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Preface

Gamma radiation, the unseen energy that affected human life over decades, was discovered
by the French chemist and physicist Paul Villard in 1900, 4 years after the discovery of the
natural radioactivity by Henry Becquerel. X-rays were discovered by Wilhelm Roentgen in
1995; shortly, two types of radiation were discovered before the discovery of gamma radia-
tion, alpha particles by Ernest Rutherford in 1899 and beta particles by Henry Becquerel in
1896, and hence the third type of radiation was named by Rutherford as “gamma rays" in
1903 by analogy with alpha and beta rays.

Gamma rays are highly energetic electromagnetic radiation and like other things have many
useful applications and some hazards if improperly used. A day after another, new applica-
tions of gamma rays emerge, leading to more convenience for the human life and help in
facing challenges in different disciplines such as in health, economy, culture, environment,
and many others. Hence, there is always a need to know more about gamma rays.

This book furnishes information regarding some applications of gamma rays. It contains
three sections: the first section “Gamma Ray Spectrometry" describes the use of gamma ray
spectrometry in the investigation of environmental and food samples, followed by a review
of studies on the dead time in gamma ray spectrometry with a newly suggested model for
the evaluation of the dead time, and finally a chapter on plastic scintillators and pseudo-
gamma spectrometry.

The second section, which is titled “Gamma Rays in Space,” is composed of two chapters:
the first gives an overview of gamma rays from space highlighting the gamma ray bursts,
and the second one is concerned with the extragalactic gamma ray background and the the-
ories describing its origin.

The last section entitled “Recent Applications of Gamma Rays" is composed of six subsec-
tions on different and sometimes unusual applications of gamma radiation such as mutation
breeding, analysis of soil and minimizing the problem of allergen protein in food in addition
to a detailed review of the effect of gamma rays on essential oils.

The editor thanks all authors of this book for their valuable contributions and for their patience
throughout the editing processes and in the same time wishes that readers of this book will find
ituseful and interesting. Finally, Ihope this book adds a value to the scientificlibrary.

Prof. Dr. Ahmed M. Maghraby
Ionizing Radiation Metrology Laboratory
National Institute of Standards, Giza, Egypt
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Chapter 1

Gamma-Ray Spectrometry and the Investigation of

Environmental and Food Samples

Markus R. Zehringer

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/67099

Abstract

Gamma radiation consists of high-energy photons and penetrates matter. This is an advan-
tage for the detection of gamma rays, as gamma spectrometry does not need the elimination
of the matrix. The disadvantage is the need of shielding to protect against this radiation.
Gamma rays are everywhere: in the atmosphere; gamma nuclides are produced by radia-
tion of the sun; in the Earth, the primordial radioactive nuclides thorium and uranium are
sources for gamma and other radiation. The technical enrichment and use of radioisotopes
led to the unscrupulously use of radioactive material and to the Cold War, with over 900
bomb tests from 1945 to 1990, combined with global fallout over the northern hemisphere.
The friendly use of radiation in medicine and for the production of energy at nuclear
power plants (NPPs) has caused further expositions with ionising radiation. This chapter
describes in a practical manner the instrumentation for the detection of gamma radiation
and some results of the use of these techniques in environmental and food investigations.

Keywords: gamma-ray spectrometry, neutron activation analysis, radioactive
contamination, radiocaesium, radiostrontium

1. Gamma spectrometric equipment for the control of food and
environmental samples

1.1. Theory of gamma spectrometry

Gamma rays are electromagnetic radiation and are part of photon radiation. They are produced
when transitions between excited nuclear levels of a nucleus occur. Delayed gamma rays are
emitted during the decay of the parent nucleus and often follow a Beta decay. There can be
many transitions between energy levels of a nucleus, resulting in many gamma-ray lines.
The typical wavelength is 107 to 10"* m, corresponding to an energy range of 0.01-10 MeV.

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgNN
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Gamma rays can be detected through their interaction with matter. There are three main pro-
cesses: photoelectric absorption, Compton scattering and pair production. The photoelectric
effect occurs when a gamma ray interacts with an electron of an inner shell of an atom and
a photoelectron is emitted. This is the most important effect for the detection of gamma rays
with semiconductor detectors. The effect of Compton scattering describes the interaction of
a gamma ray with matter when some of its energy is transferred to the recoil electron. The
energy transmitted is a function of the scattering angle. Therefore, the Compton effect results
in a broad range of gamma-ray energies, which gives a continuous background in the gamma
spectrum. Pair production is the third effect when a gamma ray is absorbed by matter and
loses energy to produce an electron/positron pair. This effect only occurs when gamma rays
have more than 1.02 MeV energy, twice the rest mass energy of an electron (0.551 MeV) [1-4].

1.2. Semiconductor detectors

Until the mid-1970s, no germanium could be produced of the desired purity. The purity
required for large-volume detectors could only be produced by doping germanium crystals
with n-type impurities, such as lithium (Ge(Li)-detectors). Later on, pure germanium crystals
became available in n-type or p-type form and of closed-end coaxial or planar geometry and
as bore-hole crystals. n-type detectors cover an energy range from about 10keV to 3 MeV,
while p-type detectors range from 40 keV to 3 MeV. p-type detectors with a carbon fibre or
beryllium window instead of the aluminium end cap are best to detect energies below 100 keV.

1.3. Requirements for proper gamma spectrometry

The minimum detectable activity (MDA) of a Ge-detector depends on its energy resolution,
the efficiency of the crystal, peak/Compton-factor, background, measuring time, sample
geometry, self-absorption and the emission probabilities of the gamma emission lines of the
radionuclide. Information can be obtained from the homepages of the providers, such as
Ortec, Canberra and others [5-7].

1.3.1. Detector calibration

Ge-detectors are calibrated for the energy response of the multi-channel analyser, peak reso-
lution and counting efficiency. Normally, gamma spectroscopists use commercially available
calibration sources containing a mix of gamma-nuclides, which cover the whole energy range.
Such nuclides are #°Pb or ! Am, 'Cd, **Ce, ¥Co and *°Co, **Cs or ¥Cs, #Y, #Sr. Such mixes
cover an energy range from 46 keV (*'°Pb) to 1836 keV (*Y). The disadvantage is that some of
the nuclides have short half lives (e.g. ®Sr has a half-life of 65 days) and therefore such cali-
bration mixes only can be used for a year. Sometimes it might be better to use a mix of a low-
energy nuclide (e.g. **Am) and **Eu, which disintegrates slowly (half-life of 13.5 years) and
shows a multiplicity of emission lines from 122 to 1528 keV. The disadvantage is the summing
effects of ?Eu, which require correction (e.g. using software based on Monte Carlo simula-
tions). Furthermore, the calibration of peak resolution and efficiency of the sample geometry
is necessary; this is performed with the same calibration sources. We use calibration sources
with #!Am/"*?Eu of different sample geometries. They are solidified by gelation and have a
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density of 1.0 g/mL. Such sources are available, e.g. at Czech Metrology Institute at Prague
[7]. Peak resolution should be tested on a regular basis together with the energy calibration.
The peak shape is close to a Poisson distribution. For more counts, the distribution is closer to
a Gaussian shape. The peak resolution is given by the quotient of FWTM (full width at tenth
maximum) versus FWHM (full width at half maximum). Ge-detectors show resolutions of
typically 1-2.5 keV. The software for the recording and analysis of pulse high spectra is avail-
able from Canberra, Ortec products, Oxford instruments, etc. Interwinner software from ITEC
is a commonly used software in Germany and Switzerland [8].

1.3.2. Background

It is absolutely necessary to know the background of the Ge-detector system. This depends
on the shielding of the detector and the background of the laboratory. We use shielding with
10 cm of lead and an inner layer of copper 5-mm thick. Before our laboratory was built, radia-
tion-poor materials for the construction of the walls, soil and ceiling were sought. We analysed
different components, such as gravel, sand, white cement and additives from different produc-
ers. Our choice for gravel and sand was a local producer in the Swiss Alps. The cement was
from Dyckerhoff in Denmark. With this effort, we could reduce the background of our count-
ing laboratory from 70 to 20 nSv/h. Nevertheless, background is still present. Incoming cosmic
muons are not suppressed. They can be reduced by building an anticoincidence chamber over
the detector. Vojtyla et al. could reduce the background by a factor of 2.2 [9]. Another approach is
described by Seo et al., using Marinelli beakers of aluminium and purging the surrounding air of
the detector reduced the background [10]. The background has to be measured periodically for
each geometry to this end; a sample container with deionised water is placed on the detector and
counted over a weekend. The background depends on the counting geometry and the matrix.

1.3.3. Attenuation effects

Photons may be absorbed by the sample matrix and therefore do not reach the detector. This
effect depends on the elemental composition of the sample and its density. The photon attenu-
ation effect is not negligible for photons with lower energies and for high-volume sample
geometries. It has to be taken into account with the Gamma spectrometry software or soft-
ware based on Monte Carlo simulations.

1.3.4. Coincidence summing effect

This effect occurs for all radionuclides emitting at least two photons in sequence and is a func-
tion of the source-detector distance and the detector efficiency. With a 50% Ge-detector, more
coincidence summing is recorded than with a 20% detector. To avoid this effect, the samples
may be counted a certain distance away from the detector.

1.3.5. Dead time

Samples of high activities may lead to a loss of peak counts. This effect occurs when the pulse
processing electronics are slower than the frequency of the incoming photons. This leads to
a dead time of the detector. Normally, environmental and food samples do not show such
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high activities that result in dead times of the detector. Dead time can be avoided by counting
the sample at a well defined distance from the detector. Such constellations can be important
when the samples have to be analysed for an emergency case.

1.4. Best sample geometries for gamma-ray analyses

MDA is a function of the detector efficiency and the sample weight. The best gamma-ray
efficiencies are achieved with Marinelli beakers of 1 or 2L, as the gamma rays of the sample
interfere on top and on the sides with the Ge-crystal, gaining more efficiency. This geometry
is best when large sample amounts of water, soil, vegetation, food, etc. are available. Marinelli
geometries have to be calibrated carefully and coincidence summing has to be corrected. For
small sample amounts, dishes with volumes of 32 and 77 mL (12 or 24 mm height and 6.5 cm
in diameter) might be used. In small sample devices, the attenuation of gamma rays by the
sample matrix is remarkably decreased. The disadvantage is the small sample load of 30-80 g.
Other geometries commonly used are beakers of 250 and 500 mL volume. To enhance the sen-
sitivity of the gamma-ray spectrometry, samples containing water may be freeze-dried. For
milk samples, a concentration factor of eight can be achieved by freeze-drying. Soil, vegeta-
tion and food samples should also be dried (e.g. at 120°C). Soil samples are ground and sieved
to eliminate large particles, such as stones or root parts. Further practical advice is given in
other sources [11, 12].

1.5. Interpretation of gamma spectrometry data of natural radionuclides

Dose-relevant radionuclides of the natural decay series of #*U, #*Th and **U are nuclides
from uranium, radium, thorium, actinium, lead and polonium. Relevant criteria are the half-
life and the dose coefficients of these radionuclides. With a few exceptions, these radionu-
clides can be detected via the gamma emissions of their daughter nuclides. The exceptions are
"Be, YK, *’Ra, *'’Pb, #'Pa. The detection of *Ra and **Ra needs a secular equilibrium between
the mother nuclide and its daughters. This can be reached when the sample is packed gas
tight for at least the sevenfold half-life of the corresponding radon nuclide prior to the gamma
analysis. This equates to 20 days in the case of **Ra, or 7 min for **Ra.

26 Rg —&5 2R y =&, 218p o &, 24P | 4, 2UR 4 '[5; 24P

B, g By g

24 Ra N 20R —a, 216P —a, 22Pp > 2128 { > 208" | >208P 1

After reaching secular equilibrium, the activities of the daughters of ?Rn and **Ra can be set
equal to the activities of **Pb and ?“Bi. Often, the direct determination of **Ra is not possible
due to the major interference with the gamma line of 2°U around 186 keV. Therefore, this is
the best method to detect radium using gamma-ray spectrometry. The same applies for the
system **Th/**Ra and their daughters ?*Pb and #?Bi. Here, equilibrium is reached within
minutes due to the very short half-life of 2°Rn.

Other mother-daughter systems can be used for the determination of #*Th, *®Ra (a pure [3-
emitter), *’Ac and #*U.
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232Th _)ZZSRa +a —)ZZSAC +‘B,227AC _)227Th +ﬁ/238U _)234Th +a_)234mPa +ﬁ. (2)

Due to the very short half-lives of the daughters, these radionuclides are already at equilib-
rium. Table 1 shows the adequate choice of gamma emission lines for relevant natural radio-
nuclides. In natural uranium, the activity ratio of 2*U/*°U is 21.7.

Radionuclide Energy (keV) Emission Interferences
probability & (%)
Be Direct 477.61 10.3
K Direct 1460.8 10.67
26Ra Direct 186.2 3.5 25U (185.72 keV; 57.2%)
o) 295.21 18.2 211Bj (351.06 keV; 12.91%)
24Pb 351.92 35.8
214Bj 609.32 44.6
24Bj 1120.3 14.8
214Bj 1764.5 15.4
25Ra 25A¢ 338.32 11.3
28Ac 911.21 26.6
25Ac 968.97 15.8
28Th 24Ra 240.99 4.0 24Pb (241.98; 7.12%)
212Pp 238.63 433 28Ac (583.41 keV; 0.114%)
22Pp 300.09 3.3
20871 277.36 2.3
208T] 583.17 30.5
20871 860.56 45
27Ac 27Th 235.97 12.1,11.2
27Th 256.5 7.0
2Ra 269.5 13.7
=y Direct 143.76 10.96 26Ra (186.1; 3.51%)
163.33 5.08 28Ac (204.10; 0.171%)
185.72 57.2
205.31 5.01
=y Z4Th 63.28 43 22Th (63.81; 0.267%)
B4Th 92.37 2.5 Weak line
Z4Th 92.79 24 Weak line
BiMPpg 766.37 0.21
24MPy 1001.03 0.84
20Ph Direct 46.54 4.2 Weak line
2Ra Direct 154.21 5.6
21Bj 269.46 13.7
29Rn 351.07 12.9
2Rn 271.23 10.5
401.81 6.5
1Pa Direct 300.07 25
302.67 2.2

Table 1. Common used emission lines for the detection of natural radionuclides with gamma-ray spectrometry. Emission
probabilities are mean values from different sources [13-17].
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When analysing for natural radionuclides, it is very important to know and to reconsider the
background of the gamma system. Prominent radionuclides in the background are radon and
its daughter nuclides from underground radiation. The background has to be determined for
each geometry and has to be subtracted from the sample. We determine the background
radiation using gamma spectrometry with sample containers containing deionised water,
to take into account that the sample matrix also absorbs a part of the background radiation.

2. Instrumental neutron activation analysis

2.1. Principle

Instrumental neutron activation analysis (INAA) is based on the production of short-lived
radionuclides by nuclear reactions. Most frequently, reactor neutrons (i.e. thermal neutrons)
are used to activate many nuclides to produce radioactive nuclides. The efficiency of the
irradiation process depends on the flux density of the neutrons and the cross section of the
nuclear reaction of the irradiated nucleus. Typically, the thermal neutrons required for INAA
are generated in a nuclear reactor [18, 19]. For our experiments, we used the reactor at the
University of Basel (AGN-211-P), which is a light water-moderated swimming pool reac-
tor. The compact core contained 2.2 kg of highly enriched uranium and a graphite reflector
around the core. This uranium gave a thermal neutron flux of 3.8 x 10" n/cm?*/s at a power
of 2 kW. The insertion of samples into the core was possible over a cannula (brown cylinder
above the reactor in Figure 1) through the so-called glory hole. The glory hole consists of an
air-filled pipe of a diameter of 1” (2.5 cm), which goes from above the pool down and through
the centre of the reactor.

Figure 1. Equipment for NAA. Swimming pool reactor (left) gamma-ray spectrometer with lead shielding (middle)
gamma-ray spectrum (above right) curry sample and sample device for the irradiation [4].
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2.2. Operational procedure

The detection limit of gamma spectrometry is given by the half-life of the activated nuclides
and the underlying Compton background from highly activated nuclides, such as sodium or
chloride. Gold foils are used as the internal standard for each sample and are set on top of
each sample. A sample series of 12 samples each of 1-2 g material was irradiated for 30 min at
a power of 2kW. Each irradiation place in the neutron field of the reactor was calibrated with
coagulated salt solutions containing a known amount of the analyte and a corresponding gold
foil. The response factors of each analyte to its gold foil for each place in the neutron field were
then calculated (comparator method).

2.3. Common applications of INAA
2.3.1. Determination of total bromine content in food samples

The total bromine content of food, such as tea, coffee, dried mushrooms, vegetables and
spices, gives information about the use of methyl bromide, a fumigant. The application
of methyl bromide results in residues of bromide. This bromide can be activated to the
gamma-active compound #Br (half-life of 35h) by neutrons and analysed with gamma
spectrometry. After irradiation of 30 min, the samples have to be cooled down for several
hours (for the disintegration of activated sodium and chloride nuclides). The gamma analy-
sis takes 15 min.

Activation process: ' Br + n—®Br  Decay process : ¥Br — #Kr +f+7y. 3)

According to Table 2, many objections had to be executed for spices and dried mushrooms,
which were treated with methyl bromide. Our last investigation of tea resulted in one objection.
Since some years, the use of methyl bromide as a fumigant has been rare. Other fumigants, such
as sulfuryl fluoride, hydrogen cyanide and phosphines, have become more important [20].

2.3.2. Determination of total iodine content in food

Algae and other food samples rich in iodine were irradiated to determinate the total content of
iodine. Jodine is essential for the production of thyroid hormones and prevents goitre. In most
European countries, people suffer from an iodine deficiency. The iodine level can be increased
by the consumption of iodine-enriched food and dietary supplements. However, high levels
of iodine (i.e. over 500 ug/kg) can result in hyperthyreosis. Therefore, the range of tolerance
for iodine is narrow and it is important to declare the correct iodine content for food.

About 1 g of sample can be activated with reactor neutrons (30 min, 2 kW). The radioactive
product 1 is analysed directly using a gamma spectrometer

Activation process : *I+n —'[  Decay process : [ -'%Xe+f +7y. 4)

The half-life of [ is only 25 min; therefore, the samples had to be counted immediately after
the activation. This is unfavourable regarding the background of other activated ions and
results in higher detection limits. The total iodine content of fish, seafood, algae and dietary
supplements can be analysed [22, 23].

9
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Year/food Spices Dried mushrooms Tea Coffee Chocolate Rice
1988 10 (172)

1989 4(34) 7 (48)

1990 0 (30)

1991 5 (28) 0(7)

1992 2(57) 0(5)

1994 0(30) 0(24)
1995 0(33)

1996 1(33)

1998 0(15)

2001 1(26)

2002 2(33)

2006 0(17)

2009 1 (40)

Objections, which prove a use of the fumigant methyl bromide, show a bromine content over the limit. Limit values
are 50 mg/kg (coffee, tea) and 100 mg/kg (spices mushrooms) according to the Swiss Ordinance on contaminants and
constituents in Food [21]. The number of investigated samples is given in brackets.

Table 2. INAA analyses of food samples for total bromine content.

2.3.3. Determination of flame-retarding agents in plastics

INAA can be used as a screening analysis for flame-retarding agents in plastic materials,
such as decabromo-bis-phenylether or tetrabromo-bisphenol A. The activation and decay
process are the same as for the bromine analysis in food samples. The INAA gives infor-
mation about the total content of brominated flame-retarding agents. We used INAA as a
screening analysis and samples containing a high amount of bromine were detected and
then analysed with gas chromatography to determine the amount of different flame-retard-
ing compounds [24-26].

2.3.4. Determination of U and Th in suspended matter, sediment and soil samples

About 1 g samples of dried and ground material (e.g. freeze-dried suspended matter) were
irradiated for 30 min at a power of 2 kW. After a cooling period of 2 h, the samples were ana-
lysed with a gamleast 30 min [27]

Activation processes : U + n ->*U +B+y and *Th + n->2*Th
Decay processes : U —**Np +p+y ->2Puy +B+y
andZSSTh_)ZSSPa_'_ﬁ_‘_‘)/_)ZSSU +[3+)/ (5)
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3. Gamma-ray sources in the environment

Materials that emit radioactive rays are called radioactive sources. We distinguish between
naturally occurring radioactive material (NORM) and technologically enriched naturally
occurring radioactive material (TENORM) on the one hand and artificially produced radio-
active sources on the other. Radionuclides may emit different rays, such as alpha, beta and
gamma rays. Most a- and B-decays are accompanied by y-rays. There are only a few impor-
tant exceptions, such as #°Po, ®Ni, or *Sr, which are pure a- or -emitters. Therefore, many
important 3 -nuclides can be detected with gamma spectrometry.

3.1. First use of natural radioactivity

Soon after the discovery of radioactivity by Henry Becquerel, Pierre and Marie Curie and
others, when radium became available, the production and the commercial use of TENORM
began. Radium and thorium were used as remedies to cure many diseases. Underwear and
wool, soap, lipstick, hair shampoo, toothpaste, suppositories, soda drinks, butter, etc. were
spiked with NORM or TENORM. The negative effects of TENORM went visible only decades
later. Quacks, such as William Bailey, earned their money by dealing with radioactive sources
as medicinal drugs. It was therapy with radithor (a mixture of *Ra and **Ra) that led to the
tragic death of Eben McBurney Byers [28]. Another tragedy was the “radium girls” from New
Jersey. Many young women became ill or died from painting watch dials with radium. These
and many more cases became public and led to the decline of the popularity of radioactivity
[29]. Today, radon therapy in radon water, inhalation of radon air in tunnels or drinking of
radon water remain the few existing applications of NORM for health cures against chronic
diseases, theumatic diseases and Morbus Bechterew. The health effects of radon are well
described, but are not fully understood [30]. Such dubious items of the past are sometimes
still present in households (see Section 3.3).

3.2. Natural radioactivity in food

Some natural radionuclides from the natural decay series of uranium and thorium enter
the food chain. The alpha nuclide polonium-210 (*°Po), a product of the decay series of ura-
nium-238 (¥8U), is enriched in the intestinal tract of mussels and fish. Lead-210 (*'°Pb), radium
and thorium nuclides are present in cereals. In addition, spices and salt may contain elevated
levels of radium and potassium-40 (**K). Generally, potassium-rich food is also rich in *K (e.g.
tea, vegetables). A special case is Brazil nuts, which are enriched in radium from soil. This is
well described in [31]. Tap water may contain uranium, radium and their daughter nuclides
depending on the local geological situation [32].

3.3. Radioactive sources in consumer products

Remnants from the application of natural radionuclides in the past century may be present
in households even today. Our laboratory maintains a collection of radioactive objects that
people brought in for investigation or disposal.
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The use of thorium in flame detectors is widespread: for instance, in dials with radium in
watches or on dial-plates for military use, coloured glass pearls or drinking glasses containing
uranium oxides, wall tiles with uranium oxides, etc (Table 3). The finders of such items are
encouraged to bring them to a specialised laboratory or to a collecting point for radioactive
materials. The included radioactive material may be harmful.

Consumer product Radionuclide(s) Radionuclide content range
Radio luminous timepieces *H 4-930 MBq
WPm 0.4-4 MBq
*Ra 0.07-170 kBq
Marine compass *H 28 MBq
2Ra 15kBq
Aircraft luminous safety devices °H 10kBq
“Pm 300 kBq
Static eliminators 20po 1-19 MBq
Dental products naty up to 4Bq
Gas mantles 2Th 1-2kBq
Welding rods ®2Th 0.2-1.2kBq
Optical glasses Z2Th 5-75Bq
Ophthalmic lenses [35]
Glassware: vaseline glass, canary flint glass natyJ 100 kBq
Lamp starters 8Kr 0.6 kBq
Smoke detectors #Am 37kBq
Electron capture detectors Ni 370kBq
Drinking devices “Radium Drinkkur” 26Ra, (**Rn) 100 MBq
Wall tiles, ceramics nyo, 50-500 kBq
Granitic surfaces naty 5-10kBq/kg
Cardiac pacemaker [36] ZPu 113 GBq

Table 3. Consumer products containing radioactive materials (modified after Ref. [37]).

Incandescent gas mantles are in use without the knowledge of any possible danger. They con-
tain #*Th-oxides used to produce a bright light, which may be inhaled when the gas mantle
disintegrates. In Germany and Switzerland, these gas mantles have been banned from the
market. Attention has to be given to imports of products from the Far East. They may still
contain thorium oxides.

A special case is the “Radium Drinkkur” (radium drinking device). It was used at the start of the
twentieth century. The “Drinkkur” contained a small piece of pitch blend as a radium source
(e.g. 100 MBq). The idea was to enrich drinking water with radon by emanation. Radon is said to
be a remedy against rheumatics. Our own experiments have shown that a 2 month application
of such a drinking therapy gave a yearly dose of 34 mSv, only from the radon. Unfortunately,
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radium was also released when the source was immersed into the water. Therefore, an even
higher dose with additionally washed-out radium could be incorporated [33].

Figure 2. (1) Wall tiles; (2) pitch-blend source for radium drinking device (3); (4) watch, compass, glass pearls; (5) gas
mantle and static eliminator; (6) bowl with paintings.

In the 1960s, radioactive wall tiles were discovered in Swiss households. They were produced
with uranium oxide to obtain a brilliant red colour. Radiation from the walls of kitchens and
toilets was of minor concern (low gamma energies), but a certain risk existed when the tiles
were removed. The unavoidable dust contained uranium oxides; its inhalation had to be
avoided. The Federal Office of Public Health regulated the professional drawbacks and dis-
posal of the radioactive tiles [34] (Figure 2).

4. Gamma nuclides in the environment

Radioactive fallout is the main source for artificial radionuclides in the environment. In the
following section, the application of gamma-ray spectrometry in Swiss environmental moni-
toring programs will be presented with examples [38].

4.1. Swiss monitoring programme

The Federal Office of Public Health (BAG) publishes a yearly report on the radioactivity in
the environment and on radiation doses of the Swiss public. Several institutions, such as
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Labor Spiez (LS), Institut de Radiophysique Appliqué (IRA), Paul Scherrer Institut of ETH
Zurich (PSI), the Swiss Federal Institute of Aquatic Science and Technology (EAWAG), the
National Emergency Operations Centre (NAZ), the Swiss Accident Insurance Fund (SUVA),
the Swiss Federal Nuclear Safety Inspectorate (ENSI), the BAG, the European Organization
for Nuclear Research (CERN), laboratories of the NPPs and some of the state laboratories of
Switzerland, analyse different compartments with different techniques [39]. The main con-
tent of the reports lies in the supervision of emissions from NPPs and other industry using
and producing radionuclides, the emissions from wastewater treatment plants and waste
incineration plants. The report shows the results of the yearly survey of a grid of environ-
mental sampling points, such as farms, sampling points in the vicinity of NPPs, water and
air monitoring stations. Data from monitoring stations are collected and interpreted. These
are the NADAM-net of the NAZ (66 automatic radiation dose meters [40]), the MADUK-
net, operated by the ENSI (radiation dose meters [41]), RADAIR (air monitoring stations)
and URANET (Automatic River monitoring detectors) both operated by BAG [42, 43]. These
results are completed with the investigation of human tissues, such as the investigation of
teeth and bones by the IRA or whole-body counting at the university hospital in Geneva and
investigation of special radionuclides, e.g. *C in tree leaf samples in the vicinity of NPP's and
chemical industries by the University of Berne. Based on these results, the radiation exposure
of the public is estimated annually.

From the beginning, the state laboratory of Basel-City took part. The Office of Public Health
chose for us three sampling points (farms) in Ticino, one farm in Basel-Country and a milk
processing centre in the Canton of Jura for the yearly analysis of soil (upper 5-cm layer), grass
and milk. Milk from milk distribution centres and other sites are analysed for radiostrontium
as a supplement. Also, the survey of suspended matter of the River Rhine in Basel was dele-
gated to our laboratory. Our laboratory also controls the local emissions of radioactivity. These
are the wastewater of the local hospitals, the waste water treatment plant (WWTP) of Basel,
ProRheno, and the incineration Plant of Basel, KVA Basel. Monitoring was started in 1993.

4.1.1. Environmental monitoring

In 1986, the southern parts of Switzerland were the most heavily affected by the fallout from
Chernobyl. This can clearly be demonstrated by the time series of the investigated soil, grass
and milk samples. There and also in elevated sampling points, such as in the Jura mountains,
a remarkable increase in the radio-strontium and radio-caesium levels from global fallout
was observed from 1986 to 1988. Other sampling points, such as Grangeneuve, the vicinity of
the NPP's of Gésgen and Miihleberg and Leibstadt showed the normal decreasing trend of
the global fallout with only slight additional fallout from Chernobyl [44]. For radiostrontium,
they did not observe an increase in the contamination. Corcho et al. [45] recently published
trend curves for three alpine investigated sites and two sampling sites in Swiss Mittelland.
They analysed radioactive data of soil, grass and milk samples from 1994 to 2013. The effec-
tive half-lives did not depend on the altitude of the site. Radiostrontium showed quite a
shorter half-life than the physical half-life. This can be explained by its migration to deeper
soil layers and therefore less being available for plants. On the contrary, the effective half-life
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of radiocaesium is similar to its physical half-life. This is because it is fixed on clay particles in
the soil and moves only slowly into the deeper soil layers [45].
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Figure 3. Activity trends of radiocaesium in soil, vegetation and cow's milk on a farm in Basel-Country. We calculated
the effective half-live to 12.9 years (soil), 11.6 years (grass) and 12.0 years (cow's milk).

One of our regular sampling points is a farm in Basel-Country (450 m altitude). Data from
1986 until today are available. The data analysis of '*’Cs shows the following trends (Figure 3).
The effective half-life of radiocaesium is lower than the physical one. We explain this fact by
movement of the radionuclide into deeper soil layers. Therefore, the radiocaesium becomes
progressively less available for the grass roots.

Such calculations are of interest when trends in the behaviour of radionuclides for food and
feed are sought. They provide important information about the contamination of the food
chain. The Chernobyl impact resulted in an increase in the contamination in cow's milk for
about 6 years.

4.1.2. Monitoring of local emissions of radionuclides

In Basel, the main emission sources of radioactive material are the chemical/pharmaceuti-
cal industry, hospitals and some minor industries using radioactive sources. Emissions from
these sources are deposited in the environment via wastewater and the air. The waste water
is cleaned at the local WWTP ProRheno and two waste incineration plants, the city's incin-
eration plant, KVA Basel and an incineration plant of the chemical industry for hazardous
wastes, RSMVA of Valorec.

An important task of the state laboratory is the monitoring of the local wastewater effluents.
These monitoring programmes started in 1988 and included the parameters *H (mainly used

15
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by the local chemical/pharmaceutical industries) and short-lived radionuclides used in hos-
pitals, such as 'L, *"Tc, *°Y, "'In, "Lu, "*Re, '®Sm, “Ga and others. The university hospital
of Basel is specialised towards DOTATOC therapies, where mainly *Y and "’Lu are used.
Wastewater from the patients is collected in cool-down tanks for some weeks before being
discharged to the wastewater treatment plant. Monitoring results are published yearly [46].

Tritium emissions are regularly detected in the washing water of the air filters of KVA Basel.
Several times during the last 25 years, tritium was above the permitted emission limits of
6000 Bg/L and 60,000 Bq/month. However, these emissions contribute very little to the *H-
level of the River Rhine. Here, the main °H sources are the NPPs and tritium producing indus-
try in Switzerland upstream [47].

The main contamination factor of air is radiocarbon, which are used mainly by the chemical/
pharmaceutical industries. In Basel, radiocarbon is emitted when waste is burned at RSMVA.
Incineration takes place mainly in the night, to lower the uptake of radiocarbon in plants by
photosynthesis. These emissions are controlled annually by the University of Berne. The mon-
itoring programme of the University of Berne includes other emission sources in Switzerland,
such as incineration plants, ZWILAG and NPPs [39].

4.1.3. Behaviour of radionuclides in a WWTP

In 2014, the influents and effluents of the WWTP ProRheno were investigated, to obtain a balance
of short-lived radionuclides for medical use. The main fraction of **'I was dissolved in wastewater
and over 90% of the input was emitted with the treated wastewater into the River Rhine. Only a
small amount was emitted via air when the sewage sludge is incinerated. For ”7Lu, we observed
that about 60% of the incoming activity was eliminated in the WWTP, mainly by adsorption on
the sewage sludge. Finally, it remained in the sludge ash, which is deposited on a nearby landfill
disposal site. It disintegrates there rapidly. About 40% of the activity is emitted with the treated
wastewater to the River Rhine and deposited on suspended matter and river sediment [48, 49].
The investigation of sewer sludge in the local sewage water system of Basel clearly shows that
a part of the activities found at the influent of the WWTP originates from patients treated in
ambulances [50].

Some of the waste from the hospitals is burnt at the incineration plant. This is proven by
the activities found in the washing water of the air filters. While "' is found permanently in
the low Becquerel level, other nuclides only are found sporadically. The main contamination
factor at KVA Basel is °H. The sources of these emissions are not known. The Swiss Accident
Insurance Fund, SUVA, supposes the source to be the accidental burning of *H-containing
watches with the daily-delivered waste from households and industry.

4.1.4. Suspended matter of the River Rhine

Many contaminants, such as organics, metals and radionuclides, adsorb onto clay particles
and are transported in a river as suspended matter. After quite a long distance or sections
where the river water stands still, e.g. behind dams, the suspended particles settle onto
the river sediment. Radionuclides released from NPPs are monitored by EAWAG and our
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laboratory at defined sampling points downstream. Suspended matter is collected either con-
tinuously by a special particle-settling chamber, or by the use of a centrifuge (i.e. non-con-
tinuous monitoring). At the river monitoring station Weil, downstream of Basel, suspended
matter is collected monthly with a centrifuge. The freeze-dried and ground material is then
analysed with a Ge-detector. Beside NPP-specific radionuclides, such as “Co, **Mn or ®Zn,
radionuclides from medicinal applications (**'I, '’Lu and others), natural radionuclides from
the decay series of U and Th and from fallout (*’Cs) can be detected [39, 51].

4.2. Special applications/projects

We now describe our own investigations to find representative organisms for radioactiv-
ity monitoring of the environment. Therefore, we analysed possible sample types, such as
mosses, soil, grass, dust, water and wood.

4.2.1. Behaviour of radionuclides in soil filters of local drinking water production

The filtration of river water through forest soils is the most important step of drinking
water production in Basel. In the context of an emergency concept for drinking water pro-
duction, the question arose as to how the radioactive contaminants behave when entering
the soil filter. Is there a danger of contamination of the drinking water after a nuclear acci-
dent? We analysed soil cores in one of the filtering fields for global fallout. As described in
the literature, radiocaesium and plutonium remain in the upper soil layer. Radiostrontium
moved deeper into the soil. For radiocaesium, we estimate two main sources: global fall-
out and fallout from Chernobyl. We estimated that in 1986, only about 65% of the total cae-
sium reached the infiltration site with the infiltrated river water. The rest was bound to the
suspended matter and removed by sand filtration before the infiltration step. Plutonium
and perhaps radiostrontium, only originates from global fallout. We suppose that radio-
nuclides are retained in the soil even at higher charges. For radiostrontium, the retention
was lower and could have reached the groundwater. Further investigations are necessary
(Figure 4) [52].
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Figure 4. Soil profiles from a soil filtration site of the drinking water producer of Basel. Bars in grey are cores from the
filtration site compared to a reference site outside (bars in white). From Ref. [52].
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4.2.2. Fallout monitoring at Basel and vicinity

During the annual emergency exercises for an A-impact, soil samples were collected (the
upper 5-cm layer) over 50 different sampling points in the city of Basel and surroundings at
different altitudes (250-360 m). The analysis of over 200 soil samples with gamma-ray spec-
trometry resulted in an overall range of 10.6 + 6.4 Bq/kg of ¥Cs.

A second project was focused on the analysis of mosses. Mosses were analysed with beta
and gamma spectrometry. The analysis with gamma-ray spectrometry resulted in an overall
range 2.2+2.6 Bq/kg for *'Cs (n=3) and 24 +42 Bg/kg (n=87) for '¥Cs with a maximum of
over 300 Bq/kg. Radiostrontium was found in 67 samples: 5.2 + 4.5 Bq/kg of *Sr [53].

Recently, our focus was on tree bark monitoring. The gamma-ray analysis of the tree bark of
26 different trees gave a mean of 6.7 + 18 Bq/kg ¥’Cs.

Compared to the undisturbed situation on a country site, variability in soil and vegeta-
tion in a city and surroundings is quite dominant. Nonetheless, we think that tree bark
monitoring is comparable with soil monitoring and can give relevant contamination data
for emergency cases. The uptake mechanism for radionuclides in mosses is quite differ-
ent to that of trees and of the deposition on soils. Mosses do not have roots; they incor-
porate contamination mainly through the air. Contamination is deposited on tree leaves.
Trees accumulate contamination through their roots and also later by the deposited leaves
(litter-fall) [54].

Despite their great variability in moss species and the difficulties in the determination of
age, mosses can be monitoring plants for radioactive fallout, when carefully normalised
(Figure 5). In Basel, radiocaesium and radioiodine (**'I) were detectable in the first rainfall
in April 2011, after the catastrophe at Fukushima-Dai-ichi. Here, over 9500 km away from
Japan, the fallout could also be detected in moss, grass and soil and even in cow's milk
[55].
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Figure 5. Correlations of radiocaesium between moss, tree bark and the corresponding soil activity.
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5. Gamma nuclides in food

5.1. Radio contamination of food

Whereas food can be contaminated just after its release with fallout of short-lived radionuclides
for a short period, contamination with long-lived radionuclides from global fallout and the
Chernobyl catastrophe remain. The contamination of food by the Chernobyl fallout was reduced
within 2 years concerning the short-lived radionuclides, such as *'I, *?I, **Cs, whereas long-lived
radionuclides still persist (see Figure 3) in the soil and are transferred to crops and grass (feed
for cows). The typical tracer food for this is milk. We recently published a review of radioactivity
monitoring in Switzerland over the last 35 years [56]. We compared the contamination level of
food categories with artificial radionuclides. In the time span 1990-2015, some moderate contam-
ination of some food categories was noted. Special cases were hazelnuts and tea from Turkey.
As some regions of that country were affected by the fallout from Chernobyl, food imports may
contain higher levels of Radiocaesium (0.1-30 Bq/kg). Tea contained up to 100 Bq/kg radiocae-
sium and 2-40 Bq/kg of radiostrontium. The latter may also originate from global fallout. Until
the present, most affected food from the fallout of Chernobyl concerns wild grown mushrooms,
wild grown berries and game (especially wild boars). Even today, violations are noted for wild
boars from Bavaria, Southern Germany and Southern Switzerland [57] (Table 4).

Food category Origin Radiocaesium Radiostrontium
Hazelnuts (2005-2013) Turkey 0.1-16 (n=96) n.a.
Milk (2004-2016) Switzerland <0.05-22 (n=177) 0.01-26 (n=194)

Baby food (2006-2016)

Switzerland, Europe

<0.05-0.5 (n=71)

<0.1-0.33 (n="71)

Mushrooms Europe <1-1'320 (n=248) n.a.

Vegetables (2006-2014) Europe <0.1-0.5 (n=88) <0.1-0.5

Wild grown beeries' East Europe 0.1-170 (n=123) <0.05-60 (n=57)
Game Europe <1-1250 n.a.

Wild boar (2013-2014) South Switzerland 1250 (n=41) n.a.

Wild boar (2014) [58] Canton of Zurich <0.2-388 (n=28) n.a.

Fish (2011-2015) Pacific Ocean <0.1-0.7 (n=52)? 0.1-0.4 (n=7)
Flour, bred (2006-2011) Switzerland <0.1-5 n.a.

Honey (2004-2012) Europe <0.2-51.4 <0.05-2

Tea? Japan, other countries <0.5-258.2 <0.1-57

! Including blue berries and chest nuts.

? Fish and Japanese tea contains also "**Cs from local fallout of the Fukushima-Daiji accidents.
n.a.: not analysed.

Table 4. Some food categories which are still contaminated with global fallout and/or fallout from NPP's accidents in
Chernobyl and Fukushima.

The Office of Public Health estimates the total ingested dose to about 0.3-0.4 mSv/year. The
main contribution comes from potassium-40 (*’K; 0.2 mSv/year) and from natural radionu-
clides of the uranium and thorium decay series. The remaining contamination from bomb
fallout is less than 0.1 mSv/year [39].
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5.2. Healing earths

Siliceous earths are widely used in the food industries as a food supplement. They incorpo-
rate foreign atoms in the crystal lattice, such as radionuclides of the natural decay series of
uranium and thorium.

In 2008, siliceous earth products on the Swiss market were analysed with y-spectrometry. In two
products, the threshold value for natural radionuclides of group 2' was exceeded (>50 Bq/kg).
Furthermore, by regular consumption of one product from California, USA, the annual dose
would reach half of the permitted yearly dose of 1 mSv. Consequently, this product was with-
drawn from the Swiss market. In 2010, the reinspection of healing earths showed that two prod-
ucts from one producer in Germany slightly exceeded the limit value according to higher levels
of ?*Ra and *®Ra. The annual dose from the consumption of these products would lead to
0.1 mSv/year. Therefore, healing earths and silica-based chemicals used in food industry and
in chemical laboratories remain a source of natural radionuclides [59].

6. Gamma spectrometry as an important analytical tool for emergency
cases with ionising radiation

The instrumentation of an emergency A-Laboratory depends on the required detection devices
for the analysis of the fallout from nuclear bombs or from nuclear power plants. Table 5 gives a
short survey of some expected fission and activation products. In used reactor fuel, more than 200
radionuclides are present [60] (Figure 6). The Institut de Radiophysique Appliqué (IRA) prepared
simulated gamma spectra 2 and 11 days after release from an NPP. After 2 days, the gamma
analysis was very complex and contained more than 270 gamma emission lines. At day 11 after
the release, the number of gamma lines was reduced remarkably. Not all expected radionuclides
were detectable due to low activity. For mother/daughter nuclide pairs, attention has to be paid
to when the half-life of the daughter is shorter than that of the mother. After seven half-lives
of the daughter, the two nuclides are in equilibrium, so one has to calculate the activity of the
daughter using the half-life of the mother nuclide (e.g. *Te (77.5h) and daughter I (2.3 h)) [61].

As we see, gamma spectrometry is the most important instrumentation for an emergency
case with ionising radiation. Only for a few radionuclides a-spectrometry (Pu-isotopes) and
B-spectrometry (°H, "“C, ¥Sr, *Sr) have to be available.

The main task is to analyse environmental samples, such as soil, vegetation, fallout, air and food
samples, such as vegetables and fruit grown outdoors. The pathways are air/fallout, rain/wash-
out and water (rivers, lakes). Later on, collection and analysis of sediment, grass and soil samples
will follow. The most important/affected food is milk and milk products, baby food, outdoor-
grown vegetables, meat and game, fruit (including hazelnuts) and cereals. According to our
experience in 1986, vegetables were the most affected (by radioiodine and radiocaesium). Special
focus should be set on baby food and human milk (including analysis for radiostrontium) [55].

*‘Ordinance on Contaminants and Constituents in Food: natural radionuclides group 2: the sum of activities of 226Ra,
228Ra, 230Th, 232Th and 231Pa.
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Radionuclide Half-lives detection Radionuclide Half-lives detection
Noble gases Non-volatile nuclides
SmKr 44h Y “Co 53a r
S7Kr 13h Y *Mn 312d Y
®Kr/*Rb 2.8h/50d v SZn 2444 v
135Xe 125h Y 97Zr/*’Nb/"™"Nb 17h/1.2h/53s Y
133mXe 53h Y ¥Sr 50d B!
NSr/*0Y 28.6a/64h B!
Halogens I1Sr/Y 9.5h/59d Y
B 192h v 2Gr/2y 2.7h/3.5h v
1] 23h v %Zr/*Nb 65d/35d v
13]/13Xe 21h Y “Co 53a Y
B3I 09h Y #“Mo/*™Tc 66h/6h Y
135]/135mX e 6.6h/0.3h Y 7Zr/”Nb 17h/12h Y
82Br 35h v 127Sb/?Te 3.9d/9.4h v
12Sb/*Te 4.4h/70 m Y
Volatile nuclides 17Sn/1’Sb 2.1h/3.9d Y
12Te/1*] 70m/12.4h Y 14Ba/"*’La 306 h/40 h v
12mTe/12Te 802h/1.2h Y H“1Ce 33d Y
BimTe/131Te 30h/0.4h Y 43Ce/"SPr 33h/14d Y
132 /132] 78h/2.3h Y 144Ce/"™Pr 285d/17 m Y
134Te /1] 42m/52m Y 4Pm 53h Y
133mTe/133] 55m/21h Y 5U/P1Th etce. 7x10%a v
15Ru/'%mRh 941 h/56 m Y 24Py Am 14.35a/432 a Y
106Ru/"*Rh 374d30s Y ZNp/*Pu etc. 24d Y
134Cs 21a Y 22Cm/*Pu etc. 163 d a
136Cs/13mBa 316 h/ Y 28Pu/>4U etc. 88a a
197Cs/1¥mBa 30a/2.5m Y ZPu/U etc. 24x10%a Y
*H 124a p! 240py /26U ete. 6.6x10°a o
HC 5730 a p! 2Py /U etc. 3.7x10°a a

After Refs. [60-62].

Analysis has to be performed with B-spectrometry.

Table 5. Extract of possible fission and activation products released at an NPP accident or from a bomb.
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Figure 6. Process of a release of radioactive material to the environment by an accident or bomb (after Ref. [64]).

In Switzerland, the National Emergency Operations Centre (NEOC) coordinates these emer-
gency investigations. They give the order to collect samples for the estimation of the con-
tamination/radiation level outdoor and for controlling the level of the contamination of food.
The local authorities then take action (e.g. banning severely contaminated food categories).
An initial focus is set on the drinking water quality. In Basel, drinking water is produced
from groundwater, which is enriched with river water by soil filtration. It is important to
prevent the entry of contaminated river water into this filtration system. After an earth-
quake, when the drinking water production site is no longer operable, there exist plans for
emergency supply of the public with pumped water from the ground and from rivers. This
requires efficient and rapid analysis systems. With a gamma analysis of a 1 L water sample
in a Marinelli-beaker, it is possible to restrict the analysis time to 15 min for the examination
of threshold values. *H and *°Sr have to be analysed by p3-spectrometry. With an extraction/
scintillation-method, we are able to obtain results for both radionuclides within 2 hours [63].
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Abstract

A review of studies of the dead time correction on gamma-ray spectroscopy is presented.
Compensate for counting losses due to system dead time is a vital step for quantitative
and qualitative analysis. The gamma-ray spectroscopy system consisting of electronic
devices are used for detection of radiation due to gamma rays. The dead time of the
spectroscopy system is based on time limitations of these electronic devices. Firstly, a new
model for determination of this electronic dead time is proposed. Secondly, two alternative
methods suggested for the correction of this electronic dead-time losse.

Keywords: gamma rays, gamma-rays detectors, semiconductor detectors, dead time,
counting rate, peaking time

1. Introduction

Development of a gamma spectrometer for each energy region of the electromagnetic
radiation has progressed in parallel with the development of experimental tools. The first
and rough detectors often just used to determine the presence of radiation. The second-
generation radiation detectors used to determine the radiation intensity, but with only a
very small part of information on its energy. The last types of radiation detectors measure
the intensity as a function of the photon energy in addition to the determination of the
presence of radiation.

After the first observation of the gamma rays with photographic plates, advances related to
measuring in this field began with the development of various types of gas-filled counters at
the beginning of 1908 [1]. The counters that are compared to the photographic detection
process allowed the experimenter to obtain a more accurate quantitative measure of the
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radiation as well as determining the presence of the radiation. The proportional counters did
allow one to obtain energy spectra for gamma rays whose energies were low enough to
interact primarily by the photoelectric effect and where the secondary electrons produced by
these interactions could be completely stopped in the gas volume. However, generally these
detectors are only used in determining the number of events that occur in the counter and not
to measure directly the energy of the incoming photons [2].

The main improvement in determining the quantity measurement of gamma rays began
with the development of Nal (Tl) detectors in about 1948. These detectors can supply
energy spectra over a wide energy range. After a certain period of development, detectors
consist of crystals with sufficiently large size to allow high absorption rates even above 1
MeV photons energy were produced. The main advantages of these detectors include their
relatively fine resolution, the good physical and chemical stability of the crystal material
used and their high relative yield. As these detectors have a good resolution, photon
energies are well separated and it allows the observation of different energy photon peaks

2].

In 1962, semiconductor Ge (Li) detectors were manufactured [3]. As these detectors can be
made from many different semiconductor materials, these are used as photon detectors as well
as nuclear-charged particles detectors. To collect the secondary charges efficiently, these detec-
tors need to be made of single crystals of a pure material. Due to difficulties in producing
single crystals other than germanium, Ge (Li) detectors have, so far, been successfully used as
high-resolution photon detectors of significant size. These detectors have a high resolution.
The most serious drawback of semiconductor detectors is the need to keep them cold, gener-
ally at liquid nitrogen temperature.

In the coming years, there have been numerous studies on similar detectors of high atomic
number. Mayer [4] proposed several detectors made from bicomponent material. Sakai [5]
had worked on semiconductor detectors made from bicomponent material such as GaAs,
CdTe and Hgl, to make measurements at room temperature. However, there is not much
use of these detectors up to now because of the relatively low yield due to their small
surface area, low resolution and expensive production methods and techniques.

Characteristics of an ideal detector for gamma spectrometer can be expressed as follows

1. Output pulse number should be proportional to the gamma-ray energy.
2. It should have a good efficiency (that should be a high absorption coefficient).
3. To collect the detector signals, it should have an easy mechanism.
4. It should have good energy resolution.

5. It should have good stability over time, temperature and operating parameters.
6. It should be conferred at a reasonable cost.

7. It should have a reasonable size.
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2. General characteristics of photon detectors

Modern photon detectors used in determining the radiation and in measuring the quantity of
radiation run based on a series of joint steps. These steps are the same in almost all species and
types of detectors. In this section, characteristics of gas detectors and of semiconductor detec-
tors commonly used in the determination of radiation and in the measurement of the quantity
of radiation are discussed. These detectors are used to count electrons, heavy charged particles
and photons. We will only focus on their use as a photon detector. A photon detector operates
over the following principles [2]:

1. First, the conversion of the photon energy to kinetic energy of electrons (or positrons) by
photoelectric absorption, Compton scattering or pair production.

2. Second, the production of electron-ion pairs, electron-holes pairs, or excited molecular
states by these electrons.

3. Third, the collection and measurement of the charge carriers or the light emitted during
the deexcitation of the molecular states.

A photon spectrum released by a source is usually consists of monoenergetic photons group.
The detector converts such a line spectrum into a combination of lines and continuous compo-
nents. Detectors can be used to determine the energies and intensities of the original photon as
long as these lines are observable. However, if the lines are lost in the associated continuity it is
usually not possible to determine these quantities. The ability of the detector to produce peaks
and lines for monoenergetic photons is characterized by the peak efficiency and peak width.
The peak width in the gamma-ray spectrometer is usually expressed as the full width at half
maximum (FWHM) in terms of keV. In addition, FWHM referred to as the resolving power of
the detector. The peak efficiency of the detector is the ratio of the number counts in the peak
corresponding to the absorption of all the photon energy (so in the full energy peak) to the
number of photons of that energy emitted by the source. Both the peak and the peak efficiency
are functions of the photon energy [2].

3. Gamma-ray spectrometry system components

The magnitude of the pulses from the gamma ray is equal to the magnitude of electrical
charge, which is proportional to the amount of absorbed gamma-ray energy by gamma-ray
detectors. The function of the electronic system is to collect these electrical charges, to measure
the amount of electrical charge and to store these information. The electronic system for a
gamma-ray detector spectrometer is shown schematically in Figure 1.

The gamma-ray detector system consists of a detector bias supply, preamplifier, amplifier,
analog-to-digital converter (ADC), multichannel analyzer (MCA), a data storage device (com-
puter and spectrum analysis program), a pulse generator and oscilloscope if desired. Pulse
generator is used in the spectroscopy system, which does not contain an electronic circuit with
functions such as a base line restorer or a pileup rejector. Detector bias supply generates
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Figure 1. General appearance of the gamma-ray spectrometry system.

electric field, this produced electric field sweeps the electron-hole pairs toward detector con-
tacts. These swept electron-hole pairs are collected by preamplifier. The collected electron-hole
pairs in the preamplifier are converted to a voltage pulse with a field effect transistor (FET).
The amplifier changes the shape of the voltage pulse. This shape of the pulse increases linearly
with the size of the incoming pulse. The analog-to-digital converter converts from the analog
structure to the digital structure. The multichannel analyzer (MCA) shorts the pulses
according to pulse height in addition; MCA counts the number of pulses in the individual
pulse height ranges. Computers are used to check the measurements and to record the spec-
trum in modern gamma-ray spectrometers. The advantage of such systems is providing great
convenience to users in fulfilling their various data-analysis calculations during and after
measurement. During the measurement, the location and area of the peak of interest via a
program used can be determined on screen, therefore, the collection rate of counting and the
identity of radionuclide can be determined.

4. The dead-time detection methods

The main reason for the counting and pileup losses is the dead time of the gamma spectrom-
etry system. In order to fulfill the necessary corrections primarily related to these losses, it is to
be first determined the dead time of the gamma-rays spectrometry. The dead time is associated
with limited time features known as constant separation time of electronic circuits of the



Dead Time in the Gamma-Ray Spectrometry 33
http://dx.doi.org/10.5772/67083

gamma-ray spectrometry. It has been generally accepted that the direct measurement of the
dead time because of the pulse processing conditions in the gamma-ray spectrometry may
change or not is accurately known. Traditional dead-time measurement techniques are based
on the fact that the observed count rate varies nonlinearly with the true counting rate. There-
fore, by assuming that one of the specific models is applicable and by measuring the observed
rate for at least two different true counting rates that differ by a known ratio, the dead time can
be calculated [7].

4.1. Two sources method

This method is based on the observation of the counting rate from two individual sources and
in combination of these two sources. Because of the counting losses are nonlinear, the observed
counting rate resulting from the two sources combined is less than the sum of the observed
counting rates resulting from each individual source counting. Thus, the dead time can be
calculated from this mismatch [7]. Considering two sources, such as A and B, Prussin [8] gave
this relationship:

14 + np = Nap + NpG 1)

Where n,, ng, n4p and ngg show the observed counting rate of A, B, A + B (A plus B) source and
background, respectively. Considering the counting rate correction in the case of
nonparalyazable and zero background, general solution to this statement is as follows:

_ ﬂAﬂB—[”AnB(nAB—nA)(”AB—nB)]l/z )
NANBNAB

Tp

4.2. Decaying source method

This method can be applied if the source is a short-lived radioisotope. In this method, the
decay constant of the radioactive source must be known. The dead time due to the observed
count rate resulting from exponential decay of the source is determined. A graph is plotted
using the observed counting rate and the decay constant of the source and dead time can be
determined with the help of this graph [7]. A general approach to obtain accurate count rates
in this method is that: first, the net count rate versus time is plotted on the semilogarithmic
graph paper, to obtain a linear curve. This curve is fitted linearly by the least square method.
The resulting fit equation is as follows [7, 8]:

n(t) = noe™ + npg (3)
where 1 is the true rate at the beginning of the measurement and A is the decay constant of the
particular isotope used for the measurement. If the paralyzable model used for this case, the

solution can be given as follows:

At + Inm = —ngre™ + Inny (4)
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4.3. The electronic dead time

In this recently proposed method, the dead time is a result of the electronic components of the
gamma-ray spectrometry [9]. Charged particles that are generated by incident radiation within
the detector crystal are transported by an electric field to the detector electrodes [9]. The produc-
tion and collection of the charged particle are subjected to random statistical variations, which
depend on the incident energy and the detector medium. An intrinsic resolution limitation exists
in the process of converting the incident radiation to an electrical signal [9, 10]. The output signal
undergoes various processing steps in order to be correctly acquired and analyzed in semicon-
ductor X or gamma-ray detectors. The time required to collect the charged particles produced by
the incident radiation is important in many applications. If the collection time is not sufficiently
short compared with the peaking time of the amplifier, a loss in the recovered signal amplitude
occurs [9, 11]. The charge collection time depends on the detector geometry, medium, electric
field and location of the interaction within the detector active volume [9].

An optimized spectrometer system provides the best energy resolution obtainable within a
given set of experimental constraints. System optimization requires the proper selection of
equipment and knowledge of the compromise of resolution and count rate performance in
any system [9]. The detector and preamplifier combination is the most critical component of
the system electronics. The best amplifier cannot compensate for poor signal-to-noise or count
rate limitations caused by improper selection of the system front end. Selection of the proper
amplifier will enhance the performance of the good detector and preamplifier combination.
The source and detector interaction, detector and preamplifier combination, pulse processor
shaping and the system count rate determine the system resolution [9, 10].

4.3.1. Determination of the electric dead time

The relationship between the minimum resolving time, peaking time and overall pulse width
is given by the following equation [9, 10]:

Tr> _p -1 (5)

where T is minimum resolving time, Ty, is overall pulse width and Tp is peaking time of the
amplifier. Overall pulse widths in response to possible peaking times of the amplifier can be
measurement using the oscilloscope. A graph is plotted using the measurement overall pulse
widths and the possible peaking time of the amplifier (see Figure 2). The relationship between
overall pulse width and peaking time can be determined with the help of this graph. The
fitting equation of data in Figure 2 is,

Tw = BsTp + ByT5 + B Tp + A (6)

where A, By, B, and Bj are coefficients of the equation fitted [9]. The minimum resolving times
in response to possible peaking times of the amplifier were calculated using Eq. (5) and the
minimum resolving time versus peaking time is plotted in Figure 3 [9].

The fitting equation of the data in Figure 3 is [9],
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time versus peaking time [9].

Tr = BoT% 4+ B1Tp + A (7

The Tp, effective system dead time can fall into one of the following categories [9]:
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Tr > 15us+T¢ ®)
or
Tr < 1.5us + Tc 9)

where T¢ is conversion time of the analog-to-digital converter (ADC). If the minimum resolv-
ing time of the pileup rejector is greater than 1.5 ps + T¢, then the system dead time is simply

[°]
Tp=Tp+ Tr (10)
Otherwise, the system dead time is
Tp=Tp+15us+Tc (11)

The ADC conversion time for the relevant energy lines can be calculated [12] by using,

E
Tc= 1E TClock (12)

where E is energy line, AE is energy per channel and Tcjock is the amplifier operation fre-
quency. Considering Egs. (7) and (10)—(12), the system dead time can be written as [9]:

Tp = ByT%+ (B + 1)Tp + A (13)
or

Tp = Tp+ 150 + =T (14)

D=1p DS AE Clock

5. Some models for the dead-time correction

lustration of the effect on the counting rate of the dead time can be done with the detector; a
pulse-forming network consists of a square wave output with constant 7 length (amplifier and
analog-to-digital converter (ADC) and a counter (multichannel analyzer (MCA)). This time 7 is
variable due to caused dead time of the ADC.

5.1. Paralyzable (extended) model

One model of dead time behavior of gamma-ray spectroscopy system is paralyzable
(extended) response. This model has come into common usage. The model represents ideal-
ized behavior. True events that occur during the dead time are lost and assumed to have no
effect, whatsoever on the behavior of the detector. True events that occur during the dead time,
however, although still not recorded as counts, are assumed to extend the dead time by
another period 7 following the lost events. This method can be expressed as follows [7]:
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m=ne"" (15)

where m is the recorded count rate, 7 is the true count rate and 7 is the system dead time.

For the so-called paralyzable (extendable) systems, the dead time is extended by starting
from the last arrival time. Pulse pileup can also be interpreted as a kind of pulse loss of the
paralyzable type [13]. Consecutive pulses falling within a time interval peaking time, Tp are
treated as pileup and excluded from the spectrum, as a pileup rejector (PUR) [14]. To
generate second output pulse without a time interval of at least s between two consecutive
true events is not possible in the paralyzable model. In this model, the recovery of the
electronic device is further extended during the respond time s to an initial event for an
additional time s by some additional true events, which occur before the full recovery has
taken place [15].

5.2. Non-paralyzable (nonextended) model

Another model of dead-time behavior of gamma-ray spectroscopy system is nonparalyzable
(nonextended) response. This model has come into common usage. The model represents
idealized behavior. A fixed time 7 is assumed to follow each true event that occurs during
the live time of the detector. True events that occur during the dead time are lost and
assumed to have no effect, whatsoever on the behavior of the detector. True events that
occur during the dead time, however, although still not recorded as counts, are assumed to
not-extend the dead time by another period 7 following the lost event. This method can be
expressed as follows [7]:

m

n= (16)

1-mt

where m is the recorded count rate, # is the true count rate and 7 represents the system dead
time.

In nuclear spectrometry measurements, the pulse loss is traditionally related to the
nonparalyzable (nonextendable) dead time per incoming pulse caused by an ADC during
pulse processing. Nonparalyzable means that the dead time period is not prolonged by a
new pulse arriving during that time [14]. In the nonparalyzable model, recovery period of
electronic device is not affected by events that have come into being during the s dead time
[16].

5.3. Live-time correction model

On the assumption that all the MCA dead-time losses are manifested through the input rate,
the accumulated live time takes as the proper counting time of the measurement should be
both necessary and sufficient. The live time is the actual time during which the system is open
and available for collecting counts. Thus, the counts within a spectral peak must be divided by
live time (T};ye, in seconds) to obtain the counts per second. This model is well in low count rate
situations [6].
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5.4. Gedcke-hale model

This model is a development of the previous one, which also compensates for losses due to
leading edge pileup in the amplifier and is favored by EG&G Ortec. It predicts a correction
based on Poisson statistics. This method can be roughly expressed as follows [6]:

Triv
Counts to memory = input pulses to ampliﬁerg (17)
Real

Where Tj;y. is the live time and T, is the real time of the counting system.

5.5. Pulser Model

In this model, the pulser generates constant amplitude pulses that are similar to the pulses
output from the detector. These pulses are sent to preamplifier. Through the electronic compo-
nents of the gamma-ray spectrometry, the produced pulses are transported and stored in the
memory as a pulser peak. It is a fair assumption that the fractional losses sustained by the
pulser counts are the same as those sustained by the gamma-ray derived counts. Thus, dead-
time losses in the gamma spectrometry may be allowed for by multiplying the gamma peak
areas by the following simple ratio [6]:

pulses produced by pulser
Pulser counts in pulser peak

(18)

5.6. Loss-free counting model

There is a number of methods can be grouped under this general heading. All of them make
use of a subsidiary circuit to monitor the instantaneous count rate and based on that generate a
weighting factor, n. Thus, the high instantaneous count rate is reflected by a high count in a
channel in the spectrum that is appropriate at that time [6].

The Harms procedure was a pioneering effort. It counts those pulses that are presented for
processing but which are rejected because the system is busy. The number of discarded pulses
in such a scale is read and used to weight the next real event. However, the ADC processing
time is not necessarily the major problem at high count rates as losses due to pulse pileup can
dominate [6].

5.7. Zero dead-time counting model

Changing the dead time problems of gamma-ray spectrometry is a source of a well-known
error. The dead-time correction under such conditions may be true if changing the dead time
dominantly affected measured radioisotopes [17, 18]. Zero dead-time losses correction is
almost the same as the loss-free counting. The difference between them is completely quanti-
fied of zero dead-time correction.
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5.8. Integral dead-time correction model

The major constraint in the gamma-ray spectrometers is both the time required to collect the
charge produced by ionizing radiation in the active detector volume and subsequently the
pulse processing by the electronics [14, 19]. In this major constraint of all gamma-ray
spectrometers, there is a minimum amount of time called dead time of the spectrometer
system. During this dead time, the system cannot respond to other incoming photons and
these events cannot be counted and thus can be lost [14]. One of the major problems
confronting the user of gamma-ray spectrometer is to correct the results for counts lost due
to the spectrometer dead time. This problem can be solved automatically by carrying out all
counting runs for a known or measured total instrument live time rather than for real time
[14, 20].

When count rate is kept nearly constant, counting losses due to dead time can be corrected
by a simple formulae for both types of nonextendable and extendable dead times [14, 21].
However, when the count rate changes or fluctuates significantly, the correction based upon
mathematical means becomes difficult and complex. In order to overcome this problem, a
method was demonstrated by Kawada [14, 22], which allows compensating the dead time
effects automatically at every moment during the counting experiment. In this method,
pulses whose number is equivalent to the dead-time losses were generated as random
coincidence pulses using a gating technique in a first-order approximation and added to the
output pulse train after delay [14, 23].

The problem of varying dead time is a well-known source of error in nuclear spectrometry
measurement. In this case, dead-time corrections can only be accurate if the varying dead time
is dominantly caused by a radiation source. Solutions have been offered in several forms: dead
time stabilization [14, 24-26] solves the problem at the cost of a fixed, perhaps unnecessary,
dead time and resulting loss of counting efficiency [17]. However, results of the other dead-
time correction models have not been forthcoming for counting losses due to the system dead
time. It is a reliable estimation of the original count rate or of the number of original events for
the interval of time considered. To do this, we need either an accurate value for the average loss
per dead time or a method that allows us to arrive at individual corrections. An analytic
correction method was developed instead of using a pulser or a radioactive source. This
proposed model by Karabidak et al. [14] is based on a measuring principle on the total live
time.

5.8.1. Background of the integral dead-time correction model

In Galushka’s study [14, 27], a method is described for restoring dead-time losses in real time
so that at the output of a counter, constructed according to this new scheme, one obtains
directly by the number of events expected in the absence of dead time. This is accomplished
by inserting additional pulses into actual series of registered events. In such a situation, let the
observed sequences of events be characterized by the arrival times Ty, T3, T ... [14, 28].
Consecutive arrivals are separated at least by the peaking time, Tp, applied. If we put Tp =0,
then pulse number, k, occurs at the instant [14]:
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Ty=T14+Tr+ ...+ Tk
=(t+6) +(T+8)+ ...+ (T+8)

k
=kt + ). 0;fork=1
j=1

(19)

where 0j is the width of each pulse, which is separated from each other by steady dead
time arising from peaking time of the amplifier. However, peaking time is important for
calculations of counting losses due to the dead time of the system. Therefore, the dead
time of the system is determined by adding the peaking time to the ADC converting time.
To determine the dead time of the system, minimum resolving time should be ascertained
first [14].

For counting losses due to systems dead time, both approaches are possible. Traditional
correction formulae were used for the first method: they are based on the observed count rate
and are applied at the end of a measurement period [14]. On the contrary, methods of a second
type work in a different way by instantly correcting or compensating for losses, apparently
without requiring knowledge of the measurement or calculate count rate. In the second
method, it is possible to estimate the probability of losing a specific number k of counts in a
dead time of length TD. Since we deal with a Poisson process, this probability is given by Refs.
[14, 23, 28]:

T k
p, = "To) k'D) ¢"To (20)

where 7 is the count rate in each channel. The expected counting losses due to each dead time
are given as follows [14]:

o ~ T )k
L= 5P =Ty WD) _ oy 21
P T b
Thus, correction counting is given by Ref. [14]:
Cc = Count + L (22)

5.9. Differential dead-time correction model

Recording two pulses apart as two different events at almost all detectors systems
requires to be separated from another pulse. This situation needs the minimum time
interval [15]. The minimum time interval based on electronic devices using the counting
system is usually called the dead time of the counting system. This is generally deter-
mined by pileup reject time, paralyzable or nonparalyzable system dead time or a combi-
nation of these mechanisms [13]. The photons arriving to the detector at the dead time
period are not being counted. Thus, count rate, which is expressed as the count of per unit
time, decreases [15].
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The paralyzable and nonparalyzable models are assumed to express the idealized behavior.
Every true event came into being during live time of detector was assumed to occur in a stable
s dead time at every two models [7, 15]. However, this situation is only valid in the dead time
depending on peaking time of amplifier. Nevertheless, a counting system can be containing
analog-to-digital converter (ADC) which determines the energy value of pulse. The dead time
of such a counting system is variable with ADC conversion time [14]. Therefore, fulfilled
corrections, which are taken into account for a fixed dead time, cannot be realistic. In addition,
modern counting systems consist of electronic devices, which contain paralyzable (amplifier),
nonparalyzable (ADC) and pileup reject (amplifier) [15, 29]. The paralyzable and
nonparalyzable models predict the same first-order losses and differ only when true event
rates are high. These models have two extreme idealized system behaviors and real counting
systems often display a behavior that is intermediate between these extremes. The detailed
behavior of a specific counting system may depend on physical processes taking place in the
detector, delay introduced by the pulse processing and recording electronics [15].

In medium and high-count rate events, both of the two models are not applicable. The correc-
tions, which are done by these models, are problematic because of the limitations expressed
below. The troubling aspect of nonparalyzable model is the singularity at mt — 1 and the fact
that a maximum observed counting rate of 1/t is approached in the limit as n approaches
infinity. In the paralyzable model, the observed counting rate becomes zero at high-count rate.
In addition, it should be noted that this model could not be explicitly solved for n,. Neverthe-
less, this model solves a transcendental equation to obtain the true counting rate. In addition,
the observed counting rate is either double valued or does not exist above a maximum value
given by exp (-1/7) [14, 30].

This model can be applied to the counting systems at which the system dead time is not
predominant on count rates. That is, this method adequately corrects counting lost at steady
counting rate. In addition, the dead-time or count-rate corrections based on live time can be
ideal in the count rates which are not predominate at the system dead time [15]. In addition, on
a mathematical essence, the principle of the live time is an integral mathematics. The integral
mathematics is correct if applied only to stationary Poisson processes (invariable in time). It
should be noted that time-invariant Poisson processes are valid in experimental studies with
radionuclides having long half-lives. The current study includes count-rate corrections based
on differential mathematics and the proposed model in this study is ideal in the count systems
at which the system dead time is predominant on count rates. Differential mathematics is also
correctly applicable to Poisson process changing in time [15].

5.9.1. Background of the differential dead-time correction model

Kurbatov et al. [15, 31] proposed a correction method that included to a statistical approach
for Geiger—Muller counter. All of photons emitted from source are assumed to be caught
by the detector and transmitted to counting system without loss. Let P(t) be the probability
that a photon is emitted from a source in the interval (f-7, t). Let a(f)dt be the probability
that a photon is caught by detector and transmitted to counting system during the interval
(t, t + dt). The fact that P(t) is a continuous function of ¢ is used here. In order that a photon
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can be caught by the detector and sent to counting system, it is necessary and sufficient
that; (i) a photon is sent counting system from detector in the time interval (f, f + dt) and (ii)
no counting take place in the time interval (¢t — 7, t). Since these are independent events, the
realization probability of one counting in the time dt becomes. Then, since only one
counting can occur in the interval (f - 7, t), the probability of one counting in that interval
is [15, 31]:

P(t) = | [1-P(x)la(x)dx (23)

t-1

When 1-Q(x) = P(x) conversion is taken into consideration, the following equation can be
written as:

Q) = 1- ] Qx)a(x)dx (24)

If ¢ is too large of 7, a(t) is independent of t. For a preparation whose decay constant is A,
containing N, atoms at time zero, f approaches to while Ny increases [15, 32, 33]. Then, the
expected number of photons reaching the detector in t time without dead time (the P(x)
probability equal zero) is given by Ref. [15]:

clt) = éNo/\e”“dt — No(1-e™) (25)

Considering these inferences, the differential correction model can be created in the following
way: A on Eq. (17) is known as ”decay constant” and is defined as the number of decay
particles per second. In addition, unit of A is 1/second. On the other hand, the number of
particles counted per second by the detector defines counting rate. Therefore, unit of the
counting rate is 1/second. Decay constant and counting rate are equivalent from the perspec-
tive of analogical. Therefore, the counting system consisting of only amplifier or ADC or both
amplifier and ADC can be considered as a decaying source. In that case, 1y maximum number
of counting rate of the amplifier or the ADC or both the amplifier and ADC can be compared
with Ny, the number of particles at t = 0 in a radioactive source. Thus, Eq. (25) may be
rearranged when n instead of Ny and A [15]:

t
n(t) = fnonge™'dt = ng(1-e™") (26)
0

Where n(t) is the count rate recorded by the counting system which consists of a detector, an
amplifier and ADC.

For a compound system, observed counting rate in each channel of X or gamma-ray
spectrum is given by Karabidak et al. [14]. Karabidak and Cevik [15] calculated the dead
time for amplifier, ADC, or both amplifier and ADC. Thus, for a compound system,
counting rate correction, (or true counting rate) corresponding to each channel can be
satisfied by:
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1 1

In this case, corrected count in each channel at a counting period in a spectrum is given by Ref.
[15]:

CC = Mo TReul (28)

where Treg is the real time of the counting system.

6. Conclusion

A practical method to determine the dead time is proposed by Karabidak and colleagues [9]. In
other methods to determine the dead time, the dead time due to the amplifier and ADC is
determined separately. In addition, to compensate for the counting losses kept constant dead
time is fulfilled by considering a fixed dead time. Wherein, the dead time in this method is
obtained at the same time for both the amplifier and ADC. An effective way of decreasing
counting losses is by decreasing the system dead time in quantitative and qualitative analysis.
Thus, the dead time is that variables in the counting process are fulfilled and the counting losses
for a unified system are easily compensated. Because the system dead time is linked to the
amplifier peaking time, the amplifier peaking time can be set to lower and optimum values.

The integral dead-time correction is effective both for low count rates and for medium count
rates. It is possible to observe the dead time contributions due to ADC conversion time and
peaking time in this model. Thus, counting losses correction arising from system dead time can
be made for demanded situation (nonparalyzable or paralyzable or both). The dead time of the
counting system was determined with an analytic formula. Counting losses occurring during
this dead time were compensated for by considering uncorrected spectra obeying the Poisson
behavior. This new method adequately corrects counting loss at steady counting rate [14].

The differential dead-time correction is effective both for medium count rates and for high-count
rates. Output count rates of the only ADC and both the amplifier and ADC are the same. In addition,
output-counting rates of the only amplifier are higher than others output counting rates. Moreover,
increasing peaking time of the amplifier increases both the dead time and the counting losses. In
addition, this model easily determined the relationship between the output counting rates and input
counting rates. According to the dead time of the counting system, the amplifier or ADC or both the
amplifier and ADC may be taken into account up to a certain limit value. This limit value of such
electronic devices represents a saturation point. This saturation point is determined by the size of the
dead time of the counting system. This is a result of Poisson statistics. Since the dead time is a
function of the peaking time of the amplifier and photon energy, this saturation point is directly
related to them. Therefore, while low peaking time determines low dead time, low dead time
determines the high saturation point (or counting rate) [15].

The dead time increases as long as the counting rate increases. This increase in dead time
becomes stable at around 1 s after a certain point. This fixed point corresponds to the counting
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rate at saturation point of the electronic system at which the detector is not considered to be
receiving the photons [15].
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Abstract

War against CBRN-E threats needs to continuously develop systems with improved
detection efficiency and performances. This topic especially concerns the NR controls for
homeland security. This chapter introduces how it is now possible to perform gamma
identification using plastic scintillators, which are not conventionally designed for this
purpose. Two distinct approaches are discussed: the first one is the chemical modifica-
tions of the scintillator itself and the second is introducing new algorithms, Specifically
designed for this application.

Keywords: plastic scintillator, gamma spectrometry, metal loading, unfolding,
homeland security

1. Introduction

Protection of civilians and facilities against chemical, biological, radiological, nuclear, and
explosives (CBRN-E) emerged after 9/11 events and remains since this date of particular
importance for countries and states. When combined to the shortage of efficient detectors
(e.g., *He for thermal neutron detection) and a global, worldwide crisis, there is a real need of
cheap, yet efficient detectors.

To detect illicit smuggling of gamma-ray sources, a first analysis requires fast gamma spec-
trometry. The abovementioned equation (increase in terrorists attack + need of cheap detectors
for large-scale deployment) naturally leads one to use plastic scintillators (PS) as detectors to
be embedded in radiation portal monitors. Despite its high gamma-ray sensitivity, this mate-
rial is not perfectly suited for this, due mainly to the poor gamma resolution, Precluding
therefore any subsequent gamma identification. In the case of gamma-rays emitters indeed,
only the Compton continuum and Compton edge are obtained after interaction in the plastic
scintillator, and no information of the full energy peak can be observed.

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIN
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This chapter presents recent improvements concerning potential optimizations for the
gamma-ray spectrometry using plastic scintillators as a detector, with a focus on:

- Chemically modifying the nature of the PS. Due to its intrinsic low density and effective
atomic number, this family of detectors is not well-suited for gamma-ray spectrometry.
However, recent advances in the loading of plastic scintillators with organometallic com-
plexes containing, for example, lead, tin, or bismuth, led to important breakthroughs in
this field. As a perspective, nanomaterials are now being included in plastic scintillators,
which can afford new and unrevealed specifications. All the advantages and drawbacks
of the plastic scintillator loading with organometallics will be fully discussed.

- Spectra classification and deconvolution methods based on specific smart algorithms
have shown very promising results to identify gamma isotopes either alone or in mix-
tures. An important aspect for counterterrorism applications is real-time detection so al-
gorithms which fulfill this requirement are of great interest.

This chapter mostly describes recent advances in the chemical modification of plastic scintil-
lators for Pseudo-gamma spectrometry. The second part introduces dedicated algorithms for
the processing of poorly resolved gamma-ray spectra, allowing therefore gamma identifica-
tion with plastic scintillators [1]. When available, some examples will be provided.

2. Plastic scintillator modifications

2.1. Introduction to plastic scintillators

In a few words, a plastic scintillator is a fluorescent polymer which has the capability to emit
photons when excited by an ionizing particle. The discovery and use was reported for the first
time by Schorr and Torney as early as 1950 [1], as an extension of previous work on liquid
scintillators.

The chemical formulation of a PS is usually composed of an aromatic matrix embedding
one or several fluorophores. According to the Forster theory [2] (Figure 1), after radiation/
matter interaction within the polymer, excitons are transferred from the matrix to the first
fluorophore, then to the second fluorophore —so-called the wavelength shifter, allowing the
incident energy response to emit close to 420 nm, for two reasons. This wavelength indeed
corresponds to the maximum of quantum efficiency of traditional photomultiplier tubes
(PMT’s) and to the optical transparency domain of the material.

A typical composition of a plastic scintillator is the following (Figure 2):
- Matrix, generally based on polystyrene or polyvinyltoluene.

- Primary fluorophore, p-terphenyl or 2,5-diphenyloxazole (PPO) are global leaders,
but many choices are possible.

- Secondary fluorophore, for example, 1,4-bis(5-phenyl-2-oxazolyl)benzene (POPOP), bis-
methylstyrylbenzene (bis-MSB), 9,10-diphenylanthracene (9,10-DPA), etc.
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Figure 1. Schematic representation of the Forster theory typically used in liquid or plastic scintillators.
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Figure 2. Schematic representations of molecules involved in the preparation of a plastic scintillator.
2.2. Plastic scintillator loading

According to this recipe, one can expect obtaining a regular plastic scintillator, with basic
properties. Among other, it is noteworthy at this stage to introduce the scintillation light yield
(or light output), which is the quantity of photons delivered by the material when excited by
electrons with 1 MeV energy. When a special care is given to afford the plastic scintillator
special applications—and this will be the topic of this chapter, it is possible to add various
elements, for example, neutron absorbers or organometallics, the latter allowing the Pseudo-
gamma spectrometry in plastic scintillators [3].

49
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However, we will see that such loading may affect the light yield, leading to a trade-off
between high metal content and detector’s performances. In other words, a high loading may
increase the effective atomic number (Z ) of the material, but at the expense of its light out-
put. Also of interest, not only the incident gamma-ray will be fully absorbed, but also the total
count rate will benefit from the increase in the Z ..

2.3. Theory

It is known for a long time that only three main interaction mechanisms can occur at the same
time in radiation measurement: Compton scattering, pair production, and the most important
for gamma identification is the photoelectric effect.

To identify an incident radionuclide emitting gamma-rays, photoelectric absorption has to
be favored. A rough approximation of the photoelectric effect probability is given by P, =
constant x Z "/(E *?), where the exponent n varies between 4 and 5. This equation reveals the
main drawback associated with plastic scintillators, namely their low effective atomic num-
ber. Calculating Z  for a PSt + 1.5 wt% p-terphenyl + 0.03 wt% POPOP scintillator composition
gives a 5.7 value (PSt standing for polystyrene), which is too low to afford a sustainable pho-
toelectric absorption. Thus, Compton scattering will be predominant, and full energy peaks
can appear at 100, 300, and 500 keV for compounds with Z = 15, 50, and 70, respectively [4].

To increase both density and Z , chemists have turned their attention in loading plastic scintilla-
tors with heavy elements, affecting as low as possible the scintillation properties of the detector.
This can be illustrated in Figure 3 where one can see the appearance of the full energy peak on
the black signal. To this, four strategies to host a metal inside a polymer matrix are possible. The
first strategy to be explained is the most documented and uses organometallics, and the second
most used involves nanoparticles. Two other strategies exist, namely dissolution of inorganic
compounds and quantum dots, but so far they were not successfully applied to gamma-ray spec-
trometry; they are therefore not described in this chapter.

Compton edge “Cs No infermation

Full energy peak

//- -\-\‘. E— Escape peak
| f |

TN

Figure 3. On the left: '¥Cs spectrum using a standard plastic scintillator. On the right: *’Cs spectrum using a plastic
scintillator doped with 5% lead. MCNPX simulation results. Same behavior expected for bismuth loading.

2.4. Heavy metal loading
2.4.1. Organometallic complex

As already mentioned, the first plastic scintillator ever published was reported in 1950 [1].
Loading such materials with heavy metals took only three years to appear in a publication
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[5]. This paved the way on the main characteristics the heavy metal loading has to fulfill:
the organometallic complex must be highly soluble in the monomer, it must be stable, and a
trade-off must be found between the gain obtained with the loading (herein the increase in
the Z ) and the metal quenching which will affect the light yield.

Basically, an organometallic complex is a molecule embedding a metal core surrounded by
one or several organic ligands, their number depending on the valence of the metal. Lead-
loaded plastic scintillators are already known and commercially available from several sup-
pliers (Table 1). It is shown that the light output dramatically decreases when the metal
concentration increases, due (logically) to metal quenching effect. Although not anymore
commercially available, a tin-loaded plastic scintillator with metal concentration up to 7 wt%
was sold by Nuclear Enterprise under the trade name NE140 [6].

Provider Reference [Pb] (wt%) A, (nm) Lightyield Light output/ Decay time (ns)
(ph/MeV)"  anthracene (%)™

Saint-Gobain BC-452 2,50r 10 424 4900 32 21

Eljen EJ-256 1 - 50 425 5200 34 2.1

Technology

Amcrys-H n.d. 120! n.d. n.d. n.d. n.d.

Rexon RP-452 5 n.d. 5200 34 n.d.

n.d. denotes to not determined.

l?Eljen Technology can raise the [Pb] up to 10 wt%, but these concentrations are not recommended [42].
tlAlso available as tin loading, up to 10 wt%.

[ISpectroscopic data for 5 wt% loading.

Table 1. Commercial, lead-loaded plastic scintillators.

The choice of both metal and ligand(s) is of particular importance as it will directly affect the
scintillation properties of the plastic scintillator. In the literature, the following metals were
tested, with more or less popularity, at least in plastic solutions. Thus, Iodine [7] (Z = 53),
Holmium [8] (Z = 67), Tantalum [8] (Z = 73), and Mercury [9] (Z = 80) were less studied. An
extensive methodological work was performed by Sandler and Tsou concerning the metals
from the groups IVA and VA [10]. An important statement was the fact that group VA metals
are better quenchers than others of the group IVA.

Diphenylmercury(ir) was used in the range 1-10 wt% of metal to load PS. The compound is
of particular interest thanks to its high content (56.5%) of metal. Again a strong quenching
effect was observed, with a 4-fold decrease in the light output from 1 to 10 wt%. Moreover,
diphenylmercury failed to be sensitive to UV light.

Before being radioactive, the two heaviest metals reported in the Mendeleev table are lead
and bismuth. Logically, they are also the most studied, along with tin. Thus, after Pichat [5],
Hyman [11], Baroni [12], Dannin et al. [13-15] successfully observed for the first time a dis-
tinct photopeak emanating from the full energy absorption of the 662 keV, '¥Cs gamma-ray.
Herein, it is shown that full energy peaks are absent in lead-loaded plastic scintillators and
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visible in 20-50 wt% of organometallic-loaded materials. Scintillators were composed of 3 wt%
2-(4-biphenylyl)-5-phenyl-1,3,4-oxadiazole (PBD), 0.05 wt% POPOP, and either (4-ethylphenyl)-
triphenyltin or p-triphenylstyryltin. The best observed photopeak resolution was 13%, obtained
with a 30 wt% p-triphenylstyryltin (giving 7.86% of metal).

After almost 40 years of inactivity, new developments (mainly driven by the homeland security
needs) have recently emerged, for all three recognized metals. Tin has been recently renewed
with rationally designed complexes. Despite the lower Z of tin compared to lead or bismuth,
the intersystem crossing—and by consequence the metal quenching effect—seems reduced
for this metal [16]. An in-depth investigation has been performed in the synthesis of Tin(1v)
organometallics in which the steric hindrance pushes back the fluorophore at distances in the
range 5-20 A. These compounds are typically alkyl- or aryl-derivatives of tin, either commer-
cially available or prepared from the Grignard reaction of the organomagnesium halide with
tin chloride. A plasticizing effect was observed when loading the material with tetra-(3-phen-
ylpropyl)tin, which led to link the organometallic compound to the matrix via a methacrylate
moiety. To afford the scintillation properties, 2-(4-tert-butylphenyl)-5-(4-biphenylyl)-1,3,4-
oxadiazole (butyl-PBD) was used as the dye. Thus, a 6% tin concentration was found as a
trade-off between loading ratio and scintillation light yield, providing therefore the presence
of photopeaks in the range 14 keV (**Am) to 1274 keV (**Na), with an 11.4% energy resolu-
tion at 662 keV. Ultimately, a cost projection was performed with such modified materials. It
reveals that a 6 wt% tin-loaded PS could be roughly obtained at a 270 $/kg (chemicals only).

Thanks to its low cost and high Z, lead is still of great interest. As lead(11) organometallics are
very polar compounds, most strategies involve the use of polar comonomers to reach high con-
centrations. Significant improvements were also obtained when adding a polymerizable bond
to the organic moiety of the organometallic complex. Thus, lead dimethacrylate (Pb(MAA),) is
a candidate of choice for the 1040 keV full X-ray absorption in plastic scintillators, allowing
a metal loading as high as 27.4 wt% [17]. To allow parasite Cherenkov light effect rejection,
this loading was coupled to high wavelength-shifting dyes, leading to 580 nm centered plastic
scintillators. Unfortunately, the light yield was rather low (<1000 ph/MeV for 10.9 wt% of lead).

Very recently, a combined fast neutron/gamma discriminating lead-loaded plastic scintilla-
tor was reported [18]. This combines an organo-lead compound with PPO at a probable high
concentration, this strategy being already known in the field of neutron detection [19]. The
resolution is 16% at 662 keV, with a claimed scintillation yield of 9000 ph/MeV.

The last decade has seen many investigations on the synthesis of various bismuth organome-
tallics and their application in plastic scintillator loading. Thanks to the very high solubility
of triphenylbismuth in regular monomers such as styrene or vinyltoluene, one can expect
elevated bismuth concentrations in the material. To overcome the metal quenching effect,
Cherepy et al. proposed an exotic scintillator formulation based on a polyvinylcarbazole
(PVK) matrix and a phosphorescent iridium complex. For samples as small as 1 cm?, the ¥Cs
pulse height spectrum exhibited several features isolated from bold deconvolutions, such as
the full energy peak with a claimed resolution lower than 7%, along with the escape peak due
to the 2B Ka X-rays [20]. Bigger volume (48 cm?®) allowed the full absorption of the 1274 keV
gamma-ray from *Na with a 9% resolution [21]. Later on, the PVK matrix was abandoned,
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presumably due to the difficulty to scale up the material, and triphenylbismuth was substi-
tuted by bismuth tripivalate (Figure 4) [22]. Loadings of 29 wt% bismuth metal were reached
without degraded transparency. A 6 wt% Bi-loaded sample showed a photopeak of '*Cs with
a 15% resolution and a light yield close to 3300 ph/MeV.
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Figure 4. Examples of organo-bismuthine compounds used to load plastic scintillators: bismuth tripivalate, bismuth
trimethacrylate, triphenylbismuth, and tris-biphenylbismuth (from left to right).

At the same time, Bertrand et al. designed both alkyl- and aryl-derivatives of bismuth(11r)
[23]. Bismuth tricarboxylates were easily prepared from the reaction between the carbox-
ylic acid and BiPh,, whereas tris-biphenylbismuth was isolated from the reaction between
biphenyl lithium bromide with bismuth(1r) chloride. A 6 wt% Bi-loaded sample revealed
highly defined full energy peak for ¥Co with a 122 keV energy and a light yield close to
4600 ph/MeV. Interestingly, a linear increase in both photoelectric and Compton count rates
obtained from the corresponding integration of the region was observed from 0 to 9 wt%
of bismuth; the dataset at 11 wt% reveals however a decrease, showing here that the high
amount of metal becomes noxious and does not give clear compensation to the loss of scintil-
lation yield. Later on, a 155 cm® sized sample containing 5 wt% of bismuth was reported by
the same group. A good trend was observed for the full absorption of 67.4 keV X-rays [24];
however, no full energy peak was observed when the scintillator was irradiated with ¥Cs
gamma source [25].

2.4.2. Nanomaterials

Loading PS with nanomaterials emerge as a new field, and not only for gamma-ray spectrom-
etry, as can be proven for instance with lithium loading for thermal neutron capture [26]. The
differences between an organometallic complex and a nanomaterial arise in the sense that the
metal core is constituted from a metal salt surrounded by an organic shell, and the global size
of the molecule is at the nanometer scale, giving therefore unrevealed feature.

As an application to the gamma-ray spectrometry field, the first example was reported by
Cai et al. [27, 28] The composite scintillator was composed of a polyvinyltoluene (PVT)
matrix embedding gadolinium oxide (Gd,O,) nanocrystals as the gamma sensitizer, along
with a rather unusual fluorophore for scintillation purpose, namely 4,7-bis-{2'-9",9'-bis[(2"-
ethylhexyl)-fluorenyl]}-2,1,3-benzothiadiazole (FBtF). FBtF shows an appreciable Stokes shift

53



54 New Insights on Gamma Rays

with a dual excitation maxima at 310 and 420 nm (most probably the S, —» S, and 5, — S, tran-
sitions, respectively), and an emission maximum around 520 nm. To allow the dispersion of
Gd,O, in the composite, it was capped with both oleic acid and oleylamine (Figure 5).

4,7-bis-{2'-9",9'-bis[(2"-ethylhexyl)-fluorenyl]}-2,1,3-benzothiadiazole

W/\/V\)LDH

oleic acid

i N N N TV U N W NH;
oleylamine

Figure 5. Topological representation of FBtF (top), oleic acid (middle), and oleylamine (bottom).

Thus, small and transparent monoliths (® 14 mm, thickness 3 mm) were successfully obtained
with a Gd loading as high as 31 wt%. While excited with 662 keV gamma-rays, a full energy
peak with an 11.4% energy resolution was observed.

The same group extended this work to hafnium oxide nanoparticles composite scintillators
[29]. The nanocomposite monolith of 1 cm diameter and 2 mm thickness shows a full energy
photopeak for 662 keV gamma-rays, with the best unfolded full energy peak resolution <8%.
Ultimately, ytterbium fluoride nanoparticles with loading as high as 63 wt% were prepared
[30]. Composites loaded with 20 wt% of YbF, show the full energy peak of '¥’Cs with an esti-
mated 8600 ph/MeV light yield.

Hafnium-doped organic-inorganic hybrid scintillators were fabricated via a sol-gel method

[31]. This consists in Hf Si, O, obtained from the sol-gel reaction of hafnium oxychloride
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with phenyltrimethoxysilane dissolved in PSt, with a maximum Hf loading of 10 wt%. Other
examples were reported with zirconium oxide nanoparticles loaded in PSt for 67.4 keV X-rays
[32]. Loadings up to 30 wt% have been achieved. Significantly higher X-ray excited lumi-
nescence was also observed with barium fluoride nanoparticles [33]. Again high loadings
(40 wt%) are possible, albeit at the expense of the optical transmission.

3. Algorithms

3.1. Context and motivations

Identification of radionuclides emitting gamma-rays is one of the main challenging topics
related to nuclear measurements. This issue is crucial in several fields of nuclear industry.
For instance, this step is of great interest in the frame of decommissioning applications or
for obtaining a performing storage of nuclear waste packages. Nowadays, identification of
radionuclides is considered as a crucial issue for homeland security applications. This impor-
tant step is for instance required for identifying radioactive material potentially hidden with
naturally occurring radioactive materials (NORM).

Gamma-ray spectrometry is the reference line of attack for identifying radionuclides and has
been used for decades by scientific and industrial communities. Using appropriate detectors,
this technique enables to obtain both qualitative (nature of radionuclides) and quantitative
(activity of a given radionuclide) information. However, in the frame of homeland security
applications, high detection efficiency is often required and the use of large size detectors
became a crucial topic, so plastic scintillators are of great interest. However, due to their
intrinsic characteristics, these detectors are not adapted to gamma-ray spectrometry measure-
ments using standard methods.

For several years, alternative methods were developed by different research teams in order to
overcome limitations related to detectors having a poor energy resolution. General principle
followed by these teams is based on a global analysis of the gamma-ray spectrum and not only
on restricted areas of interest in the latter, usually corresponding to a full energy deposition.

3.2. Standard approach for gamma-ray spectrometry analysis and associated limitations

Gamma-ray spectrometry is a technique based on the detection of Gamma-rays emitted by
specific radionuclides. This method enables to qualitatively identify radionuclides as well as
to quantify their activity. The information of interest is extracted from the full energy peak,
which corresponds to a full energy deposition of the incident Gamma-ray. For instance, 'Cs
has a characteristic gamma-ray emission at 661.7 keV and the presence of ®“Co is associated
with the emission of two Gamma-rays at 1173.2 and 1332.5 keV. Using reference database (for
instance, ENDF, JEFF, LARA databases [34], etc.), it is possible to identify the radionuclide
from a raw gamma spectrum (a calibration step of the detector using well-known sources is
required). Concerning the activity information, the latter could be obtained by extracting the
net peak area from selected regions in the spectrum. The net peak area corresponds to the
gross number of counts in the region of interest minus the background continuum underly-
ing beneath the peak and due to Compton interactions. The ability of discriminating peaks
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close in energy and extracting their net peak areas are two of the most important features for
gamma-ray spectrometry applications.

Detectors used for gamma-ray spectrometry measurements can be segmented into two cat-
egories: scintillators and semiconductors. As previously mentioned, the quality of a detector
for gamma-ray spectrometry measurements can be evaluated considering two main param-
eters: its energy resolution (ability to discriminate two peaks in a spectrum close in energy)
and its absolute efficiency (number of counts detected in the full energy peak region per emit-
ted Gamma-ray). Both these parameters can significantly change according to the type of
the detector. Inorganic scintillators (sodium iodide Nal(Tl), bismuth germanate BGO) have
a degraded resolution in comparison with those related to semiconductors (cadmium zinc
telluride CZT or high purity germanium HPGe). As an illustration, the standard energy reso-
lution of a Nal(Tl) detector is equal to 7.5% at 661.7 keV, compared to 1 keV for HPGe detec-
tor. However, inorganic scintillators often have better detection efficiency. Indeed, due to
their low cost, it is possible to produce them in larger dimensions. Some recent technological
development, like LaBr, scintillators, can be considered as a good trade-off for spectrometry
measurements (standard energy resolution equal to 3% at 661.7 keV). Figure 6 compares '*?Eu
spectra, respectively, obtained using a HPGe detector and a Nal(Tl) scintillator. For the latter,
full energy peaks can be distinguished, but the extraction of net peak areas is more compli-
cated than for the analysis of HPGe spectra.

\ |
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Figure 6. Example of 'Eu experimental spectra using a HPGe semiconductor (on the left) or a Nal(Tl) scintillator (on
the right).

On the other side, plastic scintillators are a category of detectors generally devoted to count-
ing applications. For several years, they have been extensively used for homeland security
applications. Indeed, productions costs are extremely low, and these detectors can be manu-
factured in very large dimensions (for instance, an E]J-200 plastic scintillator with dimensions
10 cm x 10 cm x 100 cm, costs 2000 euros per unit). For this reason, there is a lot of interest for
extending capacities offered by these detectors, especially adding spectrometric functional-
ities. However, due to their intrinsic characteristics (plastic scintillators are mainly composed
by carbon and hydrogen, corresponding to a Z , of 5.7 and a density of 1.02) and despite
very large dimensions in comparison with other detectors, the probability to have a full
energy deposition is very low in the active volume. Figure 7 illustrates a simulated spectrum
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of a plastic scintillator in the presence of *’Cs and ®Co sources. The reference Monte Carlo
MCNPX code is used to carry out this simulation step [35]. Full energy peaks cannot be iden-
tified in the spectrum, but only Compton edges which are often used for energy calibration.
For this reason, alternative methods are required to qualitatively and quantitatively process
such degraded spectra.
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Figure 7. Example of a gamma-ray spectrum obtained with a plastic scintillator (EJ-200 type), '¥’Cs and *Co signatures
(Monte Carlo simulation using MCNPX).

As it was mentioned in the first part of this chapter, intensive work has been carried out by
several research teams for several years in order to enhance the spectrometric performances
of plastic scintillators. Figure 8 illustrates the difference between gamma-ray spectra obtained
with a standard plastic scintillator and a 5 wt% lead-loaded plastic scintillator (simulation
result using MCNPX). Interesting features due to lead loading are present in the last case
(small full energy peak and escape peak). However, a specific spectrum processing is still
required to carry out a performing identification step.

Compton Edge

Full enengy peak

Figure 8. Example of a ¥’Cs gamma pulse height spectra with a standard (gray line) and a metal-loaded PS allowing the
visualization of a full energy peak.
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3.3. Analysis of a gamma-ray spectrum as an inverse problem

A potential alternative for analyzing gamma-ray spectra having a poor energy resolution
consists of processing the complete spectrum and not only slight regions of interest focused
on full energy peaks. In this way, the processing of a gamma-ray spectrum appears as an
inverse problem (classical approach for instance for tomographic applications) and can be
solved using a specific reconstruction algorithm. Following this methodology, the analysis of
a gamma-ray spectrum can be considered under the following matrix form:

S=H.A (1)
where:

- Sis called the signal matrix: matrix of dimensions (nbe_channels, 1). The nbe_channels pa-
rameter corresponds to the number of channels of the gamma-ray spectrum. The S matrix
corresponds to the measurement result, that is, the gamma-ray spectrum to be processed.

- Ais called the activity matrix: matrix of dimensions (nbe_incident_energies, 1). The nbe_in-
cident_energies parameter corresponds to the number of incident energies defined by the
user and considered during the reconstruction process. These incident energies corre-
spond to the number of voxels (elemental volumes) of a standard emission tomography
problem. The A matrix corresponds to the result of the reconstruction.

- His called the transfer matrix of the problem: matrix of dimensions (nbe_channels, nbe_in-
cident_energies). This matrix integrates all detection efficiencies taken into account in the
inverse problem. For instance, the element /1, corresponds to the probability that a photon
of incident energy equal to j was detected in the channel i of the gamma-ray spectrum.
Roughly speaking, it can be seen as a reference database from which the deconvolution
step will be carried out.

In this way, the H matrix contains the spectrometric behavior of a detection system for each
incident energy defined by the user and considered in the problem. It is important to emphasize
that the data processing will be further carried out on this incident energy grid. For this reason,
the choice of the grid energy step is a crucial parameter to obtain a performing reconstruction.

Another manner to define the H matrix consists of directly considering gamma-ray signa-
tures of specific radionuclides (for instance, *'Am, ¥Cs, ®°Co, etc.) and not individual incident
gamma-ray energies. In this case, the H matrix has the dimensions (nbe_channels, nbe_radio-
nuclides) and the reconstruction step directly enables to obtain the proportion of a given
radionuclide in the spectrum. The parameter nbe_radionuclides corresponds to the number of
radionuclides defined by the end user and considered in the problem.

The definition of the H matrix is one of the most important points of this technique.
Two approaches are possible to determine this parameter. The use of Monte Carlo simulations
is a first possibility. Several Monte Carlo codes like MCNPX, GEANT4, or TRIPOLI are indeed
available and can be considered as performing solutions to determine the behavior of a detector
for a given incident energy. The main benefit of this solution concerns its flexibility. Indeed, it
is possible to simulate any incident energy or experimental configuration and to minimize in
this way experimental constraints due to the calibration step. On the other side, the drawback of
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this method is mainly related to the accuracy of the Monte Carlo model and its consistency with
the experimental behavior of the real detector. A discrepancy between the simulated gamma-
ray spectrum and the real behavior of the detector will have a direct impact on the result of the
reconstruction. The importance of this impact will be fully related to the agreement between
simulated and experimental results. For this reason, an accurate simulation is required for both
the detector and its environment which is somehow tricky, especially for the low-energy part of
the spectrum (energy range <200 keV, strong impact of Compton effects due to the environment).

The other solution consists of an experimental calibration of the detector itself using reference
sources. The number of experimental radionuclides is also reduced in comparison with a
Monte Carlo simulation-based methodology, and it will directly define the grid for the recon-
struction step (only the database approach can be considered in this way). However, the great
benefit of this solution is to obtain the exact experimental behavior of the detector for a given
radionuclide, without bias in comparison with the simulation.

The reconstruction step is the second key parameter of this process. First of all, it is important
to emphasize that a direct inversion of the formula given previously cannot be considered for
solving such problems. Indeed, S or H matrices coefficients have intrinsic statistical uncer-
tainties, and a direct inversion can lead to nonphysical values (for instance, negative activity
values, which are of course non-consistent with a physical behavior). Development of specific
algorithms has been a topic of interest for the research community for several decades, and
many scientific articles were published on this subject. For instance, we can cite the linear regu-
larization system (also named as the Phillips-Twomey approach [36]) or the method based on
the maximum of entropy [37] (MEM). One of the most literature-cited methods is based on the
approach called maximum likelihood-expectation maximization [38] (ML-EM). In compari-
son with Phillips-Twomey or MEM methods, ML-EM enables to take into account the Poisson
nature of the experimental data given as an input of the problem. An example of applications
of this type of algorithm for this current topic can be found in Ref. [39]. Finally, the ML-EM
approach can be extended to the Bayesian MAP-EM (maximum a posteriori-expectation maxi-
mization) algorithm which introduces an a priori law on the incident energy grid.

Both ML-EM and MAP-EM are iterative techniques, and these algorithms converge to a solu-
tion enabling to maximize likelihood. An important point concerns the initial values taken at
the beginning of the analysis. A standard procedure consists of considering that all the coef-
ficients of the A matrix have the same values before the first iteration.

3.4. Analysis on simulated and experimental data

Figure 9 illustrates results obtained for the deconvolution of gamma-ray spectra following an
inverse problem methodology. A cocktail of radioactive sources is simulated using the Monte
Carlo MCNPX code (*'Am, ¥Cs, ®Co) for a standard plastic scintillator. An ML-EM algo-
rithm is used for processing the gamma-ray spectrum. As previously mentioned, we can see
that only Compton edges can be identified in the input gamma-ray spectrum. On the right,
it is possible to see the result obtained after the deconvolution process in terms of incident
energies. The main peaks given as input parameters of the simulation can be clearly identi-
fied (59.5 keV for 2!Am, 661.7 keV for Cs, 1173.2 and 1332.5 keV for ®Co). Moreover, as
the H matrix integrates the efficiency of interest, the result after deconvolution direct gives
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an activity value (same intensity for instance for both peaks of ®Co after deconvolution).
However, it is important to mention that the incident energy obtained after the analysis cor-
responds to a value allowed by the grid of incident energies (for instance, considering the
peak due to '¥Cs, the rebuilt incident energy is spread between 660 and 670 keV, due to the
binning defined by the end user). Figure 10 illustrates processing on the same simulated data
but considering this time the database approach (deconvolution on a family of radionuclides
and not on incident energies). It should be noted that results presented in Figure 10 have been
obtained using a different algorithm than ML-EM (nonparametric Bayesian methodology).

13

Figure 9. Incident energies of a gamma sources mixtures (**Am, '¥Cs, and “Co) obtained after processing with an
inverse problem approach [41].

Figure 10. On the left: nature and associated proportion of radionuclides present in the gamma-ray spectrum. On the
right: Gamma-rays associated with the detected radionuclides and comparison between simulated (blue curve) and
rebuilt gamma-ray spectra (red curve).

3.5. Current status and future developments

Table 2 summarizes breakthroughs obtained in the field of metal loading.
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Gamma-ray counting or spectrometry enhancement with plastic scintillator loading is a pretty
old strategy, but new key technologies allow now identifying gamma-ray spectra with vari-
ous energies. This is extremely mandatory for the future generation radiation portal moni-
tors used in homeland security. Most of the design is now performed with organometallic
compounds mainly with tin, lead, and bismuth organometallics, but we have seen herein that
other solutions may be of great value. Loading inorganics in plastic scintillators is obviously
the cheapest method, but this method will be rapidly limited in terms of metal concentration
and optical transparency. Metal-encapsulated nanoparticles would represent the most afford-
able and efficient in terms of gamma-ray spectrometry, but the described samples usually
stand at the cm?® state, so not big enough to find an application in radiation portal monitors.

Analysis of gamma-ray spectra using innovative methods is of great interest for identifying
radionuclides, especially for homeland security applications where there is a real need for this
type of features. Analysis methods based on a global processing of the gamma-ray spectrum are
a performing way to identify radionuclides as soon as detectors with poor energy resolution are
used. Several challenges can be identified as mid-term and long-term perspectives for develop-
ing and improving such algorithms. First of all, for homeland security applications, a second-
order analysis is often required (for instance, if a moving object like a truck should be analyzed)
and the processing time should be reduced as low as possible. Several teams developed identifi-
cation solutions well adapted to address this challenge (see for instance Ref. [40]). Another issue
strongly impacting this family of methods concerns the accuracy of the database used during
the deconvolution step and its consistency with the gamma-ray spectrum to be measured. If
the radioisotope is hidden by a specific shielding, the measured gamma-ray spectrum will be
modified accordingly, and a bias will be introduced in comparison with the reference signature,
potentially impacting the reconstruction step. Finally, coupling the algorithmic part with modi-
fied plastic scintillators, including for instance Bi loading, could improve the identification step
because of the apparition of specific features in the spectrum, like full energy and escape peaks.
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Abstract

An overview of gamma rays from space is presented. We highlight the most powerful
astrophysical explosions, known as gamma-ray bursts. The main features observed in
detectors onboard satellites are indicated. In addition, we also highlight a chronologi-
cal description of the efforts made to observe their high energy counterpart at ground
level. Some candidates of the GeV counterpart of gamma-ray bursts, observed by Tupi
telescopes, are also presented.

Keywords: gamma-ray astrophysics, cosmic rays, particle detectors

1. Introduction

Gamma rays are the most energetic form of electromagnetic radiation, with a very short
wavelength of less than 0.1 nm. Gamma radiation is one of the three types of natural radioac-
tivity discovered by Becquerel in 1896. Gamma rays were first observed in 1900 by the French
chemist Paul Villard when he was investigating radiation from radium [1].

They are emitted by a nucleus in an excited state. The emission of gamma rays does not alter
the number of protons or neutrons in the nucleus. Gamma emission frequently follows beta
decay, alpha decay, and other nuclear decay processes.

On the other hand, cosmic-ray particles (mostly protons) that arrive at the top of the Earth's
atmosphere are termed primaries; their collisions with atmospheric nuclei give rise to second-
aries. These secondary particles are constituted by pions (subatomic particles); the dominant
decay of a neutral pion is the electromagnetic decay in two photons (two gamma rays). This
process is the origin of the highest energy gamma rays.

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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Nowadays, the artificial production of pions (and consequently gamma rays) in N-N colli-
sions is produced copiously. The artificial production of pions started in 1948, with Lattes
and Gadner using the 184-inch synchrocyclotron at Lawrence Berkeley National Laboratory
(California) which accelerated protons to 350 MeV [2, 3].

As gamma rays coming from space are absorbed by the Earth's atmosphere, the first detec-
tion of gamma rays coming from space was through satellites. Indeed, the Explorer satel-
lite in 1961 confirmed the existence of gamma rays in space [4]. Gamma rays coming from
space have frequencies greater than about 10'® Hz; they occupy the same region of the electro-
magnetic spectrum as hard X-rays or above them. The only difference between them is their
source: X-rays are produced by accelerating electrons, whereas gamma rays are produced by
atomic nuclei decays and/or nuclear collisions.

There is a large variety of gamma-ray sources from space: the most important is the Sun’s
transient activity, such as solar flares and coronal mass ejection (CME). This means that there
is also a “gamma-ray background” due to other stars in our galaxy and from the stars of
other galaxies, as well as that expected from the interaction of cosmic rays (very energetically
charged particles in space) with interstellar gas. There are also sources of gamma rays with
continuous emission, or long-lived gamma-ray emission from compact sources. This emis-
sion is in the high-energy region from GeV to TeV. The Fermi Large Area Telescope (LAT)
produced an inventory of 1873 objects shining in gamma-ray light [5].

The most intense are the galactic objects, such as the Crab nebula (Taurus constellation) and
the W44 nebula (Aquila constellation), both two supernova remnants. There are also bright
extragalactic objects, such as the objects called active galactic nuclei (AGN); the most bright
are the so-called Markarian 501 and 421 AGNs. These extragalactic objects were discovered by
a ground-based gamma-ray telescope, the “air Cherenkov” Wipple telescope [6], confirmed
by telescopes mounted on satellites.

Gamma-ray bursts (GRBs) are the most energetic explosions in the Universe: they are bright
flashes of gamma rays for a short period of time, in most cases less than 100 s, with a pho-
ton's flux of around 0.1-100 ph/cm?/s/keV at Earth. There is some evidence that indicates
that a GRB of long duration (i.e., above 2 s). They are associated with exploding massive
stars called as Hypernovas. The signature of these explosions is two opposing beams of
gamma rays and if any one of these beams is in the Earth's direction, we will see the gamma-
ray burst.

In addition, sometimes, several narrow lines are detected; this radiation comes from the
material around the explosion that was excited by the blast and that permits the detec-
tion of its host galaxy. However, sometimes, no narrow gamma-ray lines are detected,
especially in GRBs of short duration (less than 2 s), meaning that some of these bursts
come from different progenitors, such as merging compact objects such as black holes or
neutron stars, or perhaps from a massive star explosion, but without the formation of a
supernova.
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In most cases, the gamma rays from GRBs, observed by space crafts, have energies in the keV
region; a fraction has photons in the MeV region, called a high-energy counterpart. In some
cases, photons can reach energies up to several dozen of GeV. In this case, the photons have suf-
ficient energy to produce other particles when they reach the upper atmosphere, i.e., particles
in the air, forming showers via cascading processes. This suggests the possibility of detecting
gammas from the ground level, at least those that are more energetic and relatively long-term.

Despite great efforts for the systematic observation of GRBs at ground level, the results have
been negative. However, a few events have been detected with a high significance, by the
Tupi experiment in Brazil. They are considered as good candidates. Here, in addition to giv-
ing an overview of the GRBs, we will highlight these remarks (i.e., the Tupi events) and their
implications on GRB physics.

2. General features of GRBs

The first scientific paper on GRBs was published in 1973 [7]. This paper reported the obser-
vation of 73 GRBs, starting on 2 July 1967, based on data from US satellites (Vela project)
designed to monitor Russian nuclear weapon tests in space.

However, this first work did not answer several fundamental questions on the origin and nature of
GRBEs; for instance, are they from the solar system, Galactic halo, or are they extragalactic objects?

The mystery persisted until 1998, when the first spatial distribution of GRBs came from
BATSE gamma detector and the more energetic (MeV to GeV) by EGRET, both onboard the
Compton Gamma-Ray Observatory (CGRO). It was one of the best space observatories for
detecting gamma rays from 20 keV to 30 GeV in Earth’s orbit from 1991-2000. The BATSE
instrument detected gamma-ray burst, at a rate of one per day, with a total of approximately
2700 detections. An isotropic sky distribution of GRBs was reported by BATSE. This means an
extragalactic origin for the GRBs.

These observations were confirmed by new observations made by the new generations of
GRBs detectors onboard satellites, such as the Swift, which is a multiwavelength GRB detector
[8] with a wide field of view being able detect more than 100 GRBs per year. Swift has the Burst
Alert Telescope (BAT) which covers the 15-150 keV energy band, the X-ray telescope (XRT),
and an ultraviolet and optical telescope (UVOT) to detect X-ray and UV optical afterglows.

Swift has several online (free access) catalogs of GRBs. Figure 1 shows the location in the sky
(equatorial coordinate system) of 1188 Swift GRBs, detected from 17 December 2004 to 25
May 2016.

Thus, Swift confirmed the isotropic distribution of GRBs.

However, only the discovery of the first X-ray afterglows in 1998 by the BeppoSax satellite
[9] allowed the accurate positions and the identification of the y-ray afterglow with 'normal’
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galaxies to be obtained. It was also possible to obtain the redshifts and consequently their
distances, confirming that GRBs have a cosmological origin.
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Figure 1. Location in the sky (equatorial coordinate system) of 1188 Swift GRBs, detected from 17 December 2004 to 25
May 2016.

It was also the BATSE gamma detector onboard the CGRO that showed that there are two
different types of GRBs; that is, GRBs are separated into two classes: long-duration bursts,
normally from 2 to 500 s, with an average duration of about 30 s; and short-duration bursts,
ranging from a few ms to 2 s, with an average duration of only 0.3 s, following a bimodal
distribution. They are not small and large versions of the same phenomenon; the two types
of bursts have completely different sources. The origin of long-duration bursts is linked to
supernovae explosions of massive stars (with masses 100 times greater than the solar mass),
called hypernovae. Short-duration bursts are linked to the merging of two objects, such as two
neutron stars, or a neutron star and a black hole, or two black holes.

This bimodal distribution was also confirmed by Swift as shown in Figure 2 (top panel). The
figure includes also a scatter plot (bottom panel), a correlation between the T90 duration of
the GRB and the integrated time fluence. T90 is defined as the time interval over which 90%
of the total background-subtracted counts are observed, with the interval starting when 5%
of the total counts have been observed. In addition, the integrated time fluence is the energy
deposited on the detector per unit area, during the T90 duration of the GRBs. If the distance
of the source of the GRB is determined, this last quantity allows estimate the energy released
during the explosion. The energy output of GRBs on some cases, if spherically radiated is
above 1054 erg. This exceeds any reasonable source during such a short timescale, so the
radiation is likely highly beamed.
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Figure 2. Top panel: bimodal classification of Swift GRBs, as short and long. Bottom panel: correlation between the T90
duration of the GRBs and the integrated time fluence, on the basis of 1188 Swift GRBs, detected from 17 December 2004
to 25 May 2016.
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3. Emission mechanisms

Despite remarkable progress in the past few years by theory and breakthroughs of observa-
tions, our understanding of these fascinating cosmic events is still very incomplete. Many
aspects remain uncertain and demand further exploration. For instance, the detailed physics
of the central engine is poorly understood. Even so, some GRB models can reproduce the
main features of the observed bursts, irrespective of the detailed physics of the central engine.

The relativistic fireball GRB model was introduced in the 1990s [10, 11] on the basis of earlier
works [12-14]. Although the model does not explain the central engine of a GRB, it has been
successful in explaining the various features of GRBs, such as the origin of their afterglows.

According to this model, GRBs are produced far from the source (10"'-10" m), through the inter-
actions between the outflow (fireball) and the surrounding medium (internal shocks). Following
Figure 3 that illustrates the generation mechanism of the GRBs, we can see that the X-rays
afterglow result from the subsequent interaction of the outflow (fireball) with the surrounding
medium (external shocks). The outflow fireball ends up losing its kinetic energy through succes-
sive interactions with the external medium, resulting in UV, visible, and radio afterglows.

External
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Figure 3. Fireball model scheme of the generation mechanism of the GRBs. The GRBs are generated far from the source,
through the interactions between the outflow (fireball) and the surrounding medium (internal shocks). The X-ray,
UV, visible, and radio afterglow result from the subsequent interaction of the outflow (fireball) with the surrounding
medium (external shocks).

The time variability of the gamma rays is 10° s, meaning a size of the emitting region of
around 10° m; that is, a relativistic fireball, with a Lorentz factor above 1000 (I' > 1000). The
typical energy emitted in a collimated beaming flux is around 10* J. A high Lorentz factor I
also allows a relativistic collimated jet, with an aperture of 0 ~1/I'. As a consequence of this
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behavior, the relative angle at which photons collide decreases and leads to an increase in the
pair production threshold.

However, the simple relativistic fireball model produces a modified blackbody spectrum. This
mechanism converts energy into thermal energy efficiently, thus it is necessary to reconvert
kinetic energy into nonthermal emission, which happens when the fireball becomes optically
thin. Thus, the reconverted kinetic energy into random energy must be via shocks, after the
flow becomes optically thin (mainly synchrotron radiation).

In short, the fireball model can reproduce the main features of the observed bursts, irrespec-
tive of the detailed physics of the central engine.

Many GRB afterglow models [15-17] predict the production of photons in the GeV to TeV
energy range, and GeV emission has indeed been detected by previous [18] and current-gen-
eration (Fermi LAT) space-based ray detectors [19].

The several GRBs observed by EGRET and Fermi LAT in the GeV energy region, as well as
the ground-based observations of GRB candidates by Tupi suggest that the energy spectrum
extend beyond GeV energies. In addition, there are some mechanism to explain this extension
to very high energies, such as the synchrotron selfCompton model [20, 21], which provides a
natural explanation for the optical and gamma-ray correlation seen in some GRBs. It has also
been shown that a relatively strong second-order inverse Compton (IC) component of the
GRB spectrum should peak in the 10s GeV energy region [22].

Another proposed model is the cannonball (CB). The cannonball model is inspired by obser-
vations of quasars and microquasars [23-25] and assumes that a supermassive star, when
entering the final phase of its life, undergoes gravitational collapse, becoming a supernova
(SN). In this internship, an accretion toroidal disk is developed around a compact object that
is newly formed. The matter is then ejected as a CB in bipolar jets of plasma droplets (plas-
moids) that are highly relativistic.

These jets collide with the photons inside the star through an inverse Compton scattering
process, producing gamma rays. In this model, each pulse of GRB produced during the col-
lapsing star corresponds to a CB.

The range of emission of these gamma rays is related to the layers (shields) of the star’s
interior, where these missiles collide. The CBs are individually ejected and the light curve
observed in GRB depends on the local emission properties. As with the fireball model, the CB
model can also describe the afterglows, such as X-ray, UV, and radio flares. The CB model
also includes a description of other phenomena, such as the acceleration of cosmic rays (CRs)
in a successful way [26].

The observed energy spectra of gamma-ray bursts reveal a diverse phenomenology. The
spacecraft observed gamma-rays up to 33 GeV [27]. While some energy spectra have been fit-
ted by a simple expression over many decades [28], others require a few separate components
to explain high-energy emission [27]. In most cases (at low energies), the GRB spectrum is
well described by a phenomenological “band function” in a “Comptonized model” using a
power law with an exponential cutoff:
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N(E) = KE= ¢t )

where a is the power-law exponent and E is the cutoff energy. At high energies, the spectrum
is described well by a power-law function with a steeper slope:

N(E) = A EF ()

where a > 8, and the spectral parameters «, 8, and E, vary from burst to burst. For instance, a
“blast wave model,” usually considered for GRB sources, is quite sensitive to the relationship
between these two power-law indices.

4. Ground level observations

We present in this section a brief description of the various efforts for detecting at ground
level, the GeV to TeV counterpart of the GRBs.

4.1. Milagrito

Milagrito was a detector (air shower detector, the predecessor of the Milagro detector) sen-
sitive to very high-energy gamma rays, which monitored the northern sky with a large field
of view and a high duty cycle, located near the Los Alamos Laboratory (New Mexico, USA).
This instrument was well suited to perform a search for TeV gamma-ray bursts (GRBs).
From February 1997 through May 1998, BATSE (Transient Satellite experiment) aboard the
Compton Gamma-Ray Observatory detected 54 GRBs within the field of view of Milagrito.

The Milagrito results were negative; that is, no significant correlations were detected from
the other bursts, with the exception of a single event, which was reported as evidence of a
marginal emission at TeV energies from GRB 970417a. The event had a chance probability of
2.8 x 107 of being background fluctuation. The probability of observing an excess at least this
large from any of the 54 bursts is 1.5 x 107 [29].

4.2. Milagro

Milagro was a wide-field (2 sr) high-duty cycle (>90%) ground-based water Cherenkov detec-
tor (60 m wide x 80 m long x 8 m deep) located at 2630 m above sea level in the Jemez moun-
tains, New Mexico. Milagro had 723 PMTs divided into two layers under water. It triggers
mainly on extensive air showers (EAS) in the energy range of 100 GeV to 100 TeV.

Milagro operated from January 2000 to May 2008. The gamma-ray coordinates network
(GCN) system incorporated the distribution of positions of GRBs and transients detected by
the MILAGRO instrument. However, none of these events was confirmed as true GRBs. Even
so, Milagro succeeded in the detection of gamma rays in the TeV energy region, such as TeV
gamma rays from the galactic plane [30], and the discovery of TeV gamma ray emission from
the Cygnus region of the Galaxy [31]. Perhaps, its high energy threshold (above 100 GeV) set for
gamma rays did not allow the detection of GRBs; thus only the upper limits were reported [32].
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4.3. ARGO

The Astrophysical Radiation with Ground-based Observatory at Yangbajing, China (Tibet—
4300 m a.s.l.), under the auspices of the ARGO-YB] experiment, is through an air shower
detector. The ARGO-YB] detector has a large active surface of around 6700 m? of Resistive
Plate Chambers, a wide field of view ~2 sr, and a high duty cycle (>86%). The ARGO-YBJ
experiment is a collaboration of Italian and Chinese institutions [33].

The ARGO-YB]J performed a search for gamma-ray bursts (GRB) emission in the energy range
1-100 GeV in coincidence with satellite detection. From 17 December 2004 to 7 February 2013,
a total of 206 GRBs occurring within the ARGO-YB] field of view (zenith angle 0 = 45°) were
analyzed, no significant excess was found, and only the corresponding fluence upper limits in
the 1-100 GeV energy region were derived, with values as low as 107 erg/cm?.

4.4. HAWC

The HAWC gamma-ray observatory is a wide field of view, continuously operating, TeV
gamma-ray telescope that explores the origin and solar modulation of cosmic rays and
searches for new TeV physics. HAWC is located at a high altitude of 4100 m above sea level in
Mexico (Sierra Negra) and is a collaboration of 15 US and 12 Mexican institutions.

HAWC consists of an array of 300 water Cherenkov detectors and is expected to be more than
one order of magnitude, which is more sensitive than its predecessor, Milagro. HAWC monitors
the northern sky and makes coincident observations with other wide field of view observatories.
The HAWC experiment is particularly suitable to detect short and unexpected events like GRBs.
However, thus far, no excess candidate events, nor GRB counterparts, have been reported.

Many other experiments have searched for the GeV-TeV counterpart of GRBs. No conclusive
detection such as INCA [34], Tibet AS [35], HEGRA AIROBICC [36], GRAND [37], LAGO
[38], and the Cherenkov detector MAGIC have given a very low upper limit between 85 and
1000 GeV [39]. In short, no significant correlations among events of these experiments and
Satellite GRBs observations have been related.

5. Ground level observation of gamma-ray bursts from space

The Earth's magnetic field effects on the development of a particle shower in the atmosphere
spread the collecting particles and therefore decrease the sensitivity of the detector. This deflec-
tion is caused by the component of the Earth's magnetic field perpendicular to the particle trajec-
tory. Thus, if the source of gamma rays is close to the vertical direction, the places with the smaller
horizontal magnetic component will be the best places, to ground level detection of GRBs.

We point out that the location of the Tupi detector is within the South Atlantic Anomaly (SAA).
It is the region characterized by anomalously weak geomagnetic field strength. It is the low-
est magnetic field of the world. The SAA central region is located on 26° S, 53° W, over the
South Atlantic Ocean on Brazil, close to the Tupi detector location. The horizontal geomagnetic
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field component is only 18.13 mT, that is, almost half than the horizontal geomagnetic field
component of other locations, where a search for the detection of GRBs at ground level was
performed. For details, please see Section 7 of the reference [40].

Since August 2013, the Tupi experiment has operated an extended array of five muon tele-
scopes [40], located in Niteroi, Rio de Janeiro, Brazil, (22.9° S, 43.0° W).

The first has a vertical orientation. The other four have orientations to the north, south, east,
and west; each telescope is inclined 45° relative to the vertical.

Each telescope was constructed on the basis of two detectors (plastic scintillators 50 x 50 x 3 cm)
separated by a distance of 3 m. The coincident signals in the upper and lower Tupi detectors
are registered at a rate of 1 Hz.

There are two flagstones of concrete (150 g cm™) above telescopes and only particles (muons)
with energies above 0.1-0.2 GeV can penetrate the two flagstones. This defines the energy
threshold of the telescopes. Each Tupi telescope has an effective field of view of 0.37 sr. For the
vertical telescope, this corresponds to an aperture (zenith angle) of 20°.

We present ground level observations in the GeV energy range of possible counterparts asso-
ciated with the gamma-ray bursts observed by spacecraft detectors [41], such as the MAXI
onboard the ISS and the BAT onboard Swift [42].

In the period from 8 September 2013 to 10 August 2014, 34 GRBs observed by satellites in the
keV energy region were within the field of view of the five Tupi telescopes. The majority of
the events was compatible with the Tupi background fluctuations. The exceptions were the
two events that are described below.

In addition, of the 34 GRBs with energies above 100 MeV observed by the Femi LAT detector
up until 10 August 2014 [43], only one GRB131018B had their trigger coordinates within the
field of view of one Tupi telescope. However, no signal was found. Figure 4 shows the loca-
tion in equatorial coordinates of the four Tupi telescopes and includes the trigger coordinates
of the Fermi LAT GRBs until 10 August 2014.

5.1. Association with the MAXI gamma-ray burst

On 15 October 2013 at 21:55:44 UT, a peak (muon excess) with a significance of 5 s at the 68% con-
fidence level was found in the 24 h raw data (counting rate 1 Hz) of the vertical Tupi telescope.

It was possible to recognize this peak in the time profile of the muon counting rate, just by the
naked eye, as shown in Figure 5. The peak was found at To + 25.7 s, where To = 21:55:19 UT is
the occurrence of the MAXI trigger [44]. The trigger coordinates of MAXI trigger were within
the field of view of the vertical Tupi telescope.

In addition, a second narrow peak with a significance of 4 sigma (1 s binning) can be observed
at To +297.2 s. This peak can be seen also at the 3 and 5 s binning counting rates, as shown in
Figure 5. This behavior strongly suggests that this peak is a true signal.

In order to see the background fluctuations more accurately, we examined the time profiles
up to 30 min before and after the trigger time. A confidence analysis was made for a 1 h
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interval around the MAXI trigger time, as shown in Figure 6. In the absence of a signal, the
background fluctuation of the counting rate follows a Gaussian distribution. Thus, the trials
out of the Gaussian curve are considered as a signal's signature.

Period: 2013/09/08 to 2014/08/10
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Figure 4. Equatorial coordinates showing the positions of the five Tupi telescope axes, as well as the Fermi LAT GRBs
(>100 MeV) in the period until 10 August 2014. The squares with circles represent the FOV of the Tupi telescopes, which
were within the FOV of the North Tupi telescope.
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Figure 5. Statistical significance (i.e.,, number of standard deviations) of the 1, 3, and 5 s binning counting rates observed
by the vertical Tupi telescope, as a function of the time elapsed since the MAXI transient 580727270 trigger time.
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Figure 6. Distribution of the fluctuation count rate for the Tupi telescope (in units of standard deviations) within a
temporal windows of 30 min around the MAXI transient event (trigger 580727270). The solid curve represents a Gaussian
distribution (background fluctuation) and the signals associated with the MAXI events with significance above 4 sigma
clearly are outside of the Gaussian distribution.

We estimated the Poisson probability of the counting rate excess observed in the vertical
Tupi telescope, in association with the MAXI GRB events, being a background fluctuation, as
P=(1.6+0.2) x 107, i.e., an annual rate of 2.9.

In addition, from spectral analysis, the fluence of the first peak (at To + 25.7 s) was estimated
asF=(2.1+0.4) x 107 erg/cm?.

5.2. Association with the Swift gamma-ray bursts

According to Pagani et al. (GCN 16249), on 12 May 2014 at 19:31:49 UT, the Swift BAT triggered
and located a multipeak event with a total duration of about 170 s cataloged as GRB140512A
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(trigger = 598819). This Swift event is also in temporal association with the Fermi gamma-ray
burst monitor event (Stanbro, GCN 16262). The calculated location by Swift-BAT was (R.A.,
decl.) = (289.371, =15.100).
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Figure 7. Top panels: the counting rate of gamma rays for five energy ranges for the event Swift BAT GRB140512A.
Bottom panel: time profile of the counting rate 4 s binning, and expressed as the number of standard deviations,
observed in the Tupi vertical telescope as a function of the time elapsed since the Swift BAT GRB140512A trigger time.

An excess in the Tupi counting rate with a significance of 4.55 sigma was found, tempo-
rally and spatially associated with the Swift BAT GRB140512A. The trigger coordinates of
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this event were very close to the zenith of the Tupi location, that is, within the FOV of the
vertical telescope. The signal at Tupi is within the T90 duration of the Swift GRB140512A.
Figure 7 summarizes the situation, where a comparison between the time profiles of Swift
BAT and Tupi is shown, as a function of the time elapsed since the Swift BAT GRB140512A
trigger time.

The peak in the time profiles of Tupi associated with the Swift GRB140512A persist with the
same confidence in the 1, 3, 5, and 10 s binning, as shown in Figure 8. This means that the peak
is not subjected to be the only background fluctuation.

Significance (standard daviation]
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Figure 8. Time profiles observed by the Tupi vertical telescope and expressed as the statistical significance (i.e., number
of standard deviations) as a function of the time, since the Swift GRB140512A trigger time and for 1, 3, 5, and 10 s
binning. The yellow band marks the region surrounding the Swift trigger time.

To see the expected background fluctuations, a confidence analysis was performed for a
1 h interval around the Swift BAT trigger time, as shown in Figure 9. The excess above the
Gaussian curve (at right) is linked to the Tupi telescope's signal, associated with the Swift
GRB event.

We also estimated the Poisson probability of the excess observed in the counting rate in the
vertical Tupi telescope, in association with the Swift GRB event, being a background fluctua-
tion, as P = (7.40 + 1.21) x 1079, i.e., an annual rate of 73.1.
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Figure 9. Distribution of the fluctuation count rate for the Tupi telescope (in units of standard deviations) within a
temporal windows of 30 min around the Swift GRB140512A transient event. The solid curve represents a Gaussian
distribution (background fluctuation) and the signals associated with the Swift events, with significance above 4 sigma
clearly are outside of the Gaussian distribution.

6. Summary

We have carried out a systematic search for a GeV counterpart observed at ground level of
GRBs triggered in gamma-ray detectors onboard of satellite. An overview on the gamma
rays from space was given and the main features observed in detectors onboard satellites,
since their discovery in the 1960s and their most recent observations. A brief report is also
presented on the main possible mechanisms, as the fireball and the cannonballs models.
Both can reproduce the main features of the observed bursts, irrespective of the detailed
physics of the central engine.

In addition, several scenarios have been indicated to explain a possible high-energy com-
ponent of GRBs, such as the synchrotron selfCompton model and the second-order inverse
Compton component of the GRB spectrum.

We also included a chronological description of the various efforts for detecting at ground
level, the high energy component, that is, the GeV to TeV counterpart of the GRBs. In most
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cases, ground level detectors have an high energy detection threshold of the secondary par-
ticles detected (above 100 GeV); it has not allowed the detection at ground level.

We highlight that the location of the Tupi detector is within the South Atlantic Anomaly
(SAA); it allows to achieve higher sensitivity, and some candidates to the GeV counterpart of
gamma ray bursts, observed by Tupi telescopes were presented. They are in correlation with
temporal and spatial GRBs detected by satellites.

Of course, that the Tupi detector has recorded excess in the counting rate, in correlation with
the gamma-ray bursts. As the detector is located at sea level, it is expected that this excess is
principally produced by muons. However, the assumption of photomuons as the origin of the
excess requires gamma rays with energies above 10 GeV.

In addition, there is an alternative mechanism that is useful to explain high-energy electrons
from terrestrial gamma-ray flashes [45] and observations of gamma-ray bursts at ground level
under thunderclouds [46]. However, this mechanism requires some special conditions, such
as an atmospheric high electric field.

The mechanism is known as “Relativistic runaway electron avalanche in the atmosphere”.
An initial energetic electron is needed to start the process. In the atmosphere, such energetic
electrons typically come from cosmic rays; for instance, gamma rays via pair production
process y — e* + ¢~ in the upper atmosphere. In this case, there are several seeds for the gen-
eration of the successive avalanches; if the atmospheric electric field region is large enough,
the number of second-generation avalanches (i.e., avalanches produced by avalanches) will
exceed the number of first-generation avalanches, and the number of avalanches itself grows
exponentially. This avalanche of avalanches can produce extremely large populations of
energetic electrons [47].

Clearly, more studies are needed in order to establish whether this mechanism has the poten-
tial to explain the excesses observed in the counting rate of the Tupi detector associated with
GRBs. So far, the mechanism “Relativistic runaway electron avalanche in the atmosphere” is
the only promising one.

The implications of these ground level observations show that GRBs of long duration have
chances of having a GeV counterpart; this characteristic can be useful to the formulations of possi-
ble mechanisms of a GeV emission. The experiment is in progress, and the aim is to obtain a large
number of candidates in the next years to obtain some systemic features of this phenomenon.
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Abstract

The origin of the extragalactic gamma-ray background (EGRB) is an important open
issue in the gamma-ray astronomy. There are many theories about the origin of EGRB:
(1) some truly diffuse processes, such as dark matter (DM) annihilation or decay, which
can produce gamma rays; (2) gamma rays produced by energetic particles accelerated
through induced shock waves during structure formation of the universe; (3) a lot of
unidentified sources, including normal galaxies, starbursts and active galactic nuclei
(AGN:Ss), contain a large number of energetic particles and can emit gamma rays. Among
various extragalactic sources, blazars including flat spectral radio quasars (FSRQs) and
BL Lac objects are one of the most possible sources for EGRB. As continuous accumula-
tion of the data observed by the Fermi Gamma-Ray Space Telescope, it is possible to
directly construct gamma-ray luminosity function (GLF) of the blazars involving evolu-
tion information. In this chapter, based on the largest clean sample of AGNs provided
by Fermi Large Area Telescope (LAT), we mainly study blazar's GLFs and their contri-
bution to EGRB. In our study, we separately construct GLFs of FSRQs and BL Lacs and
then estimate the contributions to EGRB, respectively. Further, we discuss the diffuse
gamma ray from other astrophysical sources and the other possible origins of the EGRB.

Keywords: blazars, gamma-ray radiation, luminosity function, the extragalactic
gamma-rays background

1. Introduction

The large area telescope (LAT [1]) onboard Fermi gamma-ray space telescope (Fermi) has mea-
sured the extragalactic diffuse gamma-ray background and then provided useful information for
us to study the origins of the extragalactic gamma-ray background (EGRB) [2-5]. However, the
origin of the EGRB is still an unsolved problem. Observationally, an isotropic component of
the EGRB emission was first detected by the SAS-2 satellite [6, 7] and subsequently measured
by the energetic gamma-ray experiment telescope (EGRET) [8-10]. Due to the higher sensitivity
of Fermi-LAT than that of EGRET, the observed integrated flux above 100MeV by the LAT is

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIN
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(1.03-0.17) x 10~ photons cm™s™ [3], which is lower than (1.14-0.05) x 10~ photons cm2s™!
measured by EGRET [11]. Recently, Fermi-LAT has made a new measurement of the EGRB
spectrum and their results shown that the EGRB energy spectrum between 0.1 and 820GeV is to
be well represented by a power law with an exponential cutoff above 300GeV [5]. Figure 1 (left
panel) shows the measured X-ray and gamma-ray background radiation spectra. We know that
the X-ray background spectrum has no big change with time and has been considered as the
integrated light produced via the accretion process of active galactic nuclei (AGNs) [12]. However,
the gamma-ray spectrum is different from the X-ray background spectrum due to the sensitivity
of an instrument and other reasons. Before the Fermi gamma-ray space telescope era, neither
spectrum nor origin of the EGRB was well understood. In particular, the spectrum at 0.03-50GeV
reported by EGRET has a break in the several GeV. With the arrival of Fermi era, more accurate
determination of the EGRB spectrum and more extragalactic source samples are provided to
understand the nature of the EGRB. Note that the whole gamma-ray sky contains diffuse galactic
emission, point sources, isotropic extragalactic diffuse emission and local and solar diffuse emis-
sions. Figure 1 (right panel) shows that the EGRB spectrum is obtained by removing the resolved
point source, like as the most recent list of resolved Fermi-LAT source (3FGL), the diffuse galactic
emission determined by GALPROF, which simulates both cosmic-ray propagation in the galaxy
and the gamma-ray flux resulting from interactions and possibly an isotropic flux of galactic, by
restricting data to regions with bl >10° or even higher galactic latitudes.
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Figure 1. Left: The measured X-ray and gamma-ray background radiation spectra, which is from Ref. [5]. Right: The
composition of the total gamma-ray flux. The figure is obtained from the report of Ackermann, M. at Fermi Symposium.

Similar to the extragalactic EGRET sky, blazars are the largest source class identified by Fermi
extragalactic sky and their contribution to the EGRB has been widely discussed. Typical estimated
contributions of unresolved blazars to the EGRB range from 10 to 100% [13-36]. Blazars are
divided into two main subgroups: BL Lac objects and FSRQs [37]. Among the gamma-ray blazar
sample, the number of FSRQs detected by Fermi-LAT is smaller than that of BL Lac objects (e.g.,
2FGL, 3FGL). FSRQs generally show softer spectrum in the gamma-ray band (e.g., [38]), which is
to be detected harder than BL Lac objects at a given significant limit. On the one hand, BL Lacs are
reputed as the population of extragalactic sources that show a negative or no cosmological
evolution [39-42], but FSRQs are regarded as those with a positive cosmological evolution, which
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is similar to the population of X-ray-selected, radio-quiet AGNs [43—45]. Ajello et al. [32]
suggested that BL Lacs have a more complex evolution. At the modest redshift region, most BL
Lac classes show a positive evolution with a space density peaking. Meanwhile, their results
suggest that the evolution of low-luminosity, high-synchrotron-peaked (HSP) BL Lac objects is
strong negative with number density increasing for low redshift range (z<0.5). In addition, the
contributions of the EGRB from other sources or processes are very important. Those are star-
forming galaxies [46, 47], radio galaxies (e.g., [14, 46, 48]), gamma-ray bursts (GRBs) (e.g., [49]),
high galactic-latitude pulsars (e.g., [50]), intergalactic shocks (e.g., [51, 52]), Seyferts (e.g., [53]),
cascade from ultra-high-energy cosmic rays (e.g., [54, 55]), large galactic electron halo [56], cosmic-
ray interaction in the solar system [57] and dark matter annihilation or decay (e.g., [58]). Recently,
with the assumptions and uncertainties, Ajello et al. [33] and Di Mauro and Donato [36] shown
that the EGRB can be fully accounted for the sum of contributions from undetected sources
including blazars and radio and star-forming galaxies. Those results imply that little room in
space is left for other processes such as shock wave or DM interactions (e.g., [33, 59]).

The extragalactic gamma-ray sky provides an amount of gamma-ray sources and allows us to
obtain the information about the evolution of sources and estimate their contributions to the
EGRB. Because the blazar's contribution is the main content of research on this chapter, the
detail about how to build the gamma-ray luminosity function (GLF) will be discussed in
Section2. In Section3, a brief description about how to estimate different components” contri-
butions to the EGRB is given and finally, we give the conclusions and discussions in Section4.

2. The gamma-ray luminosity function

Since the Fermi-LAT has detected and identified more and more gamma-ray sources and
observed previously detected objects in greater detail, the method by using the gamma-ray
luminosity function (GLF) to estimate the EGRB of resolved sources has become much more
reliable. In this approach, the GLF involving the evolution of redshift as well as the distribution
of spectral indices of a given source class can be established for all known sources and the
observed population can be extrapolated to lower fluxes.

2.1. Function derivation

As professed in Ref. [31], there is a classical approach to obtain the luminosity function, which is
on account of 1/VMAX method provided by Schmidt [60] to deal with redshift bins. However,
this method has a fault, which is known to introduce bias in each binning. For a small sample
and/or a large span of parameters, if the bins contained significant evolution, the method would
result in a loss of important information. In order to constrain the model parameters for various
models of the evolving GLF, a maximum likelihood method is adopted, which is first introduced
by Marshall et al. [61]. The likelihood function L is given as follows (e.g., [17, 19, 24, 62]):

L = exp (-Nexp) [N (L, i, iy ), 1)

where Neyp is the expected number of source detections:
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Nexp = JdFJ dzJ dLy®D(Ly,i,zi, 1), Nexp is the number of the sample of sources and ®(L,,;,zi, ;)

is the distribution function of the space density of source on luminosity (L,), redshift (z) and
photon index (I). The function form can be expressed as follows:
PN

d
O(Ly,i, zi, Ii) = 7——==p,(Ly, = X =
(Byai» 2 ) = G qp = Pyl )X G X 7 %

w(Ly, z, T), 2)

where p (L,,z) is the y-ray luminosity function and dV'/dz is the comoving volume element

per unit redshift and unit solid angle:

dV/dz = cd? /(Ho(1 + 2)2\/ Oum(1 4 2)* + Q4). dN/dT is the intrinsic photon index distribution
assumed as a Gaussian exp(—(I'-)*/202), where  and ¢ are the mean and the dispersion,
respectively. w(L,,z,T) is the detection efficiency and represents the probability of detecting an
object with the y-ray luminosity L, at redshift z and photon index I' [1, 24, 31]. The relationship
between x* and likelihood (L) can be expressed by function x? = -2 In (L) [63]. In this case, the
function x?> = -2 In L that is minimized is defined as follows:

Nops

:—ZZIH )/lvzla 1)) +2N9XP' (3)

For a given GLF, the redshift distribution, luminosity distribution and photon index distribu-
tion can be divided into three intervals of size dL,dzdl’ and the three kinds of differential
distributions can be expressed from GLF as follows [31]:

Tonax Ly, max

dN PN
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dz dLdzdr 7"
rmin Ly,mm
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The source count distribution can be derived as follows:

T'max Zmax Ly, max d3N

N(>5)= J dFJ dzJ dL, S

r min Lme LV(Z,S) ’ dLdedr (5)
max dN Zmax dV ¥, max

- erin ﬁer dzJLV p,(Ly.z)w(Ly, z, T)dL,

Zmin

where L, (z, S) is the luminosity of a source at redshift z with a flux of S, (>100MeV).

Through minimized Eq. (3), we can obtain the best-fitting parameters of the models. There are
multiple parameters in our various models to find the best in observational data in a
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multidimensional model parameter space; the MCMC technique can be employed for its high
efficiency to constrain the model parameters. In this method, the Metropolis-Hastings algo-
rithm that generates samples from the posterior distribution using a Markov Chain is used
when sampling the model parameters and the probability density distributions of the model
parameters are asymptotically proportional to the number density of the sample points. For

each parameter set P, one obtains the likelihood function L(P)xexp (—)(Z(P) / 2), where x? is

obtained by comparing model predictions with observations. A new set of parameter P’ is
adopted to replace the existing one P with a probability of min {1,L(P')/L(P)}. The MCMC
method has been reviewed by Fan et al.[64] and described in detail by Neal [65], Gamerman
[66], Lewis and Bridle [67], Mackay [68].

2.2. Models description

The GLF models for different source classes are uncertainty. Currently, there are two methods
for constructing the blazars” GLF: the first method is to build the GLF by assuming a relation-
ship between the GLF and the luminosity function in a lower energy band, for example, that
the GLF relates to radio luminosity function (RLF) or to the X-ray luminosity function (XLF)
(e.g., [14, 16,17, 19, 23, 28, 48, 69-72]); the second method is to construct the GLF directly using
observed gamma-ray data of blazars (e.g., [15, 17, 22]). Before the Fermi era, constructing the
GLF model indirectly was used more frequently due to the small EGRET samples, which
results in blazar's contribution between the range of 10 and 100%. In next sections, we briefly
review those models for directly constructing the GLF.

2.2.1. The pure density evolution

The pure density evolution (PDE) model is the simplest scenario of evolution and the GLF has

a following form:
B A Ly N Ly 72771
ot = ior | (2) +(2) ] > ©

where e(z) = (1 + z)" is the standard power-law evolutionary factor. In this case, there are five
model parameters and other two parameters, p and o, are also added.

2.2.2. The pure luminosity evolution

In the pure luminosity evolution (PLE) model, the GLF can be expressed as follows:

B A(1+Z)7<Ez/r§ Ly 71 LV 72771
p(Ly, 2) = In(10)L, [(L*(l + z)"e?/¢ * L.(1+z)"e?/¢ ’ M

where A is a normalization factor, L; is the evolving break luminosity, y, is the faint-end slope

index, y, is the bright-end slope index, « and & represent the redshift evolution. Including the
parameters p and o, there are 8 parameters in calculations.

2.2.3. The luminosity-dependent density evolution

In the luminosity-dependent density evolution (LDDE) model, the GLF evolution is decided
by a redshift cutoff that depends on luminosity and the GLF can be given by
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A

p(Ly, 2) = In(10)L,

@7

142z P1 . 142 P2
1+z:(L,/10%)" 1+2z:(L,/10%)% | |

where A is a normalization factor, L is evolving break luminosity, y; and p, are the faint-end

@)

slope index, y, and p, are the bright-end slope index, z. is redshift peak with a luminosity (here

10" ergs s7') and a is power-law index of the redshift-peak evolution. From this, there are 10
parameters for calculation.

The detailed description about PLE and LDDE models can be found in sections4.1 and 4.2
from Ref. [32]. These models also can be applied to X-ray band, to determine the information of
evolution of sources in X-ray band (e.g., [62]). With the increase in the number of the detected
sources, the evolutionary form of those sources becomes more complicated and the updated
forms of those models can be found in Ref. [33], which allows the Gaussian mean u of the
photon index and the evolutionary factor e(z,L,) to change with luminosity.

2.3. The cosmological evolution

In Fermi sample, the large redshift range between z = 0 and z = 3.1 of gamma-ray blazars was
found. The obtained GLFs have shown that blazars have a cosmological evolution in their
gamma-ray band. We have simply discussed the redshift evolution of blazars in the “Introduc-
tion”. Ajello et al. [32] recently have presented the new results on the cosmological evolution of
the BL Lac population by using the largest and most complete sample of gamma-ray BL Lacs
available in the literature and they found that for most BL Lac classes, the evolution is positive,
with a space density peaking at modest redshift (z=1.2) (see Figure 2). In Figure 2, we also see
that for their higher luminosity, FSRQs dominate at all redshifts z>>0.3 and the extreme growth
in BL Lac numbers at low z allows them to produce ~90% of the local luminosity density. In
particular, low-luminosity, high-synchrotron-peaked (HSP) BL Lac objects showed different
evolutionary behaviors with respect to other blazar classes (see Figure 2). They have strong
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Figure 2. Left: The evolution of the luminosity density of FSRQs compared to that of BL Lac objects. Right: Number
density of FSRQs, BL Lac objects and HSPs. The figures are obtained from the report of [32] and see Ref. [32] for additional
details.
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negative evolution with number density increasing for z<0.5, which confirms previous stand-
points of negative evolution based on the samples of X-ray-selected BL Lac objects and this
sample contained a large fraction of HSPs [39, 41].

3. The extragalactic gamma-ray background

The origin of the EGRB has been widely discussed for various gamma-ray-emitting sources in
literature. Fermi has observed gamma-ray emission from blazars, star-forming galaxies, radio
galaxies, GRBs and high-latitude pulsars. Ajello et al. [33] and Di Mauro and Donato [36]
suggested that blazars, star-forming galaxies and radio galaxies are the main contributors to
the EGRB. For those emitting sources, we focus on how to estimate the contribution of
unresolved objects to the EGRB below, based on the best-fitting GLF (space density of sources).

The differential intensity of the EGRB radiation can be expressed as follows:

Zimax Ly, max

FWI/ZX
AN AN [ dV
dEdQ jdrﬁ J dz J aLy

Thin Zmin Ly, min (9)

@(LV,Z)F;'?trinsiC(E’ Ly,Z, F)e*T(E,Z) (1.0-&)(L),,Z, F))

where @(L,,z) is the GLF and ¢ *(E:2) is the optical depth of the extragalactic background light
(EBL) for the sources at redshift z emitting gamma-ray photon energy E. Recently, there are
many studies on EBL (e.g., [21, 73-75]). Generally, we adopted the model given by [73] for the

EBL to calculate the optical depth. In Eq. (9), F'""**(E, L,,z,T) represents the intrinsic photon
flux at energy E with y-ray luminosity L, and a power-law spectrum at redshift z and it is
expressed as follows:

> 17 T
L, (1+2)*" (Z—F)[(g—f) _1] (o) T 72

4nd? E? 1 LB B N7 .
11’1(E2/E1) E2 100 MeV -

where E; =100 MeV and E, = 100 GeV. Therefore, the integrated intensity between photon
energy Eq and E; (E; > E;) can be written as follows:

FInnsc(E [ 2, T) = (10)

E
ay 1 a
dQ | dEdQ
Eq

(11)

The electrons and positrons are produced due to the interaction between very high energy
(VHE) photons from TeV sources and ultraviolet-infrared photons of EBL. The pairs could
scatter the cosmic microwave background (CMB) radiation to high-energy background
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radiation through the inverse Compton scattering process (e.g., [76-83]). This cascading emis-
sion is regarded as a contributor to the EGRB if the flux of the cascade flux is lower than the
detector's sensitivity. Now, we consider only the first generation of the electron-positron pairs
produced by the gamma-ray absorption to obtain the cascade emission because the emission
from the second generation or more than second generation of created pairs can be negligible
at the GeV band [21]. The formulation of the cascade flux is given as follows [84]:

2, 2
8lm £5M,C

16 A% (1+2) Ucws

F)c/ascade(E’ L}/’ Z, 1—*)

dy
J yBexp[3e./4y?ecme (1 + 2)-1]

o (5.11x10° _
x st Fglgg“(il; ez Ly, r) [1-¢7(2)] (12)
2y

where A, =2.426x107'° ¢m is the Compton length, the dimensionless energy ¢, = Ex10° /
(5.11x10°), Ucyp = 4.0x 10718 erg cm™ is the CMB energy density at z = 0.0, ecyp = 1.24%
10°m,c? is the average CMB photon energy at z = 0.0 and ecyp = 2.0x 10° corresponding to
Eyye = 100TeV. F’;’}Z?m (Evhe,Ly,z,I') represents the possible intrinsic TeV spectrum, which is
extrapolated to the TeV energy ranges from the observed GeV spectrum Eq. (10) by assuming a
power-law spectrum. In Eq. (9), using Eq. (12) in place of Eq. (10) allows us to compute the
contribution to the EGRB from the cascade emission of the source.

It is noted that there are two possible contributions for the cascade emission to the EGRB
because the pairs are deflected by the extragalactic magnetic field (EGMF), which is shown in
Figure 3. In case I, the cascade emission can contribute to the EGRB if the flux of the cascade
emission is lower than that of the LAT sensitivity. In case II, although the flux of the cascade
emission is larger than that of the LAT sensitivity, the angle between the redirected secondary
gamma-ray photons and the line of sight is larger than that of the LAT point-spread function
(PSF) (i.e., 6 > Opsr). Thus, the cascade emission will not be attributed to a point source by the

LAT and it then contributes to the EGRB, where Opsr = (1.771/180)(0.001E) *7*[1 + (0.001E/
15)2]0‘37 [85]. For more detailed information, see Refs. [81, 84].

3.1. Blazars

Blazars emit gamma rays via the inverse Compton scattering processes and/or hadronic
processes and dominate extragalactic gamma-ray sources. Therefore, it is naturally expected
that blazars contribute the main EGRB. However, its fraction was very uncertain in the EGRET
era due to its small samples. At the same time, its fraction also severely depends on GLF.
Blazars are divided into two main subgroups: BL Lac objects and FSRQs [37]. Figure 4 shows
FSRQs" EGRB spectra with LDDE model and BL Lacs” EGRB spectra with PDE model. Com-
pared to FSRQs, BL Lacs have lower gamma-ray luminosities, lower redshifts and harder
spectral indices in statistics (e.g., [86]). Thus, BL Lacs can provide a significant part in the
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contribution of blazar to the EGRB above 10GeV. From Figure 4, we find out that the cascade
emission from BL Lacs has a rather large fraction of the total EGRB energy flux and contrary to
that of FSRQs, which may be caused by harder spectrum for BL Laces. Therefore, the contri-
bution from BL Lacs cascade emission to the EGRB cannot be negligible. Based on the effect of
the EGMF on the cascade contribution from blazars, Yan [84] have studied the effect of cascade
radiation on the contribution to the EGRB using a simple semi-analytical model. They
suggested that if the strength of the EGMF is large enough (Begumr > 1072 G), the cascade
contribution can significantly alter the spectrum of the EGRB at high energies. If the small
strength of the EGMEF is large enough (Brgumr < 107 G), then the cascade contribution is small,
but it cannot be ignored. Recently, Ajello et al. [33] used an updated GLFs to analyze the
redshift, luminosity and photon index distributions and obtained the best-fitting evolutionary
parameters of the GLFs. According to the GLFs and spectral energy distribution (SED) model
consistent with the Fermi blazar observations, their result shown that blazars account for 50}
to the EGRB (see Figure 5).
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Figure 3. The cascade radiation processes in no or non-zero extragalactic magnetic field (EGMF). Note that the pairs
produced by the interaction between very high energy (VHE) photons and ultraviolet-infrared photons of EBL are
detected by the EGMF. The figures are obtained from the report of Marco Ajello at Fermi Symposium.
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3.2. Radio galaxies

Radjio galaxies are one of the largest subclasses of radio-loud AGNs. It is more in number than
blazars in the entire sky. Even though radio galaxies are fainter than blazars, Fermi-LAT has
just detected gamma rays from ~15 extragalactic sources, including 12 FR Is and 3 FR IIs [87].
In order to estimate the contribution to the EGRB from radio galaxies, their GLF is required.
We must obtain indirectly the GLF due to the limited Fermi radio galaxy samples. Relying on a
correlation between the luminosities in the radio and gamma-ray frequencies, Inoue [48]
converted the RLF [88] into the GLF and estimated about 25% of EGRB can be solved by radio
galaxies (see Figure 5). This uncertainty significantly depends on the limited sample and the
errors between the gamma ray and radio luminosity correlation.

3.3. Star-forming galaxies

The Fermi-LAT has detected gamma-ray from ~9 star-forming (SF) galaxies [2]. Those gamma
rays are produced by interactions between cosmic rays and gas or interstellar radiation fields,
including the decay of neutral pion and electron interactions (bremsstrahlung and inverse
Compton scattering). Similar to radio galaxies, it is not straightforward to construct the GLF
because of the limited star-forming galaxy sample. Generally, the correlations between the IR
wavelength and gamma-ray region are used to predict the gamma-ray diffuse emission for the
unresolved SF galaxy population. Different from other types of source, the SF gamma-ray
average spectrum is difficult to firmly establish due to the paucity of statistics. Milky Way-like
SF galaxies (MW model) and an assumed power-law spectrum (PL model) are proposed by
Ackermann et al. [89] to express an average spectrum of SF Galaxies. In particular, the two
predictions are different above 5GeV, where the MW model softens significantly. Therefore,
using the correlation between infrared and gamma-ray luminosities, based on the well-
established infrared luminosity functions and the SF gamma-ray average spectrum, the GLF
of star-forming galaxies is well built and the contribution of star-forming galaxies to the EGRB
can be estimated as 10-30% of the EGRB at >0.1GeV [89], which can be seen in Figure 5.

It should be noted that about 95% of the EGRB can be naturally explained by blazars, star-
forming galaxies and radio galaxies in the 0.1-820GeV range. Only modest space is left for
other diffuse processes such as dark matter interactions, which suggests that other gamma-
ray-emitting sources’ contribution can be neglected. Ajello et al. [33] also concluded that the
result of their simulation gave an upper limit on DM self-annihilation cross sections, which is
similar to that from the independent types of analysis (e.g., [59]).

4. Conclusion and discussion

In this chapter, we reviewed the origin of EGRB and estimated the contribution of unsolved
gamma-ray-emitting sources from Fermi-LAT to the EGRB based on the construction of the
corresponding GLFs. Since Fermi-LAT has higher sensitivity and provides numerous gamma-
ray-emitting sources for studies, we found two important results: (i) the redshift evolutionary
information of gamma-ray sources, particularly for blazars; HBLs show strong negative
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cosmological evolution, while FSRQs and luminous BL Lacs show positive evolution like as
Seyferts and the cosmic star formation history. (ii) Fermi sources’ contribution to the EGRB;
blazars clearly contribute to most of the EGRB (=40-62%), as well as radio galaxies and star-
forming galaxies can occupy for the rest room of the EGRB [33, 36]. These results suggest that
the contributions of other emitting sources have only little space to the EGRB. However, the
uncertainties associated with these predictions from radio galaxies and star-forming galaxies
are still quite large because of the small samples. This situation is very similar to blazar studies
in the early EGRET era. Therefore, further data will be required to construct the GLFs and
precisely evaluate the contributions from those two populations.

Now, there are still some unresolved problems. We have not seen the signature of dark matter
particles in the EGRB spectrum, although they are considered as the possible origin of EGRB.
As we known, Fermi-LAT has accurately measured the EGRB spectrum and the anisotropy of
the EGRB [4] and the emission from dark matter is anisotropic and its spatial pattern is unique
and predictable [90]. Therefore, we can obtain an upper limit on the annihilation cross section
by comparing the expected EGRB angular power spectrum from dark matter annihilation with
the measured spectrum. The work of Ajello et al. [33] shown that an analysis of the EGRB and
its components can constrain diffuse emission mechanisms such as DM annihilation. Di Mauro
and Donato [36] probed a possible emission coming from the annihilation of WIMP DM in the
halo of our galaxy and found that the DM component can very well fit the EGRB data together
with the realistic emission from a number of unresolved extragalactic sources.

The value of the EGMEF has still not been determined. Since the pairs scatter CMB photons to GeV
energies by Compton mechanism for cascade process around a TeV sources, Fermi-LAT could
measure those GeV photons, which would give a straight measurement of the EGMF. As continu-
ous accumulation of the data observed and the further development of detection equipment, the
imprint of the EGMF may be found in the gamma-ray spectrum and/or flux [79, 80, 91]. The EGMF
imprint might also be found in the angular anisotropy of the EGRB [92]. If the effect of cascade
depending on the EGMF cannot be neglected [84], the electron-positron pairs produced in cascade
process could be deflected by a high value of the EGMF, which makes GeV photons more isotropic.
Therefore, the EGRB spectrum with the anisotropy could probe the strength of EGMF [87].
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