit dS. The dotted line represents the trajectory
of an incoming particle that has not been absorbed by the air.

the absorption of isotopes by the surface. The activity distribution of the soil A depends
the surface activity A0 and a relaxation mass per unit area ρ. The energy �ux and the
total absorbed dose rate for such a distribution can be found in Eq. 4.19 and 4.20

A(r) = A0e
− r

ρ (4.18)

Ψ =
A(t)

2µssoil

∑

i

EiIi

∫ π
2

φ=0
e
−µsair

cos φ sinφdφ (4.19)

Ḋ = ΨE · f (4.20)

where f is the same as for the indepth case (see Eq. 4.13).

4.4.3 Cosmic Radiation Contribution
Cosmic radiation (cf. � 3.9) is de�ned as a �ux of particles or radiation coming from outer
space. This radiation originates from astronomical events like novas, supernovas, solar
�ares and solar wind. The Earth's atmosphere, therefore, is constantly bombarded by the
primarily particles (essentially protons and α particles). The collisions of these particles
with the atmosphere's nucleus generates secondary cosmic radiation, composed mainly of
muons, electrons, neutrons and highly energetic γ rays (Fig. 3.8). After the creation of
secondary radiation, these particles cascade toward the Earth's surface.

The Earth's atmosphere acts as a shield against cosmic radiation. The greater the layer
of atmosphere, absorbs more and more cosmic radiation, increasing the shield. Therefore,
cosmic radiation increases with altitude.

The Earth's magnetic �eld de�ects the lower energy primary cosmic particles toward
the magnetic poles. More particles enter the poles increasing the intensity of the cosmic
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radiation. This increase at the poles implies a variation in cosmic radiation intensity as a
function of the geographical emplacement. From Bouville and Lowder [2], �the �ux density
and dose rate is about 10% lower at geomagnetic equator than at high latitude.�

Cosmic particles interact with nuclei. The greater the density of nuclei, the greater the
attenuation of the cosmic �ux. Up to here, we have only considered natural variations of
the cosmic �ux. The structure of the buildings create an extra shield to cosmic particles.
One of the objectives of this work is to evaluate the importance of construction materials
in shielding cosmic radiation.

In addition to spatial variations, their are �ve temporal parameters that in�uence the
intensity of cosmic radiation. Since the amount of air plays a key role for the collisions
with cosmic particles, barometric pressure �uctuations will a�ect the cosmic �ux by a very
small amount. Secondly, seasonal variations a�ect slightly the atmosphere's thickness.
This parameter has no net e�ect over the yearly absorbed dose from cosmic radiation.
Disturbance in the Earth's magnetic �eld varying the trajectories of primary cosmic par-
ticles, have a negligible a�ect on the total absorbed dose from cosmic radiation. The last
temporal parameter a�ecting the cosmic �ux is the 11 years cycle of solar activity. This
mean variation can vary the total absorbed dose from cosmic radiation by 10% [2].

We have di�erentiate between charged and neutral particles to evaluate the equivalent
dose absorbed from cosmic radiation. This di�erence has to be considered because of the
weighting factor with tissues and organs. Charged particles (muons and electrons) have
a radiation weighting factor of ωR = 1. For outdoor exposure, Bouville and Lowder [2]
evaluate the tissue weighting factor ωT = 1. The mean equivalent dose absorbed for
charged cosmic particles (Hc) over yearly period in function of the altitude (z) is given in
Eq. 4.21. The mean equivalent dose absorbed for cosmic neutrons (Hn) over yearly period
as a function of the altitude (z) is given in Eq. 4.22.

Hc = (45.87
µ Sv
yr

)e−
z

0.6 km + 177.731e
z

2.2 km (4.21)

Hn =

{
(20µ Sv

yr )e
z

0.962 km for z < 2km

(39.6µ Sv
yr )e

z
1.432 km for z > 2km

(4.22)

4.5 Choice of units
The ICRU [27] reports that the equivalent dose rate (Ḣ) or the e�ective dose rate (Ė) are
the best standards evaluating radiation exposure, since they take into account the type
of radiation and the body part exposed. The ambient dose equivalent (H∗(10)) is the
standard used in the CPR [12]. External background exposure supposes that the whole
body is irradiated by γ radiation of di�erent energies. To convert the measured air KERMA
into ambient dose equivalent, the Environmental Radioactivity Section follows Table 4.6,
from the calibration laboratory of the radiation protection department of PSI.

The results of this work will be given as the ambient dose rate (H∗(10)). The ionisation
chamber is calibrated in this standard, a calibration made at the PSI, Switzerland. From
the terrestrial γ radiation energy, a conversion is possible from the �uent rate to the
ambient dose rate, as shown in Table 4.6. Cosmic exposure is given in equivalent dose
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Table 4.6: Estimation of the ambient equivalent dose rate H∗(10) conversion factors from
air KERMA rate as function of γ radiation energy. Conversion factors used by the Envi-
ronmental Radioactivity Section.

Energy H∗(10)/Ka Energy H∗(10)/Ka

( MeV ) Sv
Gy ( MeV) Sv

Gy

0.01 0.008 0.015 0.26
0.02 0.61 0.03 1.10
0.04 1.47 0.05 1.67
0.06 1.74 0.08 1.72
0.10 1.65 0.15 1.49
0.20 1.40 0.30 1.31
0.40 1.26 0.50 1.23
0.60 1.21 0.80 1.19
1.00 1.17 1.50 1.15
2.00 1.14 3.00 1.13
4.00 1.12 5.00 1.11
10.00 1.10

rate [12]. Cosmic radiation covers an energy range from a few keV to many GeV , in a
continuous manner. The conversion of cosmic radiation exposure will be assumed to be
roughly equals

Ecosmic radiation ≈ H∗(10)cosmic radiation. (4.23)
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Chapter 5

Instruments and Devices

In environmental radiation protection the standards described in Chap. 4 are realized
instruments which measure the incoming �ux of one of the radiation types: α, β or γ.
Very few instruments can measure all types of radiation at once. The purpose of this
work is to evaluate the total absorbed dose from γ radiation, in an urban area. To do so,
incoming γ radiation must be measured in various environments, both indoor and outdoor.

Due to their penetrating capacity, γ radiation are the primary contributors to the
absorbed dose. Since α and β radiation are stopped quickly by the �rst layers of material,
their contribution to the total absorbed dose is insigni�cant as long as the radioactive
substance is not incorporated in the human body, by inhalation, drinking water or consumer
goods. Therefore, this discussion to γ radiation measuring instruments.

By measuring γ rays, the detection of most of the natural and arti�cial radioactive
isotopes distributed in the environment is possible. Many radioactive isotopes, following
emission of α or β radiation, will be left in an excited state which cascades to the ground
state by the emission of γ radiation. The energy of the emitted γ are unique to the speci�c
isotope, and allow unambiguous identi�cation of the source nucleus.

5.1 Environmental Radiation Monitoring
For environmental radiation monitoring, several techniques have been developed and their
combined used yields a full overview of the environment. Firstly, �laboratory monitoring�
consist of measuring the activity of samples of various sources (goods, soil, air, water,
...) taken from natural environment. In Switzerland, the samples are taken from regions
all over the country, giving a overview of the whole territory. The samples are brought
to the laboratories to be measured on appropriate instruments, after adequate sampling
preparation. This technique o�ers the advantage of having the samples in the laboratory,
which they can be measured for a long periods of time, increasing therefore the quality
of the results. But measuring samples in laboratories has some inconveniences. Samples
taken from a �eld or a meadow, for example, do not necessarily give a correct overview
of the isotopes distribution, especially in the case where the isotopes are not distributed
homogeneously in or on the ground. Secondly, it takes longer compared to other techniques,
to obtain results from a laboratory measurements, due to the length of the measurement,
but also due to time lost from the moment the samples are collected and prepared to the

47
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moment they are measured. In the case of a nuclear incident or catastrophe for example,
the laboratory based sampling method is not prompt enough.

A second technique used in environmental radiation monitoring is called In Situ mea-
surement. This technique consists of measuring the incoming radiation with instruments
directly situated in the �eld, meadow or site of interest, giving immediate results. To do
so, instruments were developed which are portable and robust. The online measurement is
one of the great advantage of this technique, very useful in the case of a nuclear incident or
catastrophe. In the case of non-homogeneous ground or non-homogeneous surface deposi-
tion, such as found after a nuclear accident, In Situ measurements give an average overview
of the activity of the soil, of ∼ 20m radius for in-depth distribution and ∼ 1′500m radius
for surface distribution [21]. Due to γ radiation absorption by soil and air, 95% of the
incoming γ rays originate from this ∼ 20m radius surface surrounding the measurement
instrument.

Instruments have been developed speci�cally for measurements of incoming γ radia-
tion. Whether laboratory or In Situ measurements, the γ spectrometer developed are
fundamentally similar. In Situ instruments are designed for robustness and portability,
where laboratory instruments are made for more precise results, and often include lead
shielding to eliminate background radiation.

For In Situ measurements, two types of instruments are used. Instruments measur-
ing the incoming terrestrial γ radiation and instruments measuring the total background
γ radiation dose, including the cosmic contribution, are generally used in parallel. The
instruments used in environmental radiation protection are: Geiger-Müller counter, scin-
tillation counter, germanium spectrometer and ionization chamber.

5.1.1 Geiger-Muller counter
In 1908, at the very beginning of understanding radioactive phenomenons, Hans Geiger, in
collaboration with Ernest Rutherford, developed an instrument able to detect α particles.
Twenty years later, with a Ph.D. student (Walther Müller) Geiger improved the counter
so it could detect all types of radiation [30].

A Geiger-Müller counter is a device able to detect ionizing radiation. Generally this
device is used to detect α or β particles, but also γ radiation provided it undergoes a
charge creation interaction within the apparatus. The Geiger-Müller counter consist of a
device chamber, generally in a cylindrical shape, �lled with noble gas, where an intense
electric �eld is maintained. When ionizing particles passes through the device, interactions
can occur between the particles and the atoms of the gas and of the walls of the device,
creating electron-ion pairs in the chamber. Under the intense electric �eld created by the
high voltage, the electrons drift toward the cathode. Through multiple collisions, the energy
acquired by the drifting electrons can ionize atoms or molecules of the gas, generating a
discharge. A small electrical impulse is produce in the device when the electrons reach the
cathode.

The Geiger-Müller counter can only detect the presence of radioactivity. Under the
intense electric �eld, the number of electrons liberated in the discharge is not proportional
to the energy of the incoming radiation. Therefore, the device cannot di�erentiate between
the types of radiation or their energies. For this reason, the Geiger-Müller counter is used
currently only to detect the presence of radioactive sources, such as surface contamination.
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Once the contamination has been detected, other instruments can can be used to make a
more detailed overview of the situation, in which the type, concentration and distribution
of radionuclide can be found. The low cost and the ease of use makes the Geiger-Müller
device useful in contamination cases, to have a rapid overview of the situation.

5.1.2 Scintillation Counter
Environmental radiation monitoring cannot evaluate the danger of exposure to radiation
by only detecting the presence of radioactivity. It is necessary to have more information
on the type of radionuclide: on the energy of the incoming rays and on the radiation dose.
Detectors, like scintillation counters, have been developed for this purpose.

Scintillation counters detects incoming γ radiation by emitting low energy photons
(usually in the visible range) generated by the Compton, photoelectric and pair produc-
tion. Di�erent types of scintillation counters can be found: organic scintillators (solids,
liquids, or gas), inorganic scintillators (like NaI or CsI crystals for example) and inert
elements scintillators (liquid or gas). The scintillation produced is di�erent for these types
of scintillators. I will explain the scintillation process of inorganic scintillators, since γ
spectroscopy for radioprotection uses almost exclusively the NaI type scintillator [18].

The scintillation process is produced by the interaction of a γ ray with the atoms
of the crystal. γ radiation generates Compton, photoelectric or pair production. The
subsequent charged particles excite surroundings atoms, creating electron/hole pairs. The
recombination of the electron/hole pairs make visible light. To increase the probabilities of
reuni�cation of electrons and holes, impurities are added to the crystal, called �activator�.
Thallium activator is generally added to NaI scintillator (NaI(T l)). The electrons, put in
the conduction band will drift in the crystal until interacting with activator. The electrons
can yield their energy, exciting the activator's atoms. The activator will emit photons
(normally in the visible range) when returning to ground state.

The number of photons generated by the crystal is proportional to the energy of the
incoming γ radiation. These photons are collected by a photomultiplier tube (PMT). A
PMT is a device sensitive to light, that multiplies the incoming impulse, by 105 → 107

times. The incoming photons detected by the crystal are ampli�ed and turned into an
electrical impulse by the PMT.

Scintillation counters are sensitive to γ radiation ranging from a few keV up to many
MeV. The number of photons created in the scintillator is proportional to the energy of
the incoming γ radiation. The experimental counting e�ciency of a detector is de�ned as
the fraction of particles detected out of the total incident particles �ux (Iγ in rays/sec)
passing through the crystal

η =
count/ sec

Iγ
· 100% (5.1)

given in %. The theoretical e�ciency of a detector is found from the number of electrons
freed by a γ radiation

∆n =
√
n

n
(5.2)
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where n is the number of γ rays detected

n =
Eγ

eγ
· εL · εs · εc (5.3)

where Eγ is the energy of the incoming γ radiation, eγ is the energy needed to create an
electron/hole pair in the conduction band, εL is the probability of having a photon transfer
(∼ 10%), εs is the probability of electron collection (∼ 50%) and εc is the e�ciency of the
PM (∼ 20%). The counting e�ciency of a scintillation counter depends greatly on the size
and the geometry of the crystal. The probability of interaction with the crystal increases
with the size of the crystal. A quite bulky scintillation counter can, therefore, reach a high
counting e�ciency.

Most scintillation counters have quite a poor energy (peak) resolution
∆Eγ

Eγ
= 5→ 15% (5.4)

This poor energy resolution makes it di�cult to obtain �eld measurements in which it
is important to di�erentiate the energy of incoming γ radiation, in order to evaluate the
danger of exposure. However, scintillation counters give very accurate measures of overall
dose rate.

5.1.3 Semiconductor Detector
Semiconductor detectors were developed to improve the poor energy resolution of scintil-
lation counters, and generally have ⇒ ∆Eγ

Eγ
= 0.1→ 1%, instead of the 5→ 15% e�ciency

of a scintillation counter.

Basic Properties
These detectors are made from semiconductor crystalline structures of silicon or germa-
nium. A semiconductor is an insulator in which some charge carriers are mobile [19]. In a
metal, Fig. 5.1, all the electrons from the valence band are in the conduction band. In an
insulator, the valence electrons are unable to cross the energy gap to be propelled into the
conduction band. In a semiconductor, the energy band is su�ciently narrow for some elec-
trons to cross, with the help of ionizing radiation in particular. The energy band decreases
with increasing crystal temperature. Therefore, semiconductor detectors are plunged into
liquid nitrogen, at 77K, in which the conduction band is empty, since thermally excited
valence band electrons have insu�cient energy to access the conduction band.

When γ radiation passes through the crystal, three interactions are possible: Compton
e�ect, photoelectric e�ect, and pair production, see � 3.8. The only process where all
the energy of the γ ray is directly transferred to the electron is the photoelectric e�ect.
Through photoelectric e�ect, the γ ray interaction forms an electron-hole pair, where the
electron released is called the �primary electron�. The electron will be ejected with a kinetic
energy equals to the excess energy binding the electrons to the atom

Ke = hν −W (5.5)

The primary electron will interact, loosing part of its kinetic energy, with valence electrons
of neighbor atoms, creating secondary electrons. The number of electrons released from
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Figure 5.1: Energy band structure.

this process is proportional to the energy of the incoming γ radiation. Under intense
electric �eld, the primary and secondary electrons will drift toward the cathode and the
holes toward the anode, creating an electrical impulse.

The energy required to create an electron-hole pair in silicon or germanium (W ∼
3eV ) is ten times less than the energy required to ionize a gas (∼ 30eV ) [18]. Therefore
semiconductor detectors have much better energy resolution than ionisation chambers, see
� 5.1.6.

Increasing the probability of photoelectric e�ect increases the full energy e�ciency of
the semiconductor detector. We know from � 3.8.4, the photoelectric cross section is greater
for crystals with

Z >> 1. (5.6)

Therefore, the photoelectric e�ect becomes predominant for crystal of germanium, with a
high Z and high density.

Doped Semiconductors (GeLi)
In a pure semiconductor, the number of holes (p) is equal to the number of free electrons (n),
as in the case in a high purity germanium crystal (HPGe). Changing this equilibrium, via
impurities, a�ects greatly the electrical properties of the crystal. These impurities, shown
in Fig. 5.2, are atoms with one electron more (N+) or less (N−) in their valence orbits.
Some impurities, like arsenic or antimony, can be incorporated into in the crystal lattice.
While others, like lithium, will not take the place of a normal atom, but will position
themselves in the interstices of the lattice. The electrical properties of a lithium drifted
germanium crystal are similar to a high purity germanium. To stop lithium from drifting,
the crystal was cooled down to liquid nitrogen temperature. The �rst fabrication techniques
could not make the HPGe pure enough, therefore Ge(Li) crystals were often produced
and such detectors must always be maintained at low temperatures. Currently, puri�cation
techniques are such that almost only HPGe crystals are produced, and detectors based on
such crystals need only be cooled for operation.

An n-type semiconductor is made by adding atoms with one extra valence electron.
This unattached electron is in a discrete energy level, very close to the conduction gap.
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Figure 5.2: (a) The n-type semiconductor is produced by adding impurities with excess
electrons. (b) The p-type semiconductor is produced by adding impurity with missing
electrons.

This extra electron will be able to �ll the holes created and lower the hole concentration.
The electrical impulse produced in this type of semiconductor is due to the movement the
electrons.

The p-type semiconductors are made by adding atoms with one electron less in the
outer shell, creating a surpopulation of holes in the crystal. By having too many holes to
�ll, the electrical impulse produced is due to the movement of holes.

np Junction

When placed together, n-type and p-type semiconductors transfer holes and electrons to
each other creating a depletion zone (Fig. 5.3), at the interface of the materials. By
the migration of the electrons and holes, zones that were originally neutral end up with
accumulated charges on each side of the junction, creating an electric �eld.

If radiation penetrates in this region, it will create electron-hole pairs by ionisation,
and the created charge will be immediately pushed aside by the electric �eld. By connect-
ing each side of the depletion zone to an electric circuit makes it possible to collect the
proportional impulse coming out of the depletion zone.

Normally, the internal electric �eld created is too weak to give a complete and rapdi
charge collection. Furthermore, the depletion zone created is of a size that it could stop
only low energy particles. By adding external voltage, such that the holes and the electrons
are moved away from the junction, the depletion zone is widened, giving more sensitivity to
the detector. In addition, this high voltage bias helps achieve complete charge collection,
yielding better energy resolution.

With increasing crystal temperature, the valence electrons are thermally excited from
the valence band to the conductivity band. In the presence of a strong electric �eld, these
conductive electrons will migrate to the cathode of the detector, masking the electrical
impulse from an incoming γ radiation. To avoid unnecessary increase of impulse in the
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Figure 5.3: The np junction with inverse voltage of a HPGe crystal.

detector and to keep most of the electrons in the valence state, the crystal is kept at liquid
nitrogen temperature (∼ 77K). The energy gap (Eg) between the conductivity band and
the valence band decreases with increasing temperature from the absolute zero energy gap
(E0). The energy gap depends on the crystal potential [19]. To obtain optimal conditions,
the crystal is plunged into liquid nitrogen. At 77 K, the energy gap of germanium atoms
is 0.75eV [18].

High purity germanium detectors (HPGe) are used in the laboratories of the environ-
mental radiation monitoring section, see Fig. 5.4(a). For In Situ measurements, for security
reasons, only HPGe crystals are used. Since these instruments are portable, some mishaps
can happened during manipulation, which could cause heating of the crystal. HPGe crys-
tals can be warmed and cooled again without consequences to the quality of the crystal,
while lithium will drifted in Ge(Li) crystal, when heated, which would ruin the quality of
the crystal.

5.1.4 EGPC In Situ detectors

Two devices from EG&G Ortec, the EGPC detectors, were used for the In Situ measure-
ments reported in this work.

These instruments and devices are developed for outdoor measurements. The terrestrial
background γ radiation is measured with high purity germanium detectors (HPGe), see
Fig. 5.4(b).

The environmental radiation monitoring section uses two of these devices for terres-
trial background γ radiation measurements. The instruments speci�cations are given in
Table 5.1. The e�ciencies of 20% and 30% refers to the relative e�ciency of an NaI crys-
tal scintillator of 7.6cm height× 7.6cm diameter (3′′× 3′′) for the 1.33MeV γ radiation of
60Co and for a source-detector distance of 25cm [27].
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Liquid Nitrogen

Crystal

(a)

liquid nitrogen

HPGe crystal

(b)

Figure 5.4: (a) Germanium detector found in laboratories. The crystal is normally shielded
from outside radiation with a lead cast around the crystal, of 5→ 10cm thick. (b) In Situ
instrument able to measure on the �eld. Shielding is not wanted for this type of instrument.

5.1.5 ORTEC-DETECTIVE
Indoor and outdoor γ radiation measurements are needed to evaluate the total absorbed
dose in an urban area. For outdoor In Situ measurement, HPGe portable detectors cooled
by liquid nitrogen, Fig. 5.4(b), can be used. The size, cumbersom tripod shape and heavy
electronics of the portable detectors makes indoor measurements di�cult. To ease the
indoor measurements, a detector developed by ORTEC which main purpose is portable
nuclide identi�cator, was used. Several tests were needed to evaluate the ability of the
ORTEC-DETECTIVE to serve as an In Situ instrument for indoor measurements. This
instrument uses a HPGe crystal detector, with all-in electronics and a crystal cooled by a
Stirling engine, Fig. 5.6(a).

The detector developed by ORTEC has a internal, coaxial, 50mm diameter×30mm deep
p-type nominal HPGe crystal, Fig. 5.5(a). The crystal is cooled by a low-power, hymatic,
dual-piston Stirling cooler. The vibrations of the Stirling cooler and the surrounding elec-
tronic noise from the equipment are digitally processed by the incorporated ORTEC's
Low Frequency Rejector (LFR) Filter. The ORTEC-DETECTIVE is an all-in detector of
37.3cm length× 16cm width× 32cm height and weighs 10.39kg including handle, Ge de-
tector end cap and shock absorbers. The ORTEC-DETECTIVE is shipped with a docking
station, for charging purposes, integrating a Cs− 137 calibration source, used by to reset
the energy scale. All the technical data are taken from the Administrator's manual [31].

The shape, size, and weight of this ORTEC-DETECTIVE makes it relatively easy to
use for indoor measurements. This detector was developed to be fully autonomous for up
to three hours, and can last ∼ 15h with the external battery belt. Once the detector is
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Table 5.1: Speci�cations of the EGPC detectors at the environmental radiation monitoring
section.

Speci�cations EGPC 20 EGPC 30
Type P -type Ge N -type Ge
Cryostat 4.5 l 2.3 l
Autonomy 90 h 50 h
Heating 3 d 3 d
Cooling 8 h 8 h
Size D × L( mm) 53× 48 56× 58
L/D ∼ 0.9 ∼ 1.0
Detector's cap 5 mm 5 mm
Cap's thickness AI 500µm 500µm
Dead layer 500µm < 500µm
ampli�er polarity negative positive
HV +4′000 V −4′000 V
E�ciency 20% 30%
Resolution 1.9 keV 1.9 keV
Peak/Compton 52 52

cooled, a battery ensures the operation of the system. The whole measurement process
can be operated either directly from the integrated operator keypad, Fig. 5.6(b), or from
a PC connected to the detector, via a USB port. The detector is put on a docking station
to be recharged, where the spectrum can be calibrated and stabilized with a cesium-137
(137Cs) source.

Stirling engine
A Stirling engine is a closed-cycle piston heat engine. On the contrary to open-cycle
internal combustion engines, the working gas is permanently contained in the cylinder of
the Stirling engine [30]. An example of a Stirling engine is shown in Fig. 5.7. In this
example, two pistons are connected to the same crankshaft. The power piston �ts tightly
in the cylinder, while the displacement piston is used to displace the working gas. The
four cycle of this engine are :

1. The power piston compresses the gas, heats following the gas law
p1 · V1

T1
= n ·R =

p2 · V2

T2
(5.7)

Meanwhile, the displacement piston moved most of the heated gas to the heat ex-
changer.

2. Under the increased gas pressure, the power piston is pushed along the cylinder, a
movement called the power stroke.

3. The gas temperature decreases, while the displacement piston moves it to the cool
end of the cylinder
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(a)

Ionisation
Chamber

ORTEC−DETECTIVE

(b)

Figure 5.5: (a)HPGe-Based Portable Nuclide Identi�er. The overall dimensions of this
detector, with the handle and the shock absorbers is 37.3cmL × 16cmW × 32cmH and
weighs 10.39kg. (b) Indoor measurement setup, with the ORTEC-DETECTIVE and an
ionisation chamber.

4. Under the momentum of the �y wheel, the power piston can compress the cooled
gas, while the displacement piston moves the gas to the hot end of the cylinder.

The HPGe crystal of the ORTEC-DETECTIVE, connected to the cold end of the
Stirling engine's cylinder, is kept at working temperature.

5.1.6 Ionisation Chamber
An ionisation chamber is a gas �lled instrument designed to measure ionizing radiation.
Two electrodes, kept at high voltage, create an intense electric �eld in the gas chamber.
Incoming radiation interacts with atoms of the gas creating electron-ion pairs. Under the
intense electric �eld, the electrons drift toward the cathode, gaining su�cient energy be-
tween collisions to ionize the gas [18]. The number of initial electrons generated from such
collisions is proportional to the energy of the incoming radiation, see Fig. 5.8(b). The drift-
ing electrons are collected by the cathode, creating an electrical impulse proportional to the
energy of the incoming radiation. Ionisation chambers measure the total amount of energy
deposited in the device over a certain period of time, giving, therefore, a measurement for
the total background γ radiation.

In the �eld of environmental radiation monitoring, ionisation chamber are used in par-
allel with other instruments, like HPGe In Situ instrument, to be able to di�erentiate
the terrestrial and the cosmic contribution to the total absorbed dose (Fig. 5.8(a)). Fig-
ure 5.9 illustrates the �eld measurements process. HPGe instruments are detectors able to
di�erentiate the energy of the incoming γ radiation, allowing, therefore, radionuclide iden-
ti�cation. The identi�cation enables the evaluation of the terrestrial contribution to the
total absorbed dose. Indoor measurements are performed using the ORTEC-DETECTIVE
portable instrument. The total absorbed dose is calculated by adding the cosmic contri-
bution, calculated from the altitude of the site. This total absorbed dose is compared with
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(a) (b)

Figure 5.6: (a) ORTEC-DETECTIVE Portable Nuclide Identi�er. (b) The integrated
operator keypad is located on top of the apparatus, next to the handle.

the absorbed dose measured by the ionisation chamber.

Hionisation ↔ Hcosmic +Hterrestrial (5.8)

Where the result from the ionisation is compared to the sum of the calculated cosmic and
the measured terrestrial component of the ambient dose.

∆R & S =
HR & S −HIn Situ

HR & S
· 100% (5.9)

General Electric � Reuter-Stokes RSS131

The Environmental Radioactivity Section uses a Ge Reuter-Stokes RSS131 ionisa-
tion chamber for dose rate measurements. This instrument consists of a 25cm diameter
stainless-steel sphere with 2.37 g · cm−2 wall thickness. The spherical chamber is �lled
with ultrapure argon at 2.5 MPa pressure. A 5 cm diameter hollow sphere, set in the
center of the device, acts as the collecting electrode, kept at high voltage of ∼ 396 V [23].
The ion current is collected with a temperature compensated electrometer consisting of a
MOSFET and an operational ampli�er using 100% feddback gromd the ampli�er output
to the FET [23]. From the U.S. Department of Energy [23], the chamber allows a complete
charge collection of the total background radiation, terrestrial and cosmic contribution
together, in �elds up to 10µ Gy/h. Factory calibration of this instrument is performed
with a certi�ed sealed 37 MBq 226Ra source traceable to the NIST, using shadow shield
technique [14].

The Swiss Inspection Service, based at PSI, veri�ed the Reuter-Stokes calibration in
2005. The ionisation chamber was put in a reference radiation �eld, generated by 137Cs,
and the H∗(10) values measured were compared to the factory calibration. A variation of
4% was found from the factory calibration [33].
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Figure 5.7: The four cycles of a β Stirling engine [30].

5.2 Environmental Radiation in an Urban Area
In order to evaluate the total absorbed dose in an urban area, indoor and outdoor mea-
surements have to be performed. Outdoor measurements were made in di�erent points of
the area. The radionuclide concentration and the topography of the ground surface are
the major in�uence of the natural radioactivity. Other parameters like the altitude of the
site and the type and geometry of the structures in the close environment were also taken
into consideration. For outdoor measurements, In Situ portable HPGe detector was used
in parallel with an GE Reuter-Stokes ionisation chamber (Fig. 5.8(a)).

Indoor measurements were made in di�erent buildings and dwellings over the area.
The structure, the height or number of stories and the emplacement or altitude of the
buildings in the area were some of the in�uencing parameters of natural radiation. For
indoor measurements, the ORTEC-DETECTIVE portable detector was used in parallel
with an GE Reuter-Stokes ionisation chamber (Fig. 5.5(b)).

5.3 Instruments Calibration
To evaluate the measurements of natural radiation in an urban area, instruments and
devices have to be calibrated. The calibrations carried out also clari�ed the instrument's
response to incoming radiation. The instrument response to radiation depends greatly on
the type of device, on the size, geometry and composition of the detector material and on
the type and energy of the incoming radiation. Di�erent parameters were to be checked:
the e�ciency of the detector, the FWHM energy resolution and the angular response.

Firstly, the detector e�ciency for γ radiation of di�erent energies was determined. The
e�ciency of a detector is given by the probability of detecting an incoming γ radiation.
Experimentally, the ratio of particles detected per second (n) on the calculated �ux of
particles (Φ =

[ γ
cm2·sec

]
) through the crystal gives the detector e�ciency (ε), ε = n

φ .
Di�erent calibrated radioactive sources were placed at 1m in front of the detector, Fig. 5.11,
and the count rates measured.
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Insitu
device

Ionisation
Chamber

(a) (b)

Figure 5.8: (a) Picture of a measurement setup for the GE Reuter-Stokes ionisation cham-
ber. (b) General purpose of an ionisation chamber [29].

Secondly, the energy resolution of each detector was evaluated. When a γ ray of energy
E makes a photoelectric e�ect with the semi-conductor crystal, it creates a certain number
of electron-hole pairs (ne). The mean number of electron-holes created depends on the
energy of the interacting particle and on the forbidden energy gap of the semi-conductor
(W ):

ne =
E

W
(5.10)

where W is the energy necessary to produce an electron-hole pair, for Ge detectors is
typically ∼ 3.0eV [22]. The theoretical energy resolution of a detector becomes

∆ne

ne
=
√
ne

ne
=

√
W

E
(5.11)

assuming that this is the greatest contribution to the width of the peak in the γ spectrum.
With many data collected and plotted, the peak can be represented or �tted by a Gaussian
function, Fig. 5.10, centered on the energy of the incoming γ rays (E0), see Eq. 5.12, where
σ represents the standard deviation. An expression called the FWHM represents the width
of the independent variable (E2−E1) at which the dependent variable is half its maximum
value, shown in Eq. 5.13.

f(E) = f0e
− (E−E0)2

2σ2

and: f0 =
1

σ
√

2π
(5.12)

FWHMexperimental = 2
(√

2 ln(2)σ
)

FWHMtheoretical ' 2.36

√
W

E
with: σ ≥

√
W

E
(5.13)
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Figure 5.9: Field measurement illustration. Comparison between measurement made with
In Situ spectrometer and dose rate chamber.

Thirdly, the angular response of a detector is evaluated. In environmental radiation
monitoring, for In Situ measurements, radioactive isotopes are assumed to be distributed
homogeneously in the ground. The same assumption applies for the evaluation of radiation
background in an urban area, indoor and outdoor. Therefore, incoming γ radiation passing
through the detector come from almost all directions. To make wise evaluation of the
absorbed dose, the angular response of the detector to incoming radiation must be known,
by which is meant the e�ciency of the detector when irradiated from di�erent angles
compared to the e�ciency when irradiated from the front.

ORTEC-DETECTIVE calibration

The e�ciency and FWHM of the ORTEC-DETECTIVE detector are shown in Table 5.3.
The experimental e�ciency is given by the ratio ε = n

φ . An empirical approximation [32],
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Figure 5.10: A Gaussian function centered on E0.

see Eq. 5.14, can explain the general response of a detector to incoming γ radiation of
di�erent energies. This empirical approximation is called the ��tted e�ciency� in Table 5.3.
Parameters α, β, γ and δ of the Winiger empirical e�ciency curve model, see Eq. 5.14,
the experimental measurements, see Table 5.2, and the graph in Fig. 5.12. The FWHM is
given in Table 5.3 and in Fig. 5.13 for the ORTEC-DETECTIVE instrument.

ε =
(ε0

2

)[(
E

E0

)α

+
(
E

E0

)β
]

(
1− eγE

)δ (5.14)

Uncertainties appear in any measurements and are commonly characterized as two
speci�c types. The �rst type, systematic uncertainties, are due in uncertainties due
to the general manipulation of the instruments and experiments. Four systematic uncer-
tainties appeared in the calibration of the ORTEC-DETECTIVE instrument: uncertainty
on the distance between the radioactive source and the detector crystal (∆εdistance < 1%),
uncertainty of the activity of the radioactive sources [15] (∆εactivity = 3%), uncertainty
in the alignment of the detecor's crystal to the incoming γ radiation (∆εalignment < 1%),
and uncertainty on the values of the �t from Winiger's Eq. [32] (∆ε�t = 1 → 2%). For
each γ ray measured, a slight deviation can occur in the instrument. This deviation is the
second type of uncertainty, statistical uncertainty (∆εstat). The statistical uncertainty
decreases with increasing statistic like in Eq. 5.15, where N is the number of measured
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Figure 5.11: A schematic view of e�ciency calibration measurements using sources of
known activity.

Table 5.2: Parameters from Winiger's empirical approximation [32] for the HPGe detec-
tors used at the Environmental Radioactivity Section.

α β α δ

ORTEC-DETECTIVE
calibration geometry −1.33 −0.71 −0.032 16.43
indoor geometry −1.09 −0.17 −0.035 18.00
In Situ geometry −0.95 0.0326 −0.03 14.62
EGPC-20 −1.22 −0.54 −0.026 12.39
EGPC-30 −1.02 −0.64 −0.045 62.16

γ rays of a certain energy. By convention, 2σ is used as the con�dence interval, which
represent the region surrounding the central value which contains 95% of the measured
values.

∆εstat = 2σ (5.15)

The uncertainty on a measurements is the sum of the two types of uncertainties, sys-
tematic and statistical, see Eq. 5.16. From calibration measurements, the statistical un-
certainty is much greater than the sum of the systematic uncertainties.

∆εtotal =
√

(∆εstat)2 + (∆εdistance)2 + (∆εactivity)2 + (∆εalignment)2 + (∆ε�t)2 (5.16)

The last calibration performed on the ORTEC-DETECTIVE is the �angular e�ciency�.
This calibration evaluates the e�ciency of the detector to incoming γ radiation of di�erent
energies from various angles. Figure 5.14 shows the angular response of the detector,
viewed from the top. Figure 5.15 shows the angular response of the detector, viewed from
the side. As expected, γ radiation coming from behind the detector is mostly absorbed by
the structure never reaching the detector. Figure 5.16 shows the axial angular response of
the detector, viewed from the front. The axial angular response is almost isotropic, except
when the radiation comes from the handle side.
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Figure 5.12: A graphical representation of the ORTEC-DETECTIVE e�ciency, in
cps/ γ

cm2·sec . The dots mark the experimental results from the radioactive sources. The
solid line represents the �t using Eq. 5.14.

EGPC detector calibration
EGPC detectors are instruments used by the environmental radiation monitoring section
for In Situ measurements. EGPC are HPGe crystal detectors, cooled with liquid nitrogen,
Fig. 5.4(b). The crystals have a relative e�ciency of 20% and 30% of an NaI scintillator
of 3′′×3′′(7.6cm×7.6cm). The experimental e�ciency and FWHM for these two detectors
are shown in Table 5.3. An empirical approximation, Eq. 5.14, can be �tted for these
two detectors, shown in Fig. 5.17. For In Situ measurements, the incoming γ radiation
is coming from the ground, between +90◦ and −90◦. There is almost no γ radiation
passing through the structure of the detector. Furthermore, the cylindrical shape (length
' diameter) of the crystals allows a better uniformity in the measurements of incoming
γ radiation from di�erent angles. It is not necessary to evaluate the angular e�ciency of
these detectors.
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Figure 5.13: ORTEC-DETECTIVE FWHM as function of the energy of incoming γ radi-
ation.

(a) (b)

Figure 5.14: (a) A schematic overview of the angular response of the ORTEC-
DETECTIVE. The detector is viewed from the top. (b) Experimental results of the angular
response for di�erent energies.
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(a) (b)

Figure 5.15: (a) A schematic overview of the angular response of the ORTEC-
DETECTIVE. The detector is viewed from the side. (b) Experimental results of the
angular response for di�erent energies.
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handle

(a) (b)

Figure 5.16: (a) A schematic overview of the axial angular response of the ORTEC-
DETECTIVE. The detector is viewed from the front. (b) Experimental results of the
angular response for di�erent energies.



5.3. INSTRUMENTS CALIBRATION 67

(a)

(b)

Figure 5.17: Graphical representations of the EGPC detector e�ciencies. The dots mark
the experimental results measured with the radioactive sources. The solid line represents
the �tted e�ciency using Eq. 5.14.(a) E�ciency for the EGPC-20 detector, with a crystal
of 20% relative e�ciency. (b) E�ciency for the EGPC-30 detector, with a crystal of 30%
relative e�ciency.
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5.4 Monte Carlo Simulations
Monte Carlo simulations are computational representations of physical or mathematical
phenomena using random or pseudo-random parameters. The random nature of the pa-
rameters give stochastic results.

5.4.1 Monte Carlo e�ciency simulation for ORTEC-DETECTIVE
In the preceding sections, the experimental results obtained for the e�ciency, FWHM, and
angular response were presented. They were obtained from measuring incoming γ radiation
from di�erent radioactive sources placed at (1 ± 0.01) m from the detector's crystal. The
�tted e�ciency parameters (α, β, γ and δ) are scaled for the best �t of the experimental
results.

Monte Carlo simulations have been performed in order to verify and support the exper-
imental results obtained for the ORTEC-DETECTIVE instrument. The simulations were
developed and performed at the IRA in Lausanne, Switzerland. The simulations were
made using GEANT4 simulation program [37].

Part of the simulations done at the IRA were aimed at evaluating the ORTEC� DE-
TECTIVE's e�ciency. The simulated γ rays, chosen over a wide energy range, were emit-
ted in random direction from the source placed 1 m from the detector. From geometrical
parameters, such as the probability of a γ ray passing through the detector crystal, and
the internal parameters of the crystal, such as the size, shape, and dead layer, the detector
e�ciency could be evaluated. The simulated γ radiation chose at energy intervals of 10keV
with an activity of 1 Bq [21]. Figure 5.18 shows that the results obtained via the Monte
Carlo simulation are in good agreement with the experimental e�ciency obtained in �5.3,
with the di�erence less than ±10%.

5.4.2 Monte Carlo simulations for In Situ measurements
To evaluate the background γ radiation in an urban area, measurements were performed in
various places, both indoor and outdoor. For both types of measurements, the contribution
of the surroundings, like the size, shape and type of wall for indoor measurements, greatly
in�uence the background terrestrial radiation.

For outdoor In Situ measurements, a �at ground parcel of 20 m radius and 30 cm deep
is considered. The detector was pointed downwards in the center of the parcel, the crystal
held at 1 m above ground level. Figure 5.19 sketches the situation. The ground density is
�xed at 1.1 g

cm3 , with element distributions presented in Table 5.4 [21]. The distribution
of isotopes is supposed to be homogeneous in the soil. The results of this simulation are
shown in Fig. 5.20.

Because of the assumption of homogeneous distribution of elements, we limited the
size of parcel to 20 m radius and 30 cm deep, since 95% of the terrestrial radiation passing
through the detector originates from that value. Most of the γ rays originating from outside
this parcel are absorbed either by the soil or the air. The soil absorption coe�cient is much
greater than the air, as shown in Fig. 5.22. On the other hand, if the isotopes distribution
is assumed to be on the surface of the soil, such as for a fresh deposition, then γ radiation
passing through the crystal would be coming from up to a 1′500 m radius [21].
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Figure 5.18: Comparison between the experimental and the Monte Carlo simulation val-
ues for the e�ciency of the ORTEC-DETECTIVE portable detector. Results from the
Monte Carlo simulation are in good agreement with the calibration results obtained for
the ORTEC-DETECTIVE device. The e�ciency is given in cps

γ/ cm2·sec .

Winiger's approximation (Eq. 5.14) �ts the Monte Carlo results for outdoor In Situ
geometry shown in Fig 5.21. The parameter values for this �t are given in Table 5.2.

5.4.3 Monte Carlo simulations for indoor measurements
For measurements inside buildings and dwellings, a rectangular parallelepiped room of
5 m × 5 m × 3 m high with 20 cm thick concrete walls was considered. The detector
was pointed downwards in the middle of the room, the crystal held at 1 m above �oor
level. Figure 5.23 represents the situation schematically. The concrete density was �xed to
2.3 g

cm3 , with the element distribution presented in Table 5.4. The distribution of isotopes
is supposed to be homogeneous in the concrete. The results of this simulation are shown
in Fig. 5.24.

For indoor measurements, the γ rays passing through the crystal come from every
point in the room. The ones from the back are partially absorbed by the structure of the
detector. Therefore, the e�ciency of the spectrometer has to be corrected for the unseen
radiation unlike the outdoor case where the angular e�ciency does not a�ect the results.
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R = 20m

h=1m

p=30cm

Figure 5.19: Schematic situation overview of
Monte Carlo In Situ simulations for In Situ
measurements.

Table 5.4: Element distribution taken for the Monte Carlo In Situ simulation [21]. The
distribution is given in %.

elements Al C Ca Fe H K Mg Na O Si Ti
ground 5.7 1.8 5.6 3.6 1.5 2.1 1.1 0.6 53.6 24.2 0.2
concrete 3.4 0.1 4.4 1.4 1.0 1.3 0.2 1.6 52.9 33.7

Winiger's approximation (Eq. 5.14) �ts the Monte Carlo results for indoor geometry
shown in Fig 5.5. The parameter values for this �t are given in Table 5.2.
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Figure 5.20: Monte Carlo simulation evaluating the e�ciency of the ORTEC-DETECTIVE
spectrometer for In Situ geometry [21].

Figure 5.21: Fitting the results obtained with Monte Carlo simulations for outdoor In Situ
geometry to Winiger's approximation Eq. 5.14.
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Figure 5.22: γ radiation absorption coe�cient (µs

ρ in cm2

g ) in air and soil. Data are taken
from the National Institute of Standards and Technology's website [41].

5m

5m

3m

1m

Figure 5.23: Schematic situation overview of
Monte Carlo In Situ simulations for indoor
measurements.
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Figure 5.24: Monte Carlo simulation evaluating the e�ciency of the ORTEC-DETECTIVE
spectrometer indoor geometry [21].

Table 5.5: Fitting the results obtained with Monte Carlo simulations for indoor geometry
to Winiger's approximation Eq. 5.14.



Chapter 6

Results

In the preceding chapters, the di�erent theories, standards and equipment needed to under-
stand the experimental setup of this work were explained. The text should have brought
su�cient details to grab the meaning of the results obtained in the di�erent measure-
ments. The propose of this work was to measure and evaluate the di�erent components
of the background γ radiation and its variations in an urban area, when subjected to
man-made alteration of the environment.

The data presented in this chapter are the results of 124 measurements made through-
out Fribourg's urban area, both indoors and outdoors. They are intended to evaluate the
ionizing external dose, from natural and arti�cial sources, excluding internal doses from
the body's own radionuclide and from radon and its a�liates.

The results of the external ambient dose rate are given in mSv
yr . The conversion factors

between the KERMA rate and the ambient dose equivalent rate are given in Table 4.6
(page 45).

6.1 Experimental location
To evaluate the exposure to background γ radiation in urban surroundings, In Situ and γ
dose rate measurements were carried out on di�erent sites, in Fribourg city. As mentioned
in � 2.4, we chose Fribourg city since it o�ers a wide variety of constructions and dwellings
dating from the middle ages to modern times, Fribourg is built on roughly 200m of altitude
change.

Various parameters intervened in the choice of sites. For outdoor measurements, the
sites were chosen regarding altitude, the type of ground: natural soil, cobblestone or as-
phalted road, and the surroundings, like the proximity of buildings. For indoor measure-
ments, the sites were chosen with respect to the type of buildings or dwellings which were
representative of certain age period, the building materials, their location in the city and
the height of the building (number of stories).

outdoor measurements
The altitude of the site in�uences the cosmic contribution of the total background γ radia-
tion. As mentioned in � 3.9, primary cosmic radiation is deviated by the Earth's magnetic
�eld and secondary radiation is partly absorbed by the Earth's atmosphere. Therefore,
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Table 6.1: Range of values of the calculated cosmic component in Fribourg's urban area.
The indoor neutronic component is very hard to evaluate. The interaction of neutron of
high energy with matter is not yet determined.

height range ionizing component neutronic component
outdoor indoor outdoor indoor

( m) ( mSv/ yr) ( mSv/ yr) ( mSv/ yr) ( mSv/ yr)
500 0.34 0.28 0.088 unknown
700 0.38 0.32 0.105 unknown

the total amount of cosmic rays increases with latitude and decreases with altitude. The
equivalent dose rate Ėc (in nSv

h ), � 4.2, produced by the ionizing component of cosmic
radiation in Switzerland [12] can be approximated by

Ėc =
Ec

t
≈

(
0.286

mSv
yr

)
· e z

2.5 km (6.1)

as a function of the altitude z (in km) for 0 ≤ z ≤ 2 km. The calculated ambient dose
equivalent rate for the ionizing component of cosmic radiation is for outdoor measurements
only. When measuring indoors, part of this cosmic radiation is absorbed by the structure of
the building. The altitude and unevenness of the urban area is needed to evaluate the total
background γ radiation. In Fribourg, measurements were performed at di�erent altitude,
covering most of the ∼ 200 m altitude change of the city.

Cosmic radiation reaching the Earth' surface is also compose of non-ionizing neutronic
radiation. The equivalent dose rate (En) due to this neutronic cosmic radiation can be
approximated by

En ≈
(

0.061
mSv
yr

)
· e z

1.2 km (6.2)

as a function of the altitude z (in km) [12]. Table 6.1 gives the range of values for Fribourg's
urban area.

The type of ground surface greatly in�uences the terrestrial contribution of the total
background γ radiation, due to the concentration of natural radionuclide from the ura-
nium and thorium decay series and from potassium (40K). Di�erent ground or soil will
have various isotope composition. Firstly, this di�erence in composition can in�uence the
concentration of radioactive isotopes. Secondly, di�erent radioactive isotopes emit γ rays
at di�erent energies, changing the contribution to the total absorbed dose rate. Finally,
the soil partly absorbs the radiation. For example, a slab of soil 23 cm thick absorbs up to
95% of the γ rays at 600 keV. In Fribourg, measurements were performed on few ground
types of di�erent construction types: natural ground (grass and exposed soil), cobblestone
roads, sidewalks, and bituminous or asphalted roads and sidewalks.

Finally, the surroundings can in�uence the terrestrial contribution of the total back-
ground γ radiation. Objects, like buildings, over-passes, and bridges, surrounding the
measurement site can either increase or reduce the background radiation. Therefore the
terrestrial component of the background γ radiation changes whether the surrounding was
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Figure 6.1: Map of Fribourg with the 21 outdoor measurement sites chosen for this project.

a wide open park or a small side street with many buildings close to each other. In some
cases, the detectors were set in a clearing, while in other cases, very little space is left
between the detectors and the walls of the constructions.

Figure 6.1 shows the di�erent outdoor measurement sites chosen for this project.

indoor measurements

The building construction type in�uences the total background γ radiation: by either ab-
sorbing radiation coming from outdoors and/or by contributing from the radionuclide con-
tained in the construction materials. The results will di�er whether the measurement was
done in a house, an indoor parking garage, a small building or a tall one. From individual
houses to tall buildings, Fribourg o�ers a wide range of di�erent constructions.

Cosmic radiation is partly absorbed by matter it crosses. The Earth's atmosphere,
therefore, absorbs some of the cosmic radiation. When measuring indoor, the structure
of the building also absorbs part of it, decreasing even more its dose rate. Each story
absorbs more and more cosmic radiation. So, the number of stories, more than the height
of a building, plays a role in diminishing the cosmic component of the total background γ
radiation.



78 CHAPTER 6. RESULTS

Figure 6.2: Map of Fribourg with the 103 indoor measurement sites chosen for this project.
Measurements were performed on di�erent stories of each indoor site.

Figure 6.2 shows the di�erent indoor measurement sites chosen for this project. When-
ever possible, measurement were carried on several di�erent stories of the buildings.

6.1.1 Instruments for di�erent sites
Measurements were performed with two instruments in parallel: a γ spectrometer, for the
terrestrial component, and an ionisation chamber, for the total γ background dose rate.
The outdoor terrestrial component was measured with an In Situ portable γ spectrometer,
with the crystal facing downward. A dose rate measurement was also carried out with an
ionisation chamber, Fig. 5.8(a) (page 59).

Due space constraints inside buildings, the instrument setup changed for indoor mea-
surements: the ORTEC-DETECTIVE (� 5.1.5) with the crystal set horizontally, measured
the terrestrial contribution to the total background γ radiation. A dose rate measurement
was carried out in parallel using an ionisation chamber. The two instruments were set
closely together on a mobile carriage, mounted on soft rubber wheels, to ease movement
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Table 6.2: Concentration of radioactive elements in cobblestone and granite.
element concentration

cobblestone [12] granite [17]
238U 20↔ 25 Bq

kg 25↔ 70 Bq
kg

232Th 20↔ 25 Bq
kg 35↔ 70 Bq

kg
40K 200↔ 600 Bq

kg 700↔ 1400 Bq
kg

and prevent damage (Fig. 5.5(b)).
For both indoor and outdoor measurements, the instruments were set at 1 m above

ground or �oor level according to the recommendations from ICRU Report 53 [27].

6.2 Results
outdoor measurements

From Halm, Herbst and Mastrocola [35], di�erent types of soil contribute di�erently to
the γ dose rate. In 1962, measurements were made outdoors throughout Switzerland, on
di�erent geological ground type (� 2.2.1). Ground types chosen for this census were outside
of any urban surroundings and not altered by mankind.

Four di�erent types of ground surface were surveyed in the Fribourg area: grass, asphalt,
gravel, and coblestone. They give noticeable di�erent terrestrial contributions to the total
absorbed dose (Fig. 6.3).

The highest terrestrial contribution to the total dose was noticed on cobblestone
surfaces. Measurements were made on this ground surface at location: in the upper and
lower part of Planche Supérieure, and Place Jean-François-Rey� in front of the wooden
bridge. Cobblestone places are found mostly in the lower part of the urban area, which
are also the oldest. The material used for these cobblestone surfaces contain a greater
concentration of radioactive elements, increasing the terrestrial contribution, Table 6.2.

Outdoor measurements made on asphalt surfaces have noticeable variations of terres-
trial contribution, ranging from (25 ± 2) nSv

h to (68 ± 3) nSv
h . From a conversation with

Mr. Dominique Ding, civil engineer at Fribourg's municipal administration, di�erent mate-
rials and material concentrations are mixed to asphalt, changing the hardness and rigidity
of the surface. The material and material concentration in�uence greatly the terrestrial
contribution nearby.

The lowest terrestrial contribution to the total absorbed dose was noticed on natural
gravel surfaces, with values from (19± 3) nSv

h to (27± 3) nSv
h .

For total background γ radiation, terrestrial and cosmic contribution, parallel dose rate
measurements were performed with an ionisation chamber, i.e., the cosmic contribution,
calculated from the altitude of the site, is added to the terrestrial contribution, from
In Situ measurements, and compared to the dose rate measurement, from the ionisation
chamber. Figure 6.4 compares this In Situ total background γ radiation, with an average
of (85±8) nSv

h , to the Reuter-Stokes dose rate measurement, with an average of (98±3) nSv
h .
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Figure 6.3: Outdoor terrestrial contribution to the total absorbed dose, for the di�erent
ground surfaces found in the Fribourg urban area. The terrestrial component was evaluated
from In Situ measurements.

indoor measurements

Variations were noticed in the terrestrial contribution due to the absorption of radiation
by the walls and from the added contribution by the materials used in the construction of
buildings, Fig. 6.5. I received help from Mr. Jean-Pierre Aeby, construction inspector at
Fribourg's municipal administration. Mr. Aeby allowed measurements to be performed in
multiple buildings of the town. He helped in identifying the di�erent material construction
of all indoor measurements. In addition to Mr. Aeby's help, R. Bollin's book [4] give
further details on the construction material used for some building the Fribourg.

The highest values, from Table 6.3, were found being inside buildings made of molasse.

Table 6.3: Values for the terrestrial contribution, when measuring indoor. This component
variation depends greatly on the building material.

building material Minimal Average Maximal
(nSv/h) (nSv/h) (nSv/h)

concrete 22± 4 47 77± 6
masonry/molasse 51± 5 70 81± 7
masonry/rough-cast 28± 6 64 83± 4
metal frontage curtain 35± 6 51 79± 10
molasse 45± 5 67 95± 7
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Figure 6.4: Comparison between the sum of the measured terrestrial with the calculated
cosmic contribution and the measured total absorbed dose, for outdoor measurements.
Outdoor measurements show little di�erence between In Situ and dose rate measurements:
(In Situ + calculated cosmic) ∼±5%←−−→ (ionisation chamber's measurement).

The thickness of the walls of these buildings and the higher concentration of radioactive
isotopes, like 40K and the decay chains of 238U and 232Th, can explain these higher values.

Great variations were observed when measuring in construction of concrete and ma-
sonry/molasse, with values ranging over 55 nSv/h. Di�erent materials added to the
construction greatly in�uences the concentration of radioactive isotopes, thereby in�uenc-
ing the terrestrial contribution to the total background radiation.

When indoors, the building structure partly absorbs the cosmic radiation. Cosmic ra-
diation contribution can be found by subtracting the terrestrial contribution, measured by
the ORTEC-DETECTIVE, from the total radiation, measured by the ionisation chamber.
The absorption of cosmic radiation by the structure can be found by comparing the cos-
mic radiation measured indoors, to the cosmic radiation evaluated outdoors at the same
altitude

absorption in % =
indoor cosmic− outdoor cosmic

outdoor cosmic ' −17% (6.3)

Figure 6.6 shows the variation of the total absorbed dose, when measured indoors as a
function of number of �oors absorbing, compared to an outdoor In Situ measurement at
the same altitude. Figure 6.7 shows the average amount of cosmic radiation absorbed
by the structure of the building. As predicted, more and more cosmic radiation was
absorbed when measuring near the ground �oor, with the whole structure of the building
on top. Cosmic radiation absorption seems to increases for the �rst 5 → 7 �oors on top,
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Figure 6.5: The average indoor terrestrial contribution from the di�erent construction
types. The uncertainty bar shows the maximal deviation to the average value.

Table 6.4: The average absorption of cosmic radiation (in %) per �oor of building, for
indoor measurements.

concrete masonry /
molasse

masonry /
rough-cast

metal front
curtain

molasse

Average cosmic absorption
�oor 1.6% 0.7% 1.3% 1.2% −2.5%

to become constant afterwards. The angular dependence of cosmic radiation could explain
this situation. Cosmic radiation coming from straight above is absorbed by the successive
stories it crosses. Only a certain proportion of the residual cosmic radiation is absorbed
by the walls of building. The average absorption (in %) per �oor is shown in Table 6.4.
Concrete is the construction material which absorbs most cosmic rays, whereasmolasse is
the construction material which absorbs the least cosmic rays from the materials tested. In
fact, molasse construction have a negative average cosmic radiation absorption. This can be
explained from the very small cosmic absorption by this construction material(∼ −2.5%).

Indoor � outdoor di�erence
From Máduar and Hiromoto [24], man-made alteration can increase terrestrial radiation
exposure by 20% or more. Many measurements were made indoors and outdoors to evaluate
the increase of terrestrial contribution to the background γ radiation exposure. From more
than 100 indoor and 22 outdoor measurements, a noticeable average increase of

(indoor terrestrial)− (outdoor terrestrial)
(outdoor terrestrial) ' +16% (6.4)
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Figure 6.6: The total absorbed dose from indoor measurements. The In Situ contribution
was measured from γ spectrometer. The cosmic contribution was calculated from the
altitude. R & S was the dose rate value measured by the ionisation chamber.

of the terrestrial contribution was found when measuring indoors, with measured average
terrestrial radiation exposures of (56± 6) nSv

h indoors and of (48± 3) nSv
h outdoors. Since

cosmic radiation is partly absorbed by the structure of the buildings, decrease in the cosmic
contribution to the total radiation exposure of

(indoor cosmic)− (outdoor cosmic)
(outdoor cosmic) ' −17% (6.5)

was noticeable when measuring indoors. The increase of terrestrial and the decrease of cos-
mic contribution leaves the total exposure to ionizing background radiation, only strenght
changed:

(indoor total)− (outdoor total)
(outdoor total) ' +2% (6.6)

with an average of (91 ± 3) nSv
h for indoor and (89 ± 2) nSv

h for outdoor measurements, a
di�erence consistant with zero. Measurements performed by Johner and Völkle [17] showed
an increases of ∼ +10% in Switzerland and of ∼ 11% in Fribourg, when measuring indoors.
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Figure 6.7: Cosmic radiation absorption by the structure of the buildings, when measuring
indoors. The x value represents the number of stories absorbing cosmic γ radiation.



Chapter 7

Conclusion

The purpose of this work was to measure and evaluate the total background γ radiation,
from external sources, in an urban area. From the results obtained and presented in
Chap. 6, the terrestrial and cosmic components average doses and deviations were found.

7.1 Results comparison
Terrestrial contribution
The population of Fribourg, Switzerland, is exposed to an average terrestrial contribution
to the external background dose shown in Table 7.1. Considering that ∼ 20% of the time
is spent outdoors [27], Table 7.2 compares the results obtained in this work for terrestrial
contribution to the external background dose to the results from the CPR [12].

Ionizing component
The total external background γ radiation is composed of a ionizing cosmic contribution,
which is partly absorbed by building structure when indoors. For outdoor measurements,
in the Fribourg urban area, an average ionizing cosmic radiation of 40.2 mSv

h was measured
for altitude of 597 m(a.s.l.) of average measuring height. Indoor measurements have been
performed at an average altitude of 640m(a.s.l.) for an average ionizing cosmic contribution
of 34.8 mSv

h . Considering that ∼ 80% of our time is spent indoors, Table 7.3 compares the

Table 7.1: Terrestrial contribution values obtained from measurements done in Fribourg
urban region.

indoor measurements outdoor measurements
terrestrial total background terrestrial total background
mSv
yr

mSv
yr

mSv
yr

mSv
yr

minimal value 0.19 0.44 0.22 0.63
average value 0.49 0.79 0.42 0.79
maximum value 0.83 1.10 0.10 0.96
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Table 7.2: Results compared for the KERMA in the air (Ka), the e�ective dose (E) and
the ambient dose (H∗(10)) to the CPR [12] and to Johner and Völkle [17], for terrestrial
contribution to the total external background γ radiation.

Ka → Air KERMA ( mGy/ yr) 80%tindoor + 20%toutdoor
indoor outdoor E H∗(10)

( mSv/ yr) ( mSv/ yr)
This work 0.41 0.36 0.30 0.48
Switzerland [12] 0.49 0.35 0.35 0.55
Fribourg [12] 0.45 0.32 0.32 0.51
Fribourg [17] 0.33 0.27 0.24 0.39

Table 7.3: Results compared to the CPR's [12] e�ective dose, for ionizing cosmic contri-
bution to the total external background γ radiation.

Ionizing part of cosmic radiation
outdoor indoor 80%tindoor 20%toutdoor

This work Ec(z)=(0.289 mSv/h)e
z

2.5km Ec(z)=(0.237 mSv/h)e
z

2.5km Ec(z)=(0.245 mSv/h)e
z

2.5km

CPR [12] Ec(z)=(0.280 mSv/h)e
z

2.5km Ec(z)=(0.228 mSv/h)e
z

2.5km Ec(z)=(0.237 mSv/h)e
z

2.5km

results obtained in this work for cosmic to the external background dose to the results from
the CPR [12].

The results given in the last table are the weighted average for the terrestrial and
cosmic contribution to the total external absorbed dose. These results are given without
uncertainties for simplicity. We can justify ±20% uncertainties on these average, arising
from calibration and measurements methodology.

7.2 Future Projects
In this work, the indoor and outdoor external background γ radiation in the Fribourg urban
area has been measured and evaluated. The di�erent components, terrestrial and cosmic
contribution, their average values and their variations were found. From Fig. 1.1, the ex-
ternal background γ radiation, including terrestrial and cosmic radiation, represents about
25% of the total radiation exposure. The terrestrial component includes γ radiation from
natural and arti�cial sources. The arti�cial radiation comes primarly from the Chernobyl
catastrophy and from nuclear weapon testing in the 1950's and 1960's. Its contribution is
very small (≤ 1%) compared to the natural terrestrial component. The reactors nearby,
like Mühleberg, have not visible e�ect on the total radiation we are exposed to daily.

External background γ radiation in Switzerland
A future project could be imagined to measure and evaluate the indoor and outdoor ex-
ternal background γ radiation in other towns and regions of Switzerland. Constructions
in various cities and regions of the country have di�erent building materials, in�uencing
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both terrestrial and cosmic contribution to the indoor background γ radiation, as well as
di�erent soil composition and other parameters.

To expand this project to other regions of Switzerland, the following precautions have
to be acknowledged.

1. Like for this work, measurements should be carried out in most possible sites, over
the chosen territory, necessary for the best knowledge of the global situation. The
sites should be chosen following these parameters:

• geographical situation
To have the best overview of the background radiation in an environment, mea-
surements should be carried out systematically over the territory.
• geological situation:
outdoor measurements
� should be carried over all the di�erent ground and soils types found in the

chosen environment. This would allow a better understand of the di�erent
background radiation emitted.

� should be performed at di�erent altitude.
indoor measurements
� should be performed in all the di�erent building structures found in the

territory.
� should be made on many di�erent stories, which would increase our knowl-

edge of cosmic radiation absorption by the building structures.
� should be carried in di�erent rooms, and at di�erent distances from the

building structure. Therefore, the background radiation variation within a
room could be determine.

2. Instruments and devices used for indoor measurements should be compact and set
tightly. The lack of space in buildings and dwellings allows very little space for
cumbersome devices. The setup should also allow ease of movement indoor. Like
used for this work, the instruments should be set on a portable wheeled carriage.

3. Calibration measurements should be carried out properly in order to reduces the con-
version uncertainties, from air KERMA (Ka) to ambient dose equivalent (H∗(10)).

4. To know the variation domain of the external background γ radiation, a statistically
large number of measurements would be necessary.

5. Parallel measurements should be made using both In Situ γ spectrometry and dose
rate measurements using an ionisation chamber. The results obtained from these
measurements should be compared to Monte Carlo simulations [21] and previous
measurements, like the ones made by H. U. Johner and H. Völkle [17].
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Appendix A

Measurements

The purpose of this work is to measure and evaluate the total background γ radiation,
from external sources, in an urban area, Chap. 1. From the results obtained and presented
in Chap 6, the terrestrial and cosmic components average doses and deviations are found.

When measuring outdoors, the coordinates and the altitude were determined with a
GPS. When measuring indoors, the coordinate and the altitude of the ground �oor were
determined with a GPS. 3 m were added to the altitude of the site for each story.
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Appendix B

Abbreviations

Table B.1: List of the abbreviations used in the text. The abbreviations are put in alpha-
betical order.

Abbreviations Word or Phrase
CERN Conseil Européen pour la Recherche Nucléaire
PSI Paul Scherrer Institut
UNSCEAR United Nations Scienti�c Committee on the E�ects of Atomic Ra-

diation
CFSR Commission fédérale pour la surveillance de la radioactivité
KUeR Eidgenössischen Kommission für Überwachung der Radioaktivität
CFR Commission fédérale de protection contre les radiations
EKS Eidgenössischen Kommission für Strahlenschutz
CPR Commission fédérale de la protection contre les radiations et de

surveillance de la radioactivité
KSR Eidgensössische Kommission für Strahlenschutz und Überwachung

des Radioaktivität
NADAM Netz für Automatische DosisAlarmierung und -Messung
NEOC National Emergency Operations Centre
IRA Institut universitaire de Radiophysique Appliquée, Lausanne
ISR International Society of Radiology
ICRP International Commission on Radiological Protection
KERMA kinetic energy released in mtter
ICRU International Commission on Radiation Units and Measurements
eV electron-volt 1eV = 1.602× 10−19 J
MOSFET Metal Oxide Semiconductor Field E�ect Transistor
NIST National Institute Standards and Technology
FWHM Full Width Half Maximum
a.s.l. above sea level
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