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Abstract 
The purpose of this work is to systematically assess the consequences of a potential radiological 

attack on processed food in a production facility. Infant milk formula (IMF) is specifically chosen as 

the case of investigation. Three different radionuclides, 90Sr, 137Cs and 241Am, are chosen as sources of 

contamination for the assessment.  

The assessment of the consequences of an attack is limited to negative health effects, i.e. mortality 

or morbidity. It is found that a considerably large number of infants would potentially receive 

negative health effects due to ingestion of radionuclides in the contaminated IMF (depending on the 

activity used at the time of contamination, as well as the contamination scenario). However, in the 

case of contamination at mortality and morbidity level, the radioactivity from contaminated IMF is 

calculated to be detectable during its production phase. This is achieved using a NaI(Tl) detector on 

the outside of an IMF packaging (a can) during the production. In the case of contamination at 

permissible level, the detector would only alarm the abnormality for the 137Cs source. This 

investigation has also found that radioactive sources that are easily accessible to the general public 

are possible to use in such scenarios with some effect. This finding further encourages the related 

industries to practice preparedness against the possibility of contamination events using radioactive 

materials.  
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1 Introduction 
 

The Fukushima Daiichi nuclear accident in March 2011 was one of the worst and most devastating 

experiences in my life. As it unfolded on TV and Internet in front of me in Norway, thousands of miles 

away from home, I kept feeling helpless and saddened. Public fear for health effects from the 

released radiation then began flourishing. A fear that quickly led to discrimination of the people from 

Fukushima. The very people who had already suffered the Tsunami and the nuclear accident. Public 

fear led to panic. I felt ill seeing my nation suffering in such way. The Fukushima accident, in addition 

to the nuclear bombs dropped on Hiroshima and Nagasaki in 1945, resulted in one of the world’s 

worst nuclear disasters to date. This experience became the driving force behind my study, and in 

turn this work. Protecting the public from nuclear and radiological threats has become my 

commitment.  

In this work, a virtual case of deliberate radiological contamination is investigated. Processed food 

during production was chosen as the route of contamination. The production process makes it 

possible to evenly contaminate food items that are easily accessible to the public. If the 

contamination is a terrorist act, the impact can be greatly enhanced by choosing a target that has 

symbolic value to the general public or that can strike primal emotions in the public [1], besides the 

direct negative health effects. In the latter case, Infant Milk Formula (IMF) could be such a target. 

IMF is a processed food that is designed to feed infants. The form of IMF is often powder or liquid. It 

is prepared for feeding either by mixing with water (in the case of powder) or by diluting with water 

(in the case of liquid). In this work, I have chosen the production line of a powdered IMF factory as 

the target of contamination.  

In the case of an emergency, preparedness and response would be of equal importance. The focus of 

this work is on preparedness. In preparedness, risk assessment and prevention measures are 

necessary to minimize the consequences of the emergency if/when it takes place. In terms of risk 

assessment related to the chosen scenario, the degree of negative health effects to infants, i.e. 

conditions that lead to early death and conditions that are non-lethal, and the potential number of 

infants affected are estimated. When it comes to preventive measures, it would be ideal if the 

contamination event can be prevented ahead of time. However, in the case of an event already 

occuring, contaminated IMF must be prevented from being ingested by infants. The best approach 

would be to detect the contamination during the production phase, before distribution occurs. 

Several different methods for how to detect contamination in a manufacturing facility are 

investigated in this work, and their respective level of effectiveness are discussed and assessed. To 

motivate and encourage the preparedness for this type of deliberate contamination, a discussion 

over potential and probability of contamination is also included.    

It is my highest hope that this work will shed light on how to counteract radiological threats against 

the food industry, and that it will bring awareness and implementation of precaution measures to all 

other related industries.  
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2 Background 
 

Warfare seems to be as old as human history itself, but modern technology has brought the resulting 

destruction and suffering to disheartening heights. In former times, madmen would attack others 

furiously with rather simple weapons. However, in today’s world, the use of modern technology can 

cause catastrophic results: Methods of mass destruction and mass-murder are available to 

individuals or small groups, if they set their mind on it.   

Looking back on history, the uses of chemical and biological weapons have been reported as early as 

in ancient Greece, the fifth century B.C. [2, 3]. Nuclear weapons, on the other hand, had their 

destructive premiere in more recent history; in the 1945 bombings in Japan, during the World War II. 

Radiological weapons, as further described later, have not yet been used. The poisoning of Alexander 

Litvinenko (a former Russian spy) using 210Po in 2006 seems to have been recognized as an 

assassination rather than a radiological attack.  

The collective term, CBRN, is an acronym that stands for Chemical, Biological, Radiological and 

Nuclear [4]. CBRN attacks have widely been recognized in academics for decades. Among them, the 

Tokyo subway sarin attacks in 1995 and the Anthrax attacks (in Washington, D.C., West Palm Beach 

and New York City in USA) in 2001 are the ones that have been most commonly written about. These 

incidents were alarming and showed the reality of the threats from CBRN attacks to the Western 

world. The threat of attacks with unconventional means became even more recognized after the 

September 11th attacks in the US in 2001. This was an event that dramatically displayed the existence 

of groups with the desire to cause the greatest of harm and damage to the world. Unfortunately they 

also demonstrated that they possess sufficient financial backing and human resources to actually 

carry out an attack [5, 6]. CBRN attacks may be characterized by three types of large-scale impacts 

[7]: 

1) Physical impact resulting in injuries and deaths; 

2) Social impact resulting in the change of public confidence and the disruption of daily 

life; and 

3) Economic impact resulting from the direct damage as well as the indirect damage 

that is caused by the physical and social impacts.  

In this work, the physical impact will be the primary focus. 

Perpetrators1 make their choice of a certain method of attack, i.e. CBRN attacks or traditional attacks 

(using conventional weapons). CBRN attacks may be attractive to some perpetrators due to the 

potential of causing mass casualties, significant long-term economic loss [8], considerable political 

damage, traumatic psychological impact that is not possible to achieve by traditional attacks [9], 

and/or the ambition to obtain media attention similar to the September 11th attacks [8]. A study 

done by  Ivanova and Sandler, that investigated the relationship between regime characteristics and 

the likelihood of CBRN incidents, concludes that the likelihood of CBRN attacks being carried out to a 

                                                           
1 CBRN attacks are often connected to terrorism, even though the definition of terrorism among academics and 

other professionals vary. In this work, the groups of people and individuals who plot CBRN attacks are all 

referred to as perpetrators. 
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country increases with degree of implemented democratic processes in society and wealth [6, 8]: the 

Western world may therefore be at a high risk of receiving such an attack.   

As mentioned earlier, radiological attacks are the only type of CBRN attacks which has not yet been 

successfully conducted. In order to carry out radiological attacks, the most commonly known method 

is the use of Radiological Dispersion Devices (RDD); also known as dirty bombs. This method has 

never been successfully accomplished; even though some attempts have been reported, such as by 

the Chechen rebels in 1997 [10]. RDD is a conventional explosive which is combined with radioactive 

material. The conventional explosive can be such as the one used in the bomb attack by Anders 

Breivik in July 2011 in Oslo, Norway. In general, radiological attacks do not require state of the art 

technology. Any kind of radioactive material, e.g. from educational/research institutions, commercial 

industries or medical facilities, can be used to accomplish such a attack. Radiation protection is 

necessary to prevent radiological health effects to a person handling radioactive material; yet, such 

concern may not be much relevant to the perpetrators, who could have strong will to sacrifice their 

own lives to carry out the attack.  

Andersson et al. relates a consequence of RDD to a radiological accident that occurred in Goiânia, 

Brazil in 1987 [11]. A source containing 137CsCl, equivalent to 51 TBq, was found at a scrap yard [12]. 

The source had a mysterious glow in blue to it and fascinated residents in the village [13]. This 

resulted in a large contamination area, which is calculated as equivalent to that of a successful dirty 

bomb [11, 14]. Four fatalities were reported within weeks [12]. However, regardless to the number 

of fatalities, the accident resulted in massive social disruption and enormous economic loss. Similar 

incidents, and thus similar consequences, may happen elsewhere. Yet, it may not be accidental: it 

may be deliberate such as through a radiological attack. For this reason, it is necessary for emergency 

and safety organizations, around the world, to be prepared and have personnel trained to handle 

such incidents. The first step is to evaluate the threat and the consequences of such an attack. This 

work will hopefully contribute to such an evaluation. 

In 2001, three residents of Tsalenjikha in Georgia found two radioactive sources in a forest. Each 

source contained 90Sr with activity of about 780 TBq at the time of discovery (initial activity of each 

source was assumed to be 1295 TBq in early 1980s when produced) [15]. It was concluded that these 
90Sr sources originated from Radioisotope Thermoelectric Generators (RTG) [15]. These were widely 

distributed along the northern coast line of the former Soviet Union to act as power sources for 

remote applications (like lighthouses) during the period [16]. If such a source gets into the hands of 

perpetrators, it may be used against the general public. In 1997, the Norwegian government started 

to replace the 90Sr sources equipped with RTGs in Russian lighthouses. They were replaced with non-

radioactive power sources [17], and the project has now been completed.  

Threats of radiological attacks have been growing substantially over time. An example would be 

British resident, Dhiren Barot, who was arrested in 2004 for plotting the construction of a RDD using 

ten thousand commonly used household smoke detectors, that are equipped with 241Am source [18]. 

The RDD was reportedly planned to be detonated in a subway. Barot was a top member of a British 

terrorist organization with ties to the terrorist organization Al Qaeda [19]. The possible intent for 

radiological attacks has also recently been shown by another terrorist organization ISIS. In the end of 

2015, surveillance video footage of a high-ranking employee at a Belgian nuclear facility was found 

during law enforcement investigations following the Parris attack in November 13 (which involved 

several mass shootings and suicide bombs at multiple locations and resulted in 130 fatalities) [20]. 

This official had full access to secure areas of a nuclear research facility. Experts have speculated that 
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this incident was part of a plot to abduct or blackmail the official in order to obtain radioactive 

material from the facility. According to the International Atomic Energy Agency (IAEA), their Incident 

and Trafficking Database (ITDB) contained 2889 confirmed incidents related to radioactive material 

between 1993 and 2015 [21]. These incidents include a wide range of activities, from neglect to 

criminal activity for personal gain, such as illicit trafficking, thefts, losses, unauthorized possession 

and recoveries of the radioactive material. The degree of these incidents associated directly to plots 

of radiological attacks is unknown. In April 2016, EU and NATO officially  stated a “justified concern” 

that ISIS was plotting radiological attacks, as well as other CBRN attacks, here in Europe [22]. 

There are a variety of methods, other than RDD, that can be used in radiological attacks. Therefore, 

different consequences are expected for each type of radiological attack. The consequences may 

differ largely with route of exposure and the ability to detect the first signs of an attack. In an RDD 

attack, the major route of exposure is external from the environment and internal from inhalation of 

dust. In the case of inhalation, the radionuclides inhaled are either removed from the lung 

immediately due to exhalation or retained in the lung. A fraction of retained radionuclides are then 

transferred to the throat and ingested [23]. The original attack is “demonstrative”, i.e. highly likely to 

be noticed due to an initial explosion. If appropriate emergency response is carried out, i.e., using 

necessary radiation protection procedures, it is estimated that the attack is not likely to cause 

immediate health effects due to radiation [14]. In the majority of literature, radiological attacks are, 

even when successfully carried out, expected to cause a very small number of casualties compared to 

that of chemical, biological and especially nuclear attacks. However, the cases/scenarios described in 

these literature mainly focus on methods such as RDD. Deliberate contamination of foods/drinks, for 

example, where the major route of exposure is internal through ingestion, have not been widely 

discussed. In such case, the original attack may be “stealth-like”, i.e. it may not be noticed for quite 

some time. As the consumption of foods/drinks per person increases; so does the radiation dose. In 

addition, the distribution of the contaminated foods/drinks can increase the potential of number of 

people affected. Thus, if this type of radiological attack is successful, it has great potential to cause 

health effects on a scale comparable to that from chemical and biological attacks. Deliberate 

contamination of water supplies and reservoirs has been discussed, and most of the literature have 

concluded that the method would likely be unsuccessful due to a large dilution factor and water 

purification features that normally are in place to ensure clean and good quality of water [9]. Tofani 

and Bartolozzi have investigated a case of deliberate radiological contamination against a water 

reservoir. In their work, committed collective dose, the sum of lifetime absorbed doses to a 

population from ingestion of radionuclides, is approximately estimated as 80 man Sv for the 

population of 150 000 people. Therefore, the expected number of fatality in the population per 

lifetime due to stochastic effect, e.g. cancer, is estimated as 5. However, the water purification 

features is excluded [24].  
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3 Objectives  
 

Two primary questions must be answered:  

1) What kind of negative health effects, i.e. lethal and non-lethal conditions, would 

result from a contamination event using radioactive sources of different 

radionuclides and activity levels?  

2) How radioactive material from any kind of contamination event can reach its target 

group? 

A contamination event can be carried out using any type of radioactive sources at any activity levels. 

However, no actual radiological attacks have been carried out. In this work, there is no experimental 

work conducted. Therefore, the case of a virtual event is only considered in this work. How easy or 

difficult it would be to carry out the attack, such as to obtain specific radioactive sources of specific 

quantities and the health hazards to perpetrators while preparing and performing the event due to 

radiation, are not considered in these primary questions. In the case that powdered IMF is 

contaminated without any notice, the primary focus should be to prevent the contaminated IMF 

from being distributed. This requires rapid on-line detection procedures to be performed routinely at 

site, i.e. the manufacturing facility.  

An additional question then arises:  

3) What is the minimum activity necessary to be detectable in a final product, when a 

radioactive source is physically added to the production, i.e. at the time of 

contamination?  

Perpetrators may claim a radiological attack in order to simply obtain media attention. However, the 

radioactivity used for contamination, if any, must be sufficiently large in order for the attack to be 

confirmed, even if the amount of radioactivity is far from enough to cause any type of negative 

health effects.  

Lastly, two final questions arise: 

4) Are the contamination events discussed in this work realistic and possible to carry 

out? 

5) If so, in what degrees compared to other type of attacks, from chemical, biological 

and nuclear attacks to traditional attacks?  

The investigation pertaining to this includes chemical dissolution of initial radioactive sources.  

To answer the primary questions, three radioactive sources, in different amounts, are selected based 

on availability of the source; availability in large quantities; and past trafficking and other incidents 

[25]. A virtual IMF manufacturing facility was constructed for this work, based on general information 

about food factories and typical equipment that are for sale. Four different contamination scenarios 

are set for the facility. Based on these setups, as further explained in Section 5, health effects 

resulting from the radioactive sources at selected levels of activities are assessed for each 

contamination scenario. This demonstrates the potential health consequences of a radiological 

attack on processed foods. Minimum activity of each source necessary to cause health effects to an 

infant is then calculated for mortality and morbidity. Investigation moves on to detection of 

contamination using the three different activity levels: selected level (as mentioned above); mortality 
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level; and morbidity level. Three different “detection methods” are investigated: a solid scintillation 

detector placed at a packaging site; health effects to workers at certain points in the manufacturing 

facility; and heat generation due to radioactive decay energy at specific points of manufacturing. 

Count rates measured using a solid scintillation detector are calculated in order to assess if 

placement of conventional detector(s) at site can alarm about a radioactive contamination before 

final products are distributed. Absorbed dose rate externally received by workers is calculated in 

order to assess if any deterministic health effects would cause particular symptoms that can alarm 

about abnormalities inside the facility. Heat-generation rate is calculated in order to assess if any 

temperature increase can be detected to generate warnings about abnormality during 

manufacturing.  

For question 3, common laboratory detectors such as a High Purity Germanium (HPGe) detector or a 

Liquid Scintillation Counter (LCS) are selected to investigate minimum detectable activity (MDA) of 

radionuclides in powdered IMF. Minimum activity necessary at the time of contamination is then 

calculated based on the MDA of each radionuclide.  

For the two final questions, methods for chemical dissolution of selected radioactive sources are 

investigated. This is mainly based on by the Tokyo Sarin attacks in which the sarin gas used was 

chemically synthesized by the perpetrators themselves in their own facility. Lastly, the potential of 

the radiological attack investigated in this work is discussed, with comparison to other CBRN attacks 

and traditional attacks as well as the September 11th attacks that resulted in 2977 fatalities in total 

where 2753 of those occurred in the World Trade Centers [26].    

In this work, investigations are scientifically conducted and conclusions are made based on numerical 

facts and results. Therefore, the behavior of different perpetrators; the preference of a particular 

impact such as health, economic or social impact by the perpetrators; the vulnerability of 

manufacturing points to deliberate contamination; and precise estimation of expected consequences 

to the general public are out of scope of this work.  
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4 Theory 
 

Radiation that has the ability to ionize matter is called ionizing radiation. Among them, α particles, β 

particles, γ rays and bremsstrahlung (electromagnetic radiation emitted when β particles interact 

with matter) are of specific interest in this work. It is written based on an assumption that readers 

have a basic knowledge of radioactivity. 

 Interaction of β Particles with Matter 4.1

When β particles interact with matter, the particles lose their energies in two different ways: 1) 

through Coulomb interactions, i.e. the excitation and ionization of atoms or molecules that 

constitute the matter; and 2) through a radiative deceleration when electrons are deflected by the 

positively charged atomic nuclei of specified matter, i.e. generation of bremsstrahlung. The energy 

lost due to the radiative interaction can be estimated using radiation yield for bremsstrahlung. The 

energy lost due to both of Coulomb and radiative deceleration can be estimated using stopping 

power.  

4.1.1 Bremsstrahlung  

When charged particles such as β particles (electrons ejected from disintegrating nuclei) interact with 

matter, they may in principle be deflected by any other charged particle through the repulsive and 

attractive forces that occur between charged particles, the Coulomb interaction. Most of these 

interactions occur between electrons in the block of matter and the incoming electron. Due to their 

equal mass, this will not deflect the path of the incoming electron very much. However, it will be 

gradually slowed down by the transfer of small amounts of energy to each electron it passes. 

However, if the incoming electron passes close to an atomic nucleus, the charge is high and the 

nucleus has much higher mass. In this case, the electron will be significantly deflected from its 

original path, and something which requires a certain amount of electromagnetic radiation, by the 

laws of physics, will be ejected. Such electromagnetic emission is commonly called bremsstrahlung, 

using the German expression for the "breaking" effect.  

Any charged particles that are deflected generate bremsstrahlung. Bremsstrahlung is not emitted 

isotropically, as it has a strong angular dependency to the path of the β particle. As the energy of the 

β particle increases, bremsstrahlung tends to be emitted closer to the path of the β particle. For 

example, the angle of bremsstrahlung generated from β particles with the energy of 50 keV stays 

within the range between +60° and -60° from the direction of the β particles. The angular range is 

reduced to ±30° when bremsstrahlung is generated from β particles with 500 keV of energy [27].  

4.1.2 Radiation Yield for bremsstrahlung 

The fraction of the β particle energy lost due to generation of bremsstrahlung is called 

bremsstrahlung radiation yield, Yi. Bremsstrahlung is important for the topic of this work, since it is 

more penetrating than β particles. Therefore, in many cases, bremsstrahlung is the most practical 
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way to search for a concealed source that emits β particles but not γ rays, even though the intensity 

of the bremsstrahlung is considerably less than the β particles itself. In this work, bremsstrahlung 

radiation-yield is hereafter simply referred to as radiation yield, although this term might have other 

meanings in other settings.    

The radiation yield used in the calculation of absorbed doses (as explained later) in this work is 

shown in Table 21 in Appendix C. The amount of energy converted from the β particles into 

bremsstrahlung photons can be calculated using the values shown in Table 21.  

4.1.3 Stopping Power 

The energy of a β particle lost along its path in matter, due to the Coulomb interactions, is specific to 

the energy of the β particle. The stopping power is defined as: 

S = 
𝑑𝐸

𝑑𝑥
 

 Where dE is energy loss of the β particle traversing a path of length dx. The value of S is specific to 

the material composition of the absorber. S is also dependent on the electron density of the 

material. By introducing the density of the material ρ, the value of S is often specified as mass 

stopping power 
𝑆

𝜌
, which is a constant. The mass stopping power, as well as the density of each 

material used in the calculation, is shown in Table 22 in Appendix C. The penetration length of a β 

particle in specified matter can be calculated using the energy of the β particle and the values shown 

in Table 22.  

 Interaction of γ Rays with Matter 4.2

When a γ ray collide with an electron which is bound to atoms in matter, the energy of the γ ray 

minus the binding energy of the electron (which is negligible compared to the γ ray energy) will be 

conserved by transferring it to the electron. The intensity of the γ rays after the interacting with the 

matter can be estimated using absorption coefficient.  

4.2.1 Absorption Coefficient 

The intensity of γ rays that penetrate matter, I, exponentially decreases with the penetrating length 

of the γ rays in the matter. The following relationship exists: 

I = I0∙e
-μx 

Where µ is an absorption coefficient, I0 is the initial intensity of the γ rays and x is the penetrating 

length of the γ ray in matter. µ, in the same way as S, is a material specific value. μ is also dependent 

on the electron density of the material. Therefore, in the same way as S, the value of μ is often 

specified as a mass absorption coefficient 
µ

𝜌
, which is a constant. The mass absorption coefficients 

used in the calculation is shown in Table 23 in Appendix C. The intensity of γ rays after penetrating 

specified matter of a given thickness can be calculated using the values shown in Table 23.  
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 Absorbed Dose 4.3

Absorbed dose is the energy deposited in a given amount of matter, such as body tissue. The unit for 

an absorbed dose is Gray (Gy), and is equivalent to J/kg. Charged particles deposit their energies in a 

short distance, or densely, while electromagnetic waves impart their energies thinly. If the radiation 

energy is deposited densely within a smaller volume of body tissue, the damage to the tissue caused 

by the radiation can be enhanced compared to the energy deposited thinly within a larger volume. 

This is because the local concentration of deposited energy overwhelms the repairing mechanism of 

the cells in the small volume of tissue. Therefore, densely deposited radiation causes more damage 

than when it is thinly deposited. However, this is not taken into account by the absorbed dose. Thus, 

the absorbed dose distribution within the body tissue ranges from practically homogeneous to highly 

heterogeneous, depending on the type of radiation. To overcome this issue and to capture the 

relative effectiveness of different types of radiation in inducing biological damage, relative biological 

effectiveness (RBE) is applied. RBE is an experimentally or clinically derived value that is given as a 

ratio between two different absorbed doses that induce the same deterministic biological effect to a 

cell. One of the absorbed doses is given from reference radiation, and the other is given from the 

radiation in question. The International Commission of Radiological Protection (ICRP) defines the use 

of REB to reflect only to the deterministic effects, such as the effects investigated in this work [28]. 

The absorbed dose is a measured value. However, it can be estimated using coefficients. Coefficients 

provide a relationship between amount of a specific radioactive material (in Bq) and the resulting 

absorbed dose per unit time. In this work, two different coefficients are used: one for the absorbed 

dose rate given from internal exposure, i.e. ingestion of radionuclides; and the other for the 

absorbed dose rate given from external exposure to γ rays. The coefficients for internal and external 

exposures used in this work are referred to as absorbed dose rate coefficient for ingestion and 

absorbed dose rate coefficient for external exposure, respectively. 

4.3.1 Absorbed Dose Rate Coefficient for Ingestion 

Absorbed dose rate coefficient for ingestion (in Gy/day∙Bq) is used in this work [29]. The coefficient is 

given to each day from initial ingestion of radionuclides, starting on Day 1, as shown in Table 24 in 

Appendix C. The sum of the absorbed dose rate coefficients from Day 1 to Day N equals the total 

absorbed dose received from unit activity by the end of Day N since Day 1, i.e. the day of ingestion of 

the radionuclides. Therefore, in order to calculate the absorbed dose received from, for example, 

ingestion of radionuclides of unit activity for 3 consecutive days, the sum of the coefficients of Day 1, 

2, and 3 (which represents the absorbed dose by the end of Day 3 from the ingestion on Day 1), that 

of Day 2 and 3 (which represents the absorbed dose by the end of Day 3 from the ingestion on Day 2) 

and the coefficient of Day 3 (which represents the absorbed dose by the end of Day 3 from the 

ingestion on Day 3) must be added. The value of the coefficient is age and organ specific. The 

coefficient for infants (less than the age of 1 year) is used in the calculation. The coefficient takes into 

account the dose contribution from all of the daughter nuclides (of a specified radionuclide) 

occurring after ingestion. However, at the time of ingestion, the specified radionuclide is assumed to 

be the only existing radionuclide [30]. 
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4.3.2 Absorbed Dose Rate Coefficient for External Exposure 

Absorbed dose rate coefficient for external exposure consists of two different sub coefficients: 1) 

exposure rate constant Γ and 2) conversion factor between exposure rate in air and dose rate to 

tissue f [31]. Γ in C∙m2/kg∙Bq∙h gives the exposure rate in air X in C/kg∙s at the point, where the 

absorbed dose rate D to the person in question, as: 

X = Γ × 
𝐴

𝑑²
 

Where A is an activity of the external γ source in Bq and d is the distance between the source and the 

person in m. f in Gy∙kg/C then converts X into D received by the person as:  

D = X × f 

Thus, D is given in Gy/h. Γ and f used in the calculation is shown in Table 25 in Appendix C. They are 

given based on the size of an adult weighing 70 kg, from a point source: the γ source with a specific 

activity is assumed to be placed at a single point. The γ rays emitted from a specified radionuclide 

with energy above 15 keV are taken into account. The dose contribution from all of the daughter 

nuclides (of a specified radionuclide) is not taken into account, except 137Cs whose daughter 137mBa 

has sufficiently short half-life. Occurrence of Bremsstrahlung is neglected [31].  

 Assessment of Health Effects of Radiation 4.4

When radiation ionizes a biological matter ― a body ―, the ionization may result in double-strand 

breaks (DSBs) of DNA in a cell. The biological process in the cell attempts to repair the DSBs. 

However, some DSBs are either non-repairable or only repairable into lethal chromosomal 

aberrations. These result in death of cells or mutation of damaged cells. The body replaces these 

dead cells as a part of a natural process. However, the replacement of the dead cells may not occur 

in reasonable time, if a large number of cells are lethally damaged in a short time. Considerable 

amounts of such cell death, if concentrated, can induce tissue reactions; this is known as 

deterministic effects. Some DSBs are repairable into chromosomal aberrations [32] that may result in 

gene/chromosomal mutations. Such mutations significantly contribute to an increase in cancer risk; 

this is known as the stochastic effect. Deterministic effects are characterized by threshold: the 

absorbed dose capable of sustaining tissue reactions into a clinical expression [28]. The severity of 

the effects, above the threshold, increases with higher doses. In the case of the stochastic effect, the 

probability of occurrence of this effect for higher doses has a linear relation to dose, i.e. greater in a 

higher dose. However, the severity of the effect is independent of dose. In this work, health effects 

are assessed only by deterministic effects. This is based on an assumption that perpetrators carry out 

a radiological attack where they want effects to become apparent quickly (within days to weeks).  

4.4.1 Type of Deterministic Effects 

Among the different types and levels of deterministic effects, the ones that are relevant in this work 

are prodromal syndrome, hematopoietic syndrome and gastrointestinal syndrome. The prodromal 

syndrome is the term used to describe specific symptoms that may indicate the onset of disease. 

Prodromal syndrome can be caused due to absorption of radiation, both internally (in the abdomen) 

and externally (in the head and torso areas). Prodromal syndrome results in morbidity, i.e. the 

condition of worsened health yet not being lethal. Morbidity may reduce quality of life, such as seen 
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in disability. Symptoms of the syndrome include vomiting and diarrhea from the ingestion of 

radionuclides and anorexia, nausea, fatigue, vomiting and diarrhea from external exposure [33]. 

Hematopoietic syndrome, also known as bone marrow syndrome, is caused by death of blood cells 

due to the absorption of radiation in the bone marrow. The hematopoietic syndrome results in 

mortality, i.e. the death. Symptoms of this syndrome include bleeding and inability to fight infection 

[33]. Gastrointestinal syndrome is caused due to the absorption of radiation in the colon, if 

radionuclides are ingested. The gastrointestinal syndrome also results in mortality. Symptoms of the 

syndrome include vomiting, diarrhea and gastrointestinal bleeding [33]. The threshold of all of the 

syndromes is shown in Table 1. In the calculation, the absorbed dose to the large intestine is used for 

the gastrointestinal syndrome. The sum of absorbed dose in the stomach, the small intestine and the 

large intestine is used for the prodromal syndrome caused by ingestion of radionuclides. The 

absorbed dose to the bone marrow is used for the hematopoietic syndrome. The absorbed dose rate 

coefficient is calculated for each syndrome and is shown in Table 24 in Appendix C. The RBE value of 

2 is applied for the absorbed dose given to the bone marrow from 241Am contributed by α particles 

[33].   

 

Table 1: Threshold of the different deterministic effects is shown. The thresholds for the syndromes that result 
in mortality (shown above with *) are based on the effects that occur in 1% of adults, while that for morbidity is 
based on 1% [33]. Since the threshold is derived based on the tissue reactions in adults, the values are not 
specific to infants. 

Deterministic effect Region/organ Threshold (Gy) 

Prodromal syndrome 
(ingestion) 

  

Vomiting 
Abdomen 

0.49 

Diarrhea 0.55 

Hematopoietic syndrome Bone marrow 1.5* 

Gastrointestinal syndrome Colon 23* 

Prodromal syndrome 
(external exposure) 

  

Anorexia 

Head and torso 

1.0 

Nausea 1.4 

Fatigue 1.5 

Vomiting 1.8 

Diarrhea 2.3 

 Temperature Increase in Matter Caused by Radionuclides 4.5

In this work, temperature increase of IMF that is contaminated with radioactive sources during its 

production process is investigated. This is to assess if the temperature increase can be used to detect 

radioactive sources.   

Radionuclides can generate significant amount of heat by absorbing the energy carried by emitted 

particles from the disintegration process. Specific power is the power produced due to disintegration 

per unit mass of a radioactive compound. Specific heat is the energy necessary in order to raise the 

temperature per unit mass of the matter by 1 °C. The rate of the temperature increase of the matter 
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caused by the radioactive compound in the matter is therefore calculated using specific power and 

the specific heat. 

4.5.1 Specific Power 

Specific power used in this work is given with the unit of W/g. The unit for power, W, is equivalent to 

J/s. Specific power is often given for a specific radioactive compound. However, it can be converted 

into that for a radionuclide which forms the compound, by using the mass ratio of the radionuclide to 

the compound. This is if the specified radionuclide is the only radionuclide that exists in the 

compound. Thus, the specific power of the radionuclide is given in J/s∙g, regardless of type of 

compound. Specific activity ASpec of the radionuclide in Bq/g is given as:  

 ASpec = 
𝑙𝑛2∙𝑁𝐴

𝑡½∙𝑀
 

Where NA is the Avogadro constant, t1/2 is the half-life of the radionuclide in s and M is the atomic 

mass of the radionuclide. The energy generated per unit time and unit activity of the radionuclide, in 

J/s∙Bq, is then given by division of the specific power by the specific activity of the radionuclide. The 

specific power used in this work is shown in Table 2.  

 

Table 2: Specific power in W/g used in this work is shown. For 
241

Am, the value is given for the radionuclide, not 
in a form of compound. 

Compound/nuclide Specific power (W/g) 
137CsCl 0.122 [34] 

90SrTiO3 0.256 [35] 
241Am 0.11 [36] 

4.5.2 Specific Heat 

Specific heat used in this work is given with the unit of cal/g∙°C. 1 cal is 4186 J. Therefore, the value of 

specific heat can be converted into the unit of J/g∙°C using the conversion rate. The specific heat used 

in this work is shown in Table 3.  

 

Table 3: Specific heat in cal/g∙°C used in this work is shown for each compound. IMF represents the solid 
compounds in the IMF mixture during its manufacturing process. 

Compound/nuclide Specific heat (cal/g∙°C) 

Water 1.00 

IMF 0.363 [37] 

 Minimum Detectable Activity 4.6

In this work, Minimum Detectable Activity (MDA) of 90Sr, 137Cs and 241Am are taken from references 

and used in the calculation. The MDA is influenced by many parameters such as the type of detector 

used, counting time and the geometry between the sample and the sensitive part of the detector. 
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Optimizing each parameter is important. However, in the case of an radiological attack (such as the 

hypothesis in this work), fast detection of radionuclides is the main priority. 137Cs and 241Am emit γ 

rays, while 90Sr emits no γ rays but β particles instead. The activity of each radionuclide is assumed to 

be detected using common laboratory detectors. Therefore, a High Purity Germanium (HPGe) 

detector is chosen for the detection of 137Cs and 241Am, and a Liquid Scintillation Counter (LSC) is 

chosen for the detection of 90Sr.  

4.6.1 MDA Obtained by HPGe Detector  

The values of the MDA for 137Cs and 241Am used in this work, as shown in Table 4, are taken from a 

reference [38] The MDA given in the reference is determined based on the capability to identify an 

unknown radionuclide [39]. The MDA obtained with the counting time of 5 hours using a P type 

HPGe detector, which is the most commonly used HPGe in laboratories for counting, with the 

relative efficiency of 80% is used in the calculation. In the reference, the radionuclides are separately 

dissolved in water. 

  

Table 4: MDA of 
137

Cs and 
241

Am in a sample using a HPGe detector with a counting time of 5 hours. The MDA is 
obtained from a P type of HPGe detector with the relative efficiency of 80%.  

Detector type Radionuclide MDA (Bq/kg) 

P type 
137Cs 0.6 

241Am 3 

 

4.6.2 MDA Obtained by LS system 

The value of the MDA for 90Sr, used in this work, is taken from another reference [40]. In the 

reference, a detection of Cerenkov photons is used to detect the activity of β particles emitted from 
90Sr and its daughter nuclide 90Y. The β particles with the minimum energy of 263 keV generate 

characteristic photons that are seen as blue light, when they travel in water [41]. These photons are 

called Cerenkov photons, and their blue light can be detected using a LSC. Cerenkov counting 

requires no scintillation cocktails, and therefore direct counting of a sample dissolved in an aqueous 

phase is possible. The counting efficiency of Cerenkov photons is lower if the presence of β particles 

had been detected with the aid of a scintillation cocktail that emits light after being exited by 

interaction with the particles. However, this is improved as the average energy of β particles 

increase. Additional advantages, such as no chemical quenching, are given by the counting of 

Cerenkov photons. In the reference, widely accessible milk (purchased from regular grocery stores) is 

used to dissolve the radionuclides, instead of water. Therefore, the counting efficiency is strongly 

affected due to color quenching. This is taken into account by the MDA calculated in the reference. 

The value of 63.4 Bq/L is given for the MDA of 90Sr dissolved in milk (with 3% fat content) for a 

counting time of 4 hours [40]. 

  



 

16 
 

4.6.3 Permissible level of Radionuclide in Food 

The activity concentration level of radionuclides in food is regulated by several different 

organizations worldwide for different purposes. Among them, two of the most commonly referred 

levels: the Derived Intervention Level (DIL) given from the US Food and Drug Administration (FDA); 

and the Guideline Level (GL) from the Codex Alimentarius Commission (CAC); are chosen for this 

work. The DIL is an indication for the necessity of an intervention. When the activity concentration of 

a radionuclide in food exceeds its DIL, protective measures should be introduced [42] The GL is an 

indication for acceptance of commodities moving in international trade. When exceeded, 

governments should make decisions on whether and under what kind of circumstances the food is 

allowed to be distributed within their countries [43]. The activity concentrations given as the GL and 

the DIL are shown in Table 5. The concentrations are originally given in pCi/L and Bq/kg of readily fed 

form (in liquid form in the case of IMF) for the GL and DIL, respectively. In Table 5, the values are 

converted to that for IMF in powdered form. The conversion is made based on an assumption that 30 

g of IMF dissolved in 200 mL of water gives a volume of 220 mL. The density of IMF in readily fed 

form (in liquid form) is approximated with that of milk [44].  

 

Table 5: DIL and GL given from FDA and CAC, respectively, are shown for each radionuclide. 

Radionuclide 
Maximum activity level allowed in IMF (Bq/kg) 

FDA CAC 
90Sr 1 292 7 67 

137Cs 9 689 7 667 
241Am 16.44 7.667 
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5 Scenario Setup  

 Radioactive Source 5.1

Different types of radioactive sources can be used for an attack such as described in this work. The 

consequences of the attack, methods to prevent/detect the attack, and counter measures to make 

the attack more difficult depend, to a large extent, on the type of radioactivity emitted by the 

sources. Furthermore, the consequences and detectability will, to a large extent, be influenced by 

the amount of radioactivity involved. It is not possible within the constraints of the current work to 

consider all possible types of radioactivity. Instead, three different radioactive sources emitting 

different types of radiation are selected for the scenario where powdered IMF would be 

contaminated. The amounts of each source are selected based on what could be available to a 

perpetrator in a realistic scenario: 

 90Sr source in the form of 90SrTiO3 with initial activity of the source equivalent to those found 

in Georgia [15] and current activity as of year 2017 (the source is age of 37 years)  

 137Cs source in the form of 137CsCl with current activity of the source equivalent to the 

Goiânia accident [12] at the time of the accident 

 241Am source in the form of 241AmO2 with activity equivalent to 10,000 household smoke 

detectors as Dhiren Barot intended to use against general public [18] 

Characteristics of each radionuclide are shown in Table 6.    

 

Table 6: Characteristics of selected radionuclides are shown. For 
90

Sr and 
137

Cs, characteristics of their daughter 
radionuclides 

90
Y and 

137m
Ba are included due to their relatively short half-life of 64.0 hours and 2.5 minutes, 

respectively. 
241

Am has nine main daughter radionuclides. However, the first daughter 
237

Np has long half-life of 
2.1×10

6
 year, and thus characteristics of daughter radionuclides of 

241
Am are not taken into account above. For 

β particles, maximum energy is shown. 

Radionuclide Type of radiation; energy (MeV); intensity (%) Half-life (year) 
90Sr/90Y β; 0.546; 100 / β; 2.28; 100 28.8 

137Cs/137mBa β; 0.514; 94 / γ; 0.611; 85 30.1 
241Am α; 5.49; 84.5 and  γ; 0.060; 35.9 432.2 

 

Activity of each source is shown in Table 26 in Appendix D. This activity level is hereafter called 

selected level.   

 

Characteristics of each compound are shown in Table 7. 
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Table 7: Characteristics of compounds are shown.  

Compound Physicochemical form Solubility to water 
90SrTiO3 Ceramic [16] Insoluble 
137CsCl Powder [16] Soluble 

241AmO2 Ceramic powder [16] Insoluble 

 

The 241Am source equipped to household smoke detectors consists of four different layers: a thin 

layer of Au (2 μm in thickness); a thin layer of Au evenly sintered by AmO2 in a ceramic powder form 

(2 μm); another thin layer of Au (2 μm); and a thick layer of Ag (0.2 mm) [45], as shown in Figure 1. 

These four layers are sealed together to form a source. A single source, in the shape of 5 mm 

diameter disk has a weight of 42.9 mg.  

 

 

Figure 1: Schematic of 
241

Am source equipped to a domestic smoke detector is shown. 

 Virtual Manufacturing Facility of IMF 5.2

A virtual manufacturing facility for production of powdered IMF is established for this work. There 

are mainly two different manufacturing processes for production of powdered IMF: One is a dry-

blending and the other is a wet mixing – spray drying. In the dry-blending process, all of ingredients 

received at a manufacturing facility are in powdered form. The ingredients are mixed in the facility to 

meet nutritional requirements of IMF. In the wet mixing – spray drying process, ingredients in both 

liquid and powder forms are blended together. The mixture is pasteurized, and then sprayed into a 

dryer to finally produce a powder form [46]. 

 In this facility, the wet blending - spray drying  [46, 47] is used. The schematic drawing of the facility 

is shown in Figure 2. Skim milk is delivered using a 30 000 L bulk tank truck. The milk is stored in a 30 

000 L storing tank in Area 1 prior to IMF production. The production begins with four 1 000 L mixing 

tanks in Area 2. 750 L of skim milk and 400 kg of powdered ingredients such as minerals, fats, 

carbohydrates, stabilizers and emulsifiers are added in each mixing tank. Therefore, one delivery of 

skim milk results in 40 batches of mixing. All powdered ingredients mentioned above are added at 

the same time to the skim milk during mixing. From one delivery of skim milk, each tank can produce 

10 batches. The mixture is sent to a pasteurization machine and then a homogenization machine. 

The mixture then enters a 15 000 L storage tank in Area 3 directly from the homogenization 

machines. Each storage tank is able to contain the contents of 10 mixing tanks. Hereafter, IMF is 

produced from one storage tank in Area 3 at a time. The mixture passes through a dehydration 

machine followed by a spray drying machine for the mixture to be completely turned into powder. 

The spray drying process is assumed to take one hour. The powdered IMF is then immediately 

canned, and each can is labeled with identification numbers including information such as production 

date and from which specific storage tank in Area 3 it originates. 
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Figure 2: Schematic drawing of a virtual manufacturing facility of powdered IMF is shown. 1) Storing of 
delivered skim milk. 2) Mixing of powdered ingredients with skim milk. 3) Pasteurization. 4) Homogenization. 5) 
Storing at lower than 7 °C. 6) Dehydration. 7) Spray drying with inlet air temperature of 180 °C and outlet air 
temperature of 95 °C. Powder from the dryer is about 30 °C. 8) Sifting for removal of large particles. 9) 
Packaging using inert gas.  

 

The mass ratio of total solids content (suspended solids and dissolved salts in mixture) [48] to IMF 

mixture is initially 40% in the mixing process, increases to 55% after the dehydration process, and 

finally reaches 97% after the spray drying process [46, 47]. This is due to evaporation of water which 

reduces the weight of water component in the IMF mixture during the production. The mass ratio of 

total solids content to skim milk is assumed to be 8.9% [44]. The change in the ratio of total solids 

content to milk/mixture due to change of temperature at each process is neglected. All of the 

ingredients added to skim milk are assumed to be completely dissolved within the temperature 

range of operation in the facility. The tanks and machines in the facility are assumed to be tightly 

connected to each other and sealed during production (except at the time of cleaning of tanks and 

machines). Each process in the facility is fully automated, and therefore no manual participation by 

workers of the facility will take place except for cleaning. A worker is placed at each point of 

manufacturing in order to insure proper functioning of tanks and machines.   

The tank of the delivery truck is based on a standard vehicle for delivering milk. The tank has an 

elliptical cylindrical shape with dimension of 2.8 m in width, 1.8 m in height and 7.6 m in length as 

shown in Figure 3. Distance between a driver and closest surface of the tank is 1.5 m. There are walls 

of steel exist between the driver and the tank, and the total thickness of those together is assumed 

to be 1.5 cm. The storage and mixing tanks have a cylindrical shape. Those cylindrical tanks are 3 m 

by 4.50 m, 1 m by 1.50 m and 2 m by 5 m in diameter and height for the tanks in Area 1, 2 and 3, 

respectively. All tanks in the facility as well as the tank of delivery truck are made of steel with the 

thickness of 1.2 mm. During the IMF production, some skim milk and IMF mixture is lost inside the 

tanks due to residual buildup. The residual levels of milk and mixture remaining in in the tank of the 
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truck and the storage/mixing tanks in Area 1, 2 and 3, after processing, are estimated to be 30 L, 30 

L, 4 L and 20 L, respectively. Loss of milk and mixture inside the pasteurization, homogenization, 

dehydration and spray drying machines as well as in the pipes that are connected in between them 

are assumed to be minimal given to the contact surface area compared to the tanks, and therefore 

neglected. One can of powdered IMF in this facility is set as 800 g. Tin is selected as the material of 

the can. 

 

Figure 3: Drawing of tank truck used for the delivery of skim milk is shown. The tank has an elliptical cylindrical 
shape with dimension of 2.8 m in width, 1.8 m in height and 7.6 m in length. Distance between a driver and the 
tank is 1.5 m. Within this distance, total 1.5 cm thickness of steel is assumed to exist.  

 Model Infant 5.3

For the purpose of this work, a model infant is “constructed”: The infant is fed only with powdered 

IMF since birth until it turns 6 months old. Average daily serving of powdered IMF is 103.5 g and an 

average single serving is 24.6 g. These assumptions are based on typical feeding tables provided by 

existing IMF producers [49].  

 Contamination Scenarios 5.4

Four different scenarios (Scenario 1, 2, 3 and 4) are established for contaminating powdered IMF 

before and during the production, as described in Appendix D. Scenario 4 is inspired by an accidental 

contamination of powdered IMF with 134Cs and 137Cs in Japan few days after the Fukushima Daiichi 

Accidents on 11th of March, 2011 [50]. The contaminated powdered IMF was produced between 15th 

and 20th of March at a facility in city of Kasukabe, 197 km away [51] from the site of the Fukushima 

Daiichi accident. All of the ingredients used for the production was produced and delivered to the 

facility before the accident, and therefore it was concluded that radiocesium in air from outside 

passed through layers of filter, and entered the spray drying machine. Highest concentration of 

radioactive cesium in the air in the period, when the contamination happened, was 189 Bq/m3 [52]. 

This resulted in 30.8 Bq/kg of total radioactive cesium retention to powdered IMF.  

For Scenario 1, 2 and 3, the radioactive source is assumed to be evenly distributed in the mixture. For 

Scenario 4, the air containing the source circulates inside the machine, and thus powdered IMF in the 
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machine is assumed to have equal contact with the source. 5.54% of the source is assumed to be 

retained to the powdered IMF. The ratio is calculated based on the accidental contamination 

mentioned above. One type of spray drying machine generates exit air volume of 1.01×105 m3/h at 

exiting temperature of 110 °C to process 2.50×104 kg/h of wet material [53]. The air volume needed 

in the virtual facility to process one storage tank in Area 3 (with the IMF mixture of 1.17×104 kg) is 

calculated as 3.44×104 m3 at 6 °C, which was the average daily temperature in the city of Kasukabe in 

March 2011 [54]. Entered air volume is assumed to be equal to the exit air volume. Assuming that 

the size of the facility in city of Kasukabe is equal to that of the virtual facility, 6.50×106 Bq of 

radiocesium in the air is calculated to result in retention of 3.60×105 Bq to powdered IMF for 

processing one tank in Area 3. This gives the ratio of retained radiocesium to be 5.54%.    

In this work, the virtual IMF facility is the only targeted facility, and therefore other contamination 

methods, such as contamination of powdered ingredients at their manufacturing facilities and 

contamination of skim milk using contaminated hay to cows, are not considered.  
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6 Calculation and Result 
 

In this work, all of the calculations have been based on published data, and therefore the precision of 

calculated results cannot be better than that of the data. The aim of the following calculations is to 

assess magnitudes, not perform high precision calculations. Therefore, detailed uncertainty 

calculations are not performed in this work. However, assessments of uncertainty are included in this 

section as well as in Section 7.  

Collected parameter values and numbers derived from them were done in an electronic spreadsheet. 

Due to security concerns, these spreadsheets has been classified according to the Norwegian law 

about public access to documents (Offentleglova §16), and is therefore not openly available. 

However, for people with a legitimate need and approval, the spreadsheets are available in 

electronic form from UiO (Contact person is Prof. Jon Petter Omtvedt, j.p.omtvedt@kjemi.uio.no). 

Key results from the calculations are assembled in Appendix D to this document. However, this 

appendix is also classified and not distributed together with the main text, which has been written in 

such a way that is freely available. The classified appendix is only available upon request and after 

approval, in the same way as the electronic appendix. 

 Dilution Rate of Activity at Place in Production Facility  6.1

By defining the amount of activity added at the time of contamination to be 100%, the dilution rate 

of activity in storage/mixing tanks in Area 1, 2 and 3 as well as a single can, i.e. the final product 

which is ready to be distributed, in packaging area are shown in Table 27 in Appendix D for each 

scenario. Radioactive sources, regardless of their solubility in water, are assumed to be evenly 

distributed in the tank specified in each scenario, before contaminated milk/mixture is transported 

to the following machines/tanks. Hereafter, all different concentrations of IMF mixtures from the 

storage tank in Area 1 through the spray drying machine are referred to as mixture, and powdered 

IMF as a final product is referred to as IMF. The number of cans with contaminated IMF produced is 

calculated to be 24 125 for Scenario 1 and 6 031 for Scenario 2, 3 and 4. 

 Health Effects Caused by Selected Sources  6.2

The amount of the selected radionuclides left in a single can is shown in Table 28 in Appendix D for 

each scenario. This is when the activity at the time of contamination is at the selected level (shown in 

Table 26 in Appendix D). 

For mortality, hematopoietic syndrome and gastrointestinal syndrome are the most lethal syndromes 

after ingestion of a radionuclide. Target organs for hematopoietic and gastrointestinal syndrome are 

the bone marrow and the large intestine, respectively. In order to determine a dominancy of the 

syndromes for each source, the syndrome coefficient is introduced. The syndrome coefficient is 

defined as a sum of absorbed dose-rate coefficient for ingestion to target organs of an infant from 

day 1 (the day of ingestion) until the day specified, divided by the threshold of corresponding 

syndrome. The coefficient is given with the unit of per Bq per day. The greater the coefficient, the 

more the corresponding syndrome dominates with the given activity of a radionuclide. Figure 4 

mailto:j.p.omtvedt@kjemi.uio.no
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shows the syndrome coefficient as a function of days since ingestion for each radionuclide. The 

threshold of hematopoietic and gastrointestinal syndrome is 1.5 Gy (without medical treatment) and 

23 Gy, respectively [33]. The thresholds are based on the syndromes to occur in 1% of adults. The 

ingestion is assumed to occur only on day 1. From Figure 4, hematopoietic syndrome dominates for 

ingestion of 137Cs to an infant regardless to activity ingested. For 90Sr and 241Am, gastrointestinal 

syndrome dominates for the first 3 days and 4 days, respectively, and hematopoietic syndrome 

dominates thereafter. This means that, if the activity ingested on day 1 is small enough not to reach 

the threshold of gastrointestinal syndrome during its dominancy, hematopoietic syndrome is the 

only cause of concern for mortality in the case of 90Sr and 241Am. The upper limit of activity on day 1 

not to cause gastrointestinal syndrome during its dominancy is calculated as 5.05×105 Bq and 

3.21×105 Bq for 90Sr and 241Am, respectively. Therefore, as long as radionuclides ingested on day 1 is 

below the calculated activities and no additional ingestions occurs after day 2, hematopoietic 

syndrome dominates for all of the radionuclides.     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Syndrome coefficient in /Bq∙day of hematopoietic and gastrointestinal syndromes is shown as a 
function of days since ingestion of each radionuclide. 

 

Absorbed dose on day 1, to targeted organs of an infant by a single serving of IMF (24.6 g) from a can 

containing 90Sr and 137Cs with the activity at selected level, as specified in Table 28, is shown in Table 

29 in Appendix D. The single serving is chosen for these two sources, since the absorbed dose 
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received from the serving is calculated to give results far beyond the threshold of prodromal 

syndrome for ingestion of radionuclides. Symptoms of the prodromal syndrome, vomiting and 

diarrhea, are assumed to appear when the absorbed dose to the abdomen of the infant reaches the 

threshold of the syndrome. Therefore, the infant is assumed to no longer be fed with the same IMF. 

The threshold for prodromal syndrome is based on the syndrome to occur with a 50% risk in an adult. 

For 90Sr, the large intestine is the organ of interest since the activity ingested from a single serving is 

above 5.05×105 Bq for all scenarios. For 137Cs, the bone marrow is the organ of interest since the 

hematopoietic syndrome always dominates for the radionuclide.  

For 241Am with the activity at the selected level, as specified in Table 28, the absorbed dose to 

abdomen of an infant reaches the threshold of prodromal syndrome on day 4 for Scenario 1 and day 

2 for Scenario 2 and 3, assuming that contaminated IMF is consecutively fed; that is, 24.6 g per 

serving and on average 4.2 times per day. For Scenario 4, the absorbed dose received from being fed 

a whole can of contaminated IMF is still below the threshold on day 8, when the entire can has been 

finished. In case of 241Am, the activity ingested from a single serving is far below 3.21×105 Bq in any 

scenario. Therefore, hematopoietic syndrome dominates for the source with the activity at selected 

level. By assuming that the infant is no longer being fed with the same IMF as soon as the symptoms 

for prodromal syndrome appear, the absorbed dose received in the bone marrow of the infant, from 

consecutive serving for days mentioned above, is shown in Figure 5 for each scenario as a function of 

days since the first ingestion of the radionuclide.    

 

 

Figure 5: Absorbed dose given to the bone marrow of an infant by being fed 
241

Am-contaminated IMF with the 
activity at selected level, as specified in Table 28, is shown. The absorbed dose is received from 5, 2 and 8 days 
of consecutive feeding for Scenario 1, 2 and 3 and 4, respectively. A whole can is equivalent to 7.7 of daily 
servings. The dashed line for each scenario shows the total absorbed dose assumed after the first 50 days. The 
dashed line in green shows the threshold of hematopoietic syndrome. 

 Necessary Activity to Cause Deterministic Effects  6.3

The necessary activity in a can, for a single serving of IMF to give the absorbed dose which reaches 

the threshold of mortality on day 7, is investigated as an example of the activity causing mortality to 

an infant. Hereafter, this activity level is called mortality level. For the threshold to be reached on 

Day 7 for the first time, hematopoietic syndrome must dominate. The rationale for the necessary 
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activity to be based on a single serving is due to immediate development of prodromal syndrome 

from the serving. A period of 7 days is chosen, for the absorbed dose to reach the threshold, in order 

for the contaminated IMF to be distributed widely before the contamination event to the IMF is 

discovered. The necessary activity in a can of IMF for the mortality level is shown in Table 30 in 

Appendix D for the radionuclides previously selected.  However, the symptoms for prodromal 

syndrome may be confused with other common illnesses. Therefore, the infants, who are fed with 

more than a single serving of contaminated IMF with the activity specified in Table 30, will receive a 

total absorbed dose that reaches the threshold of hematopoietic syndrome earlier than day 7.  

Necessary activity in a can, for a single serving of IMF to give the absorbed dose which reaches the 

threshold of morbidity on day 7, is also investigated as an example of the activity causing morbidity 

to an infant. Hereafter, this activity level is called morbidity level. The necessary activity in a can for 

the morbidity level is shown in Table 31 in Appendix D for the radionuclides. Infants who are fed 

with more than a single serving of contaminated IMF, with the activity specified in Table 31, will 

receive the total absorbed dose which reaches the threshold of prodromal syndromes earlier than 

day 7. The absorbed dose may eventually reach the threshold of hematopoietic syndrome, if the 

infants are given consecutive servings. In the case of the 90Sr source, the necessary activity would 

become less to cause mortality and morbidity, if the source is sufficiently aged. This is due to a 

secular equilibrium of 90Sr and 90Y. The absorbed dose rate coefficient used in the calculation takes 

into account 90Y that are generated after ingestion of 90Sr, but not before. The selected 90Sr source is 

age of 37 years, and the activity of 90Y in the source is calculated to be 8 orders of magnitude smaller 

than that of 90Sr. The magnitudes in effect on the necessary activity at mortality and morbidity level, 

due to ingestion of 90Y coexisting with 90Sr, is not investigated in this work.    

Based on Table 30 and 31, the necessary activity at the time of contamination to reach the mortality 

and morbidity level in each scenario is shown in Table 32 in Appendix D.  

 

 Count Rate Measured from a can of contaminated IMF  6.4

In order to calculate a count rate measured from a can of contaminated IMF, γ rays are of interest for 
137Cs and 241Am sources, while β particles are relevant for a 90Sr source. As for the material of the can, 

aluminum and tin are the commonly used. However, in order to calculate the count rate of γ rays and 

β particles conservatively, tin is selected for all of the sources. Tin absorbs energy of γ rays and β 

particles more than aluminum due to its higher density. In the calculation, the mass absorption 

coefficient and the stopping power of IMF is approximated with those of lithium, due to their similar 

density: the density of IMF and lithium is 0.561 g/cm3 [55] and 0.534 g/cm3 [56], respectively. As a 

detector, a NaI(Tl) detector with crystal size of 7.62 cm diameter and length of 7.62 cm (3 inches by 3 

inches) is assumed to be used.   

6.4.1 Count Rate of γ Rays 

Approximations and assumptions used in the calculation of the count rate of γ rays, emitted from a 

can of contaminated IMF with 137Cs and 241Am sources, are schematically shown in Figure 6. The can 

is divided in layers that are 0.5 cm in thickness. Each layer is parallel to the detector surface area. The 

radionuclide in each layer is assumed to be placed in the middle of the layer as a point source. Five 
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different detection distances, 0.5 cm, 2 cm, 5 cm, 10 cm, 25 cm and 50 cm, are chosen between the 

detector surface area and the closest part of the can. No other material except air is assumed to exist 

within the distance. Intensity of the γ rays lost due to interaction with IMF, tin layer, and air within 

the corresponding detection distance is taken into account. The geometry between the point source 

in each layer and the detector surface area is also taken into account. The interaction between the 

detector crystal and the γ rays that reach the detector are assumed to occur with 100% efficiency. 

 

Figure 6: Approximations and assumptions used in the calculation of the count rate of γ rays emitted from a 
can of IMF contaminated with 

137
Cs and 

241
Am sources. The colored volume represents one of virtual layers. 

Within the layer, a radionuclide is, in reality, evenly distributed. However, this radionuclide is assumed to be 
collected in the middle of the layer as a point source, which is represented by a red dot. γ rays that reach the 
detector surface after penetrating the IMF, the tin and the air is represented by a red arrow. A dashed line in 
red shows a sphere with the radius being the distance between the point source and the farthest part of the 
detector surface area. This sphere represents that γ ray from the point source are isotropically emitted. 
However, only the γ rays that are emitted to the area of the sphere which overlaps with the detector surface 
area give count rate. The detector surface area is colored in blue. 

 

The count rates of the γ rays emitted from the can of IMF contaminated with 137Cs and 241Am sources 

are shown in Table 8 and 9, respectively, in different detection distance and at different activity 

levels. Activity in a can of IMF at each level (selected, mortality and morbidity) is specified in Table 

28, 30 and 31.  

 

Table 8: Count rates in cps of the γ rays emitted from a can of IMF contaminated with 
137

Cs source, are shown 
in different detection distance and each activity level. 

Count rate (cps) of γ rays emitted from 137Cs sources at detection distance (cm) 

 
0.5 2 5 10 25 50 

Selected 
level 

Scenario 1 1.36×108 9.00×107 4.76×107 2.25×107 6.00×106 1.83×106 

Scenario 2 5.47×108 3.61×108 1.91×108 9.02×107 2.40×107 7.37×106 

Scenario 3 5.49×108 3.62×108 1.92×108 9.06×107 2.41×107 7.39×106 

Scenario 4 3.03×107 2.00×107 1.06×107 5.00×106 1.33×106 4.09×105 

Mortality level 8.76×105 5.78×105 3.06×105 1.45×105 3.85×104 1.18×104 

Morbidity level 3.98×104 2.63×104 1.39×104 6.57×103 1.75×103 5.36×102 
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Table 9: Count rates in cps of the γ rays emitted from a can of IMF contaminated with 
241

Am source, are shown 
in different detection distance and each activity level. 

Count rate (cps) of γ rays from 241Am sources at detection distance (cm) 

 
0.5 2 5 10 25 50 

Selected 
level 

Scenario 1 3.09×102 2.04×102 1.08×102 50.93 13.57 4.16 

Scenario 2 1.24×103 8.17×102 4.32×102 2.04×102 54.38 16.66 

Scenario 3 1.24×103 8.20×102 4.34×102 2.05×102 54.60 16.73 

Scenario 4 68.62 45.30 23.96 11.32 3.02 0.925 

Mortality level 1.33×105 8.78×104 4.65×104 2.20×104 5.85×103 1.79×103 

Morbidity level 5.09×103 3.36×103 1.78×103 8.40×102 2.24×102 68.60 

 

6.4.2 Count Rate of β particles 

A 90Sr source emits β particles from both 90Sr and its daughter radionuclide 90Y. However, a β particle 

emitted from 90Sr, with its average energy assumed to be 182 keV, i.e. one-third of the maximum 

energy of the β particles emitted from 90Sr, loses its entire energy interacting with the tin layer. 

Therefore, the count rate of the β particles emitted from 90Sr is neglected in the calculation, and thus 

that of the β particles emitted from 90Y is only of interest in this calculation. Approximations and 

assumptions used for the calculation are schematically shown in Figure 7, 8 and 9. In the calculation, 

all of the β particles emitted from 90Y is assumed to have the average energy of 760 keV.  

Majority of the β particles emitted from 90Y inside the can lose their total energies to IMF before 

reaching the tin layer. Therefore, an approximation is made in order to determine a volume in which 

the β particles emitted from 90Y have a potential to pass through the tin layer. This volume is shown 

in Figure 7. 

 

 

Figure 7: Approximation used in order to determine the colored volume in which the β particles emitted from 
90

Y have a potential to pass through a tin layer. (a) The volume is seen from the side of the can. (b) The volume 
is seen from the top of the can. (c) Thickness of the volume d as seen from the top of the can. The red dot 
represents a β particle with the average energy of 760 keV. The red arrow represents the path of the β particle.    

 

Thickness of the specified volume, shown as d, is defined to be the minimum thickness of IMF that 

the β particles, emitted from 90Y with average energy, lose their total energy by interacting with both 

IMF of the thickness d and the tin layer of the thickness 0.2 mm. Therefore, the β particles emitted 
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outside the volume is assumed not to pass through the tin layer. The thickness d is calculated as 0.62 

cm. The specified volume is calculated to be 25.6% of the entire volume of IMF in the can.  
90Y inside the specified volume emits β particles isotropically. Thus, another approximation is 

necessary in order to determine the fraction of the β particles that are emitted toward the tin layer. 

For this approximation, a β particle is placed in the middle of the specified volume, i.e. at the 

thickness of 
1

2
d, as shown in Figure 8. As seen in Figure 8 (a), the angle of emission of the β particle 

which passes through the tin layer is calculated to be 120°. The corresponding solid angle to 120° is π 

sr. Thus, 25% of the β particles emitted from the middle of the specified volume is assumed to pass 

through the tin layer. However, this approximation involves large uncertainties on both the upper 

and the lower side. The uncertainty pertaining to the lower side is that some β particles that manage 

to pass through the tin layer lose a vast majority of their energies interacting with IMF and the tin, 

before passing through the layer. Therefore, the β particles may lose the rest of their energy to air 

while flying toward the detector. Or, the energy conserved to the particles when reaching the 

detector crystal, may not be sufficiently large enough to generate a signal, i.e. count rate. 

 

 

Figure 8: Approximation used in order to determine a fraction of β particles that are emitted toward and pass 
through the tin layer. β particle with average energy of 760 keV is placed in the middle of the volume, which is 
specified in Figure 7. (a) A view from the side of a can. (b) A view from the top of a can. The red dot represents 
the origin of a β particle with the average energy of 760 keV. The red arrow represents the path of the β 
particle. A dashed line in red shows a sphere with the radius being d. This sphere represents that the β particle 
is isotropically emitted from its origin.   

 

The uncertainty pertaining to the upper side is that a part of the specified volume is bent, as shown 

in Figure 8 (b). This gives a slightly greater angle to the emission of the β particles that pass through 

the tin layer, than the angle calculated based on Figure 8 (a). Therefore, in this work, the uncertainty 

of the fraction of β particles to pass through the tin layer is assumed to be ±15%.  

Finally, an approximation used to calculate the count rate of the β particles that have passed through 

the tin layer is shown in Figure 9. 
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Figure 9: Approximation used in order to calculate the count rate of the β particles that have passed through 
the tin layer. The β particles originate from the middle of the can, as a point source. 

 

The fraction of β particles that pass through the tin layer, i.e. 25% of the β particles emitted from the 

specified volume, is now assumed to originate from the middle of the can, as a point source. 

Detection distances of 0.5 cm, 2 cm, 5 cm, 10 cm, 25 cm and 50 cm are chosen. No other material 

except air is assumed to exist within the distance. Between the point source and the detector surface 

area, the energies of the β particles lost due to interaction with IMF of thickness 
1

2
d, the tin layer and 

the air within the corresponding detection distance are taken into account. The geometry between 

the point source and the detector surface area is also taken into account. The interaction between 

the detector crystal and the β particles are assumed to occur with 100% efficiency. The count rate of 

the β particles, emitted from a can of IMF contaminated with 90Sr source, is shown in Table 10 in 

different detection distance and at different activity level. The energy of the β particles when 

reaching the detector surface area is calculated to be 321 keV, 317 keV, 310 keV, 297 keV, 261 keV 

and 200 keV for the detection distance of 0.5 cm, 2 cm, 5 cm, 10 cm, 25 cm and 50 cm, respectively.  

 

Table 10: Count rates in cps of the β particles emitted from a can of IMF contaminated with 
90

Sr source, are 
shown in different detection distance and at different activity level.  

Count rate (cps) of β particles emitted from 90Sr sources at detection distance (cm) 

 
0.5 2 5 10 25 50 

Selected 
level 

Scenario 1 1.15×108 7.56×107 4.00×107 1.89×107 5.03×106 1.54×106 

Scenario 2 4.59×108 3.03×108 1.60×108 7.57×107 2.02×107 6.18×106 

Scenario 3 4.61×108 3.04×108 1.61×108 7.60×107 2.03×107 6.21×106 

Scenario 4 2.55×107 1.68×107 8.89×106 4.20×106 1.12×106 3.43×105 

Mortality level 1.16×104 7.66×103 4.05×103 1.91×103 5.10×102 1.56×102 

Morbidity level 6.40×102 4.23×102 2.24×102 1.06×102 28.15 8.63 

  

As mentioned above, the uncertainty of the fraction of β particles, emitted from the specified 

volume and pass through the tin layer, is ±15%. This propagates to an uncertainty of ±60% in the 

calculated values.  
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 Deterministic Effects on Workers  6.5

Workers in the facility may be exposed to external radiation emitted from the respective sources 

inside the tanks in the facility. For 137Cs and 241Am, the external dose will be induced by the 

respective γ-rays emissions. For the 90Sr source, bremsstrahlung photons will be generated due to β 

particle interaction with the steel walls of each tank as well as the mixture inside. Bremsstrahlung 

photons generated from the β particles emitted from 90Sr are neglected. This is because generation 

of bremsstrahlung photons becomes more intense as the kinetic energy of the β particle increases. 

Therefore, to simplify the calculations, only β particles from the daughter radionuclide 90Y are 

considered here. No other radiation will escape the tanks since neither the β particles emitted from 
90Sr, 90Y and 137Cs or the α particles emitted from 241Am are capable of passing through the steel wall 

that is assumed to have a thickness of 1.2 mm. For the calculations, the workers are placed 50 cm 

away from the closest surface of a given tank.    

6.5.1 Absorbed Dose Rate from γ Rays  

Approximations and assumptions used in the calculation of the absorbed dose rate, given from the 

external exposure to the γ rays emitted from 137Cs and 241Am inside a tank truck, are shown in Figure 

10.  

 

 

Figure 10: Approximations and assumptions used in the calculation of the absorbed dose rate, given from the 
external exposure to the γ rays emitted from 

137
Cs and 

241
Am inside a tank truck, is shown. The colored volume 

represents one of the layers. Within the layer, a radionuclide is assumed to be collected as a point source, 
which is represented by a red dot. The γ rays, giving an absorbed dose to a driver after penetrating the skim 
milk and the steels, are represented by a red arrow. 

 

The tank is divided in layers that are 5 cm in thickness. Each layer is parallel to the driver. The 

radionuclide in each layer is assumed to be placed in the middle of the layer, as a point source. The 

intensity of the γ rays lost due to attenuation with the skim milk; the steel wall of the tank; and the 

steel walls of 1.5 cm thickness between the driver and the tank, are taken into account. The intensity 

of the γ rays lost due to attenuation with the air between the tank and the driver is neglected. The 

geometry between the point source in each layer and the driver is taken into account by the given 
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absorbed dose rate coefficient for external exposure, prior to the calculation. Mass absorption 

coefficients of skim milk and steel are approximated with those of water and iron, respectively.   

Approximations and assumptions used in the calculation of the absorbed dose rate, given from the 

external exposure to the γ rays emitted from 137Cs and 241Am inside the storage/mixing tanks in Area 

1, 2 and 3, are shown in Figure 11.  

 

 

Figure 11: Approximations and assumptions used in the calculation of the absorbed dose rate, given from the 
external exposure to the γ rays emitted from 

137
Cs and 

241
Am inside the storage/mixing tanks in Area 1, 2 and 3, 

is shown. The colored volume represents one of the layers. The radionuclide is assumed to be collected as a 
point source, which is represented by a red dot. The γ rays, giving an absorbed dose to a driver after 
penetrating the mixture and the steel layer, are represented by a red arrow. 

 

A tank is divided in layers that are 5 cm in thickness. Each layer is parallel to the worker who receives 

external exposure of γ rays. No other material except air is assumed to exist in between the worker 

and the tank. The radionuclide in each layer is assumed to be placed in the middle of the layer, as a 

point source. The intensity of the γ rays lost due to interaction with the mixture and the steel layer is 

taken into account. The intensity of the γ rays lost due to attenuation with the air between the tank 

and the worker is neglected. Mass absorption coefficient of the mixture is approximated with that of 

water.  

The absorbed dose rates that are externally given to a worker, from the γ rays emitted from 137Cs and 
241Am inside the tank of the tank truck, as well as from the storage/mixing tanks in Area 1, 2 and 3, 

are shown in Table 11 and 12 for 137Cs and 241Am, respectively, in each scenario and activity level. 
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 Table 11: External absorbed dose rates in Gy/h that would be received by a worker from γ rays emitted from a 
137

Cs for the different scenario is shown. 

Scenario Activity level 
Absorbed dose rate (Gy/h) given from γ rays of 137Cs 

Delivery Area 1 Area 2 Area 3 

1 

Selected 1.1×10-2 0.17 2.1×10-2 7.5×10-2 

Mortality 5.2×10-5 8.0×10-4 9.9×10-5 3.6×10-4 

Morbidity 2.3×10-6 3.6×10-5 4.5×10-6 1.6×10-5 

2 

Selected   0.83 0.30 

Mortality   9.9×10-4 3.6×10-4 

Morbidity   4.5×10-5 1.6×10-5 

3 

Selected    0.30 

Mortality    3.6×10-4 

Morbidity    1.6×10-5 

 

 

Table 12: External absorbed dose rates in Gy/h that would be received by a worker from γ rays emitted from a 
137

Cs for the different scenario is shown. For the tank of the tank truck, the γ rays are fully absorbed by the 
steel walls of total 1.5 cm thickness existing between the driver and the tank, and thus no absorbed dose rate is 
given to the driver. 

Scenario Activity level 
Absorbed dose rate (Gy/h) given from γ rays of 241Am 

Delivery Area 1 Area 2 Area 3 

1 

Selected 0 3.3×10-8 4.2×10-9 1.5×10-8 

Mortality 0 1.0×10-5 1.3×10-6 4.8×10-6 

Morbidity 0 4.0×10-7 5.1×10-8 1.8×10-7 

2 

Selected   1.7×10-7 5.9×10-8 

Mortality   1.3×10-5 4.8×10-6 

Morbidity   5.1×10-7 1.8×10-7 

3 

Selected    6.0×10-8 

Mortality    4.8×10-6 

Morbidity    1.8×10-7 

 

6.5.2 Absorbed Dose Rate from Bremsstrahlung  

In order to calculate the amount of bremsstrahlung photons generated from the β particles emitted 

from 90Y, an average energy of 760 keV is assumed for all the β particles. Two separated calculations 

are made in order to calculate the absorbed dose rate from the bremsstrahlung photons: the 

bremsstrahlung photons generated in the mixture inside each tank; and the bremsstrahlung photons 

generated in the steel layer of each tank.  

In the calculation of the bremsstrahlung photons generated in the mixture, all of the β particles 

emitted inside each tank are considered. The total energy emitted from the β particles is assumed to 

be fully absorbed by the mixture. Therefore, radiation yield corresponding to a β particle with the 

energy of 760 keV is used to calculate the fraction of the β particle energy converted into 
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bremsstrahlung photons. The average energy of the bremsstrahlung photons is assumed to be 50 

keV. This is the energy of bremsstrahlung photons with the highest intensity that are generated from 

the β particles of 90Sr and 90Y in materials with different densities [57, 58]. Each tank is divided into 

layers with the thickness of 5 cm, as shown in Figure 11. The bremsstrahlung photons generated in 

each layer is assumed to originate in a point source, which is placed in the middle of the layer. The 

interaction of the bremsstrahlung photons with the mixture of corresponding thickness and the steel 

layer of each tank are taken into account. Bremsstrahlung photons have an angular dependency in its 

emitted direction. However, the β particles are emitted isotropically, and therefore the 

bremsstrahlung is assumed to be emitted also isotropically from the point source. The absorbed dose 

rate coefficient of the bremsstrahlung photons is approximated with that of 156mTb, due to the 

properties of this radionuclide: 156mTb disintegrates via internal transition. The only γ rays emitted 

through the disintegration have the energy of 49.6 keV and the intensity of 74%.  

In the calculation of the bremsstrahlung photons generated in the steel layer of each tank, a fraction 

of the β particles that have a potential to reach the steel layer is approximated.  A specific volume of 

the mixture in each tank is determined in the similar way as shown in Figure 7. The thickness of the 

specified volume dBrem is defined to be the minimum thickness of the mixture between the steel layer 

and the origin of a β particle. The β particle, emitted perpendicularly to the steel layer, loses its total 

energy by interacting with the mixture before reaching the steel layer. The β particles emitted 

outside the specified volume is assumed not to interact with the steel layer. The distance dBrem is 

calculated to be 4.0 mm. The specified volume is calculated to be 0.071%, 0.217% and 0.096% of the 

entire volume of the mixture in the storage/mixing tanks in Area 1, 2 and 3, respectively. The 

radiation yield corresponding to a β particle with the energy of 381 keV is used to calculate the 

fraction of the β particle energy converted into bremsstrahlung photons. This is the energy of the β 

particle when it interacts with the mixture with thickness of 
1

2
dBrem and reaches the steel layer. This is 

based on an assumption that all of the β particles in the specified volume are emitted from the 

middle of the volume. The radiation yield from the steel is approximated with that of iron. 90Y inside 

the specified volume emits β particles isotropically. Thus, another approximation, in the same way as 

shown in Figure 8 (a), is necessary in order to determine the fraction of the β particles that are 

emitted toward the steel layer and interact with it. The angle of emission of the β particles which 

interact with the steel layer is calculated to be also 120°, and therefore the corresponding solid angle 

is π sr. Thus, 25% of the β particles in the specified volume are assumed to interact with the steel 

layer. However, this approximation also involves large uncertainty on the upper side, as shown in 

Figure 8 (b). The lower side of the uncertainty is neglected since intensity of photons lost due to 

interaction with air is far less significant compared to that of β particles. Therefore, in order to 

calculate the absorbed dose rate given from the bremsstrahlung photons conservatively, i.e. to 

overestimate in this case, the upper side of the uncertainty, as assumed earlier as +15%, is taken into 

account by the calculation: the fraction of β particles interacting with the steel layer is now modified 

to 40% from 25%.  

Finally, the bremsstrahlung photons with the energy of 50 keV is assumed to originate in the middle 

of each tank, as a point source, as shown in Figure 12. The bremsstrahlung photons are assumed to 

be emitted isotropically from the point source.  
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The total absorbed dose rates that are externally given to a worker, from the bremsstrahlung 

photons from the tank of the tank truck as well as from the storage/mixing tanks in Area 1, 2 and 3 

are shown in Table 13 in each scenario and at each activity level.  

 

 

Figure 12: Approximation used in the calculation of the absorbed dose rate, given from external exposure to 
the bremsstrahlung photons generated in the steel layer of each tank, is shown. The bremsstrahlung photons 
are assumed to originate in the middle of the tank as a point source, which is represented by a red dot. The 
bremsstrahlung photons, giving an absorbed dose to a worker, are represented by a red arrow. 

 

Table 13: Absorbed dose rate in Gy/h that is externally given to the worker from the bremsstrahlung photons 

from the tank in each production area is shown in each scenario and at each activity level. Only the 

bremsstrahlung photons generated by the β particles emitted from 
90

Y is calculated. The bremsstrahlung 

photons generated from both the mixture and the steel layer is taken into account. No absorbed dose rate is 

given to the driver of the tank truck since the photon energy of 50 keV is fully absorbed by the steel layer of 1.5 

cm thickness that is placed between the driver and the tank.  

Scenario Activity level 

Absorbed dose rate (Gy/h) given from bremsstrahlung originate 
in 90Y 

Delivery Area 1 Area 2 Area 3 

1 

Selected 0 3.8×10-4 5.6×10-5 1.8×10-4 

Mortality 0 2.9×10-8 4.3×10-9 1.2×10-8 

Morbidity 0 1.6×10-9 2.4×10-10 2.2×10-9 

2 

Selected   2.3×10-3 7.2×10-4 

Mortality   4.3×10-8 1.2×10-8 

Morbidity   2.4×10-9 2.2×10-9 

3 

Selected    7.2×10-4 

Mortality    1.2×10-8 

Morbidity    2.2×10-9 

 

The absorbed dose rates, given from the bremsstrahlung photons generated from the mixture in the 

storage/mixing tanks in Area 1, 2 and 3, are 88%, 76% and 85% of the total absorbed dose rates 

shown in Table 13, respectively.  

 Temperature Increase 6.6

The rate of temperature increase of the mixture and IMF, due to disintegration of the radionuclides 

is shown in Table 14, 15 and 16 for 90Sr/90Y, 137Cs and 241Am, respectively, at each place in the 
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production facility, in each scenario and at each activity level. The heat generation contributed by 90Y 

is taken into account to the given value of specific power [34]. The mass ratio of total solids content 

to milk/mixture at each place in the production facility is also taken into account. The specific heat of 

solid compounds in the mixture as well as IMF is approximated with 0.36 cal/g∙°C, which is the 

specific heat of dry non-fat milk powder [37]. 

 

Table 14: Rate of temperature increase of the mixture and IMF, due to disintegration of 
90

Sr and 
90

Y is shown in 
each production area, in each scenario and at each activity level. 

Scenario Activity level 
Rate of temperature increase (°C/day) due to 90Sr/90Y 

Area 1 Area 2 Area 3 Packaging 

1 

Selected 3.6×10-2 3.0×10-2 3.0×10-2 0.14 

Mortality 2.7×10-6 2.3×10-6 2.3×10-6 1.1×10-5 

Morbidity 1.5×10-7 1.2×10-7 1.2×10-7 5.9×10-7 

2 

Selected  1.2 0.12 0.56 

Mortality  2.2×10-5 2.2×10-6 1.1×10-5 

Morbidity  1.2×10-6 1.2×10-7 5.9×10-7 

3 

Selected   0.12 0.56 

Mortality   2.2×10-6 1.1×10-5 

Morbidity   1.2×10-7 5.9×10-7 

4 

Selected    3.1×10-2 

Mortality    1.1×10-5 

Morbidity    5.9×10-7 

 

 

Table 15: Rate of temperature increase of the mixture and IMF, due to disintegration of 
137

Cs is shown at each 
production area, in each scenario and at each activity level. 

Scenario Activity level 
Rate of temperature increase (°C/day) due to 137Cs 

Area 1 Area 2 Area 3 Packaging 

1 

Selected 2.7×10-3 2.2×10-3 2.2×10-3 1.1×10-2 

Mortality 1.3×10-5 1.1×10-5 1.1×10-5 5.1×10-5 

Morbidity 5.8×10-7 4.9×10-7 4.9×10-7 2.3×10-6 

2 

Selected  8.9×10-2 8.9×10-3 4.2×10-2 

Mortality  1.1×10-4 1.1×10-5 5.1×10-5 

Morbidity  4.9×10-6 4.9×10-7 2.3×10-6 

3 

Selected   8.9×10-3 4.2×10-2 

Mortality   1.1×10-5 5.1×10-5 

Morbidity   4.8×10-7 2.3×10-6 

4 

Selected    2.3×10-2 

Mortality    5.1×10-5 

Morbidity    2.3×10-6 
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Table 16: Rate of temperature increase of the mixture and IMF, due to disintegration of 
241

Am is shown in each 
production area, in each scenario and at each activity level. 

Scenario Activity level 
Rate of temperature increase (°C/day) due to 241Am 

Area 1 Area 2 Area 3 Packaging 

1 

Selected 2.2×10-8 1.8×10-8 1.8×10-8 8.7×10-8 

Mortality 7.1×10-6 5.9×10-6 5.9×10-6 2.8×10-5 

Morbidity 2.7×10-7 2.3×10-7 2.3×10-7 1.1×10-6 

2 

Selected  7.3×10-7 7.3×10-8 3.5×10-7 

Mortality  5.9×10-5 5.9×10-6 2.8×10-5 

Morbidity  2.3×10-6 2.3×10-7 1.1×10-6 

3 

Selected   7.4×10-8 3.5×10-7 

Mortality   5.9×10-6 2.8×10-5 

Morbidity   2.3×10-7 1.1×10-6 

4 

Selected    1.9×10-8 

Mortality    2.8×10-5 

Morbidity    1.1×10-6 

 

 MDA 6.7

Perpetrators may claim to have contaminated IMF using a radioactive source. However, the activity 

of the source, when and if added, must be enough to be detected in IMF, in order for the 

contamination to be officially confirmed. This is even if the added activity is far from enough to 

develop any deterministic effects in infants. Therefore, the minimum amount of added radioactive 

material that is necessary for enabling detection is investigated. The calculation is based on the MDA 

of 90Sr, 137Cs and 241Am in a laboratory setting. The investigation continues to a detection system at 

the facility by introducing two additional activity levels: MDA level and permissible level. MDA level is 

the maximum detectable activity concentration in IMF to be detected at a laboratory, as mentioned 

above. Permissible level is the maximum activity concentration that is allowed in food for trading and 

consumption. In the calculations, the Derived Intervention Level (DIL) and the Guideline Level (GL) 

given from the US Food and Drug Administration (FDA) and Codex Alimentarius Commission (CAC), 

respectively, are used. The detection capabilities at such activity levels from measurements of a 

single can of IMF are then investigated.  

6.7.1 Necessary Activity at Time of Contamination to be Detected at 

Laboratory  

For 137Cs and 241Am sources, the MDA for a High Purity Germanium (HPGe) detector with relative 

efficiency of 80% is taken from reference [38], as shown in Table 4. Even though the reference found 

the optimal counting time to be between 15 and 20 hours, the MDA given from the counting time of 

5 hours is chosen in the calculation. This is to consider the situation being a radiological attack; 

where the detection and identification of radionuclides must be performed immediately. The MDA is 

given under the condition where the radionuclides are individually measured using water as a 
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medium. Thus, the interference from other radionuclides, originally contained in skim milk such as 
40K, is not taken into account by the MDA. Therefore, interference due to the preexisting 

radionuclides is neglected in this work. 

For 90Sr source, the MDA for a LS system used to count Cerenkov photons is taken from reference 

[40]. The MDA of 63.4 Bq/L is given for a counting time of 4 hours under the condition where the 

radionuclide is dissolved in milk (3% fat content). Assuming that 30 g of IMF dissolved in 200 mL of 

water, and the density of IMF in readily fed form (in liquid form) is approximated with that of milk 

[44], the MDA above is equivalent to 470 Bq/kg for IMF in powdered form. The common IMF sold in 

Norway is in powdered form and has a total fat content of about 3.5 g in 100 mL of readily fed form 

(in liquid form) [49]. This is equivalent to a fat content of 3.4%. Decrease in count rate due to color 

quenching is taken into account by the MDA. 

The minimum activity necessary, at the time of contamination at the facility, in order for the 

contamination to be detected from IMF at a laboratory, is shown in Table 17 for the 137Cs and 241Am 

sources and in Table 18 for the 90Sr source in each scenario.  

 

Table 17: Minimum activity of 
137

Cs and 
241

Am, at the time of contamination at the facility, to be detected at a 
laboratory, is shown in each scenario.  

Detector 
type 

Radionuclide 
Minimum activity necessary at time of contamination (kBq) 

Scenario 1 Scenario 2 Scenario 3 Scenario 4 

P type 
137Cs 11.7 2.91 2.90 52.5 

241Am 58.4 14.6 14.5 262 

 

 

Table 18: Minimum activity of 
90

Sr, at the time of contamination at the facility, to be detected at a laboratory, 
is shown in each scenario. A LS system with the counting of Cerenkov photons is assumed to be used. 

Radionuclide 
Minimum necessary activity at time of contamination (MBq) 

Scenario 1 Scenario 2 Scenario 3 Scenario 4 
90Sr/90Y 9.14 2.28 2.27 41.1 

 

6.7.2 Count rate of Sources in a can of IMF at MDA Level at facility 

The count rate measured from a can of IMF with the activity at MDA level, using a NaI(Tl) detector in 

the facility setting, is shown in Table 19. The count rates are calculated in the same way as in Table 8, 

9 and 10.  
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Table 19: Count rates measured from a can of IMF with activity at MDA level, using a NaI(Tl) detector in the 
facility setting, is shown for each radionuclide and in each distance. 

Radionuclide 
Count rate (cps) in each detection distance (cm) 

0.5 2 5 10 25 50 
90Sr 2.64 1.74 0.920 0.435 0.0116 3.55×10-2 

137Cs 4.18×10-2 2.76×10-2 1.46×10-2 6.89×10-3 1.84×10-3 5.63×10-4 
241Am 6.51×10-2 4.30×10-2 2.28×10-2 1.08×10-2 2.86×10-3 8.78×10-4 

6.7.3 Count rate of Sources in a can of IMF at Permissible Level at facility 

The count rate measured from a can of IMF with the activity at permissible level, using a NaI(Tl) 

detector in the facility setting, , is shown in Table 20. The count rates are calculated in the same way 

as in Table 8, 9 and 10.  

 

Table 20: Count rates given from a can of IMF with activity at permissible level, using a NaI(Tl) detector in the 
facility setting, is shown for each radionuclide in each distance. 

Type Radionuclide 
Count rate (cps) in each detection distance (cm) 

0.5 2 5 10 25 50 

FDA 

90Sr 7.26 4.78 2.53 1.20 0.319 9.76×10-2 
137Cs 6.75×102 4.45×102 2.36×102 1.10×102 29.7 9.09 

241Am 0.357 0.236 0.125 5.89×10-2 1.57×10-2 4.81×10-3 

CAC 

90Sr 4.30 2.84 1.50 0.710 0.189 5.80×10-2 
137Cs 5.34×102 3.52×102 1.86×102 88.1 23.5 7.19 

241Am 0.167 0.114 5.84×10-2 2.76×10-2 7.35×10-3 2.25×10-3 

 

 Chemical Procedures for 90Sr and 241Am Sources  6.8

The 90Sr source from a Radioisotope Thermoelectric Generator (RTG) and the 241Am source from 

smoke detectors, selected in this work, are insoluble to water. In order for these sources to be 

effective, when used in an attack targeting IMF, the sources are preferred to be soluble to water to 

be evenly distributed in the IMF. One approach is to obtain the radionuclides as water-soluble 

compounds in a powder form. However, this approach is time consuming, since it requires using a 

series of chemical procedures. The longer time is spent for the procedures, the higher amount of 

absorbed dose would be received by the perpetrators. Therefore, perpetrators may, instead, dissolve 

the sources in an acid mixture and obtain water-soluble compounds of the radionuclides in a liquid 

form. Another approach is to grind the sources into a powder. However, it may sink to the bottom of 

the tank, instead of being evenly distributed and transferred to the final product, i.e. a can of IMF. 

This results in the attack being unsuccessful.  
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Adding a solution into a tank may also bring some difficulties such as:  

1) The added volume of the solution that is transferred to the tank;  

2) The shielding necessary for such a volume to avoid developing deterministic effects 

to perpetrators during transportation;  

3) The change in pH inside the tank (if quality checks are routinely performed at the 

facility by checking the value of pH); and  

4) The precipitation caused in the tank due to the change in pH when dilution happens.  

The consequences of 1) and 2) can be minimized simply by dissolving the sources in a strongly 

corrosive acid. However, this may maximize the consequences of 3) and 4). Therefore, at least 

reduction of acidity should be performed after dissolving the sources to the acid. The procedures 

introduced below are only suggestions based on literature research, not on actual laboratory works. 

Therefore, the certainty of the methods and the yields of the compounds obtained are not 

investigated in this work. 

6.8.1 Dissolution of 90Sr Sources  

The 90Sr source, originally in the form of 90SrTiO3
 and age of 37 years, approximately contain 90Sr : 90Zr 

in a 1.2 : 1.7 molar ratio. 90Zr is a stable nuclide and generated due to the disintegration of 90Y. The 

number of 90Y atoms is 8 orders of magnitude less than that of 90Sr and 90Zr atoms, and therefore 

neglected. Dissolution of SrTiO3 is successfully demonstrated in a reference [59] using the acid 

mixture of HNO3 : H2O2 : HF = 16 : 2 : 1 in molar ratio. When the 90Sr source is dissolved, 90Sr is 

assumed to form either tetravalent complex 90SrF6
2- or 90SrF2 [60]. 90SrF2 is soluble in concentrated 

HNO3 solution [61]. Ti is assumed to form either a tetravalent complex, such as TiO2
2+[62] with H2O2 

[63], or another tetravalent complex TiF6
2- with HF [64]. 90Zr is assumed to dissolve in the mixture and 

form Zr4+ [41]. After dissolving the source, Ti precipitates as TiO2 [64] by increasing the pH of the 

solution to 3 [60]. Over 90% of Zr precipitates as Zr(OH)4 at pH 3.5[41]. Thus, this method gives a 

solution of 90Sr at pH of 3.5 without majority of Ti and Zr that would otherwise precipitate in a tank.  

6.8.2 Dissolution of 241Am Sources  

The 241Am source, as described in Section 5, contain 241Am, Au and Ag. The number of Au and Ag 

atoms is 4 and 5 orders of magnitude, respectively, greater than that of 241Am atoms. Au dissolves in 

the acid mixture of HCl : HNO3 in a 3 : 1 molar ratio, and forms a chloro-complex of [AuCl4]
-. AmO2 is 

assumed to also dissolve in the acid mixture. This is based on the fact that AmO2 dissolves in the 

excess amount of 6 M HCl solution when heated [61]. When dissolved, AmO2 is assumed to form 

Am3+. On the other hand, Ag forms a layer of insoluble AgCl onto its surface. Some amount of AgCl 

dissolves in a high concentration of HCl solution and forms chloro-complexes of AgCln
1-n, such as 

AgCl2
- and AgCl3

2-. After dissolving the source, Au precipitates as AuO(OH) by increasing the pH of the 

solution [65]. Majority of AgCln
1-n precipitates as AgCl when pH of the solution increases. Thus, this 

method gives a solution of 241Am without majority of Au and Ag that would otherwise precipitate in a 

tank.  
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7 Discussion 

 Effectiveness of Contamination Scenario 7.1

The most effective contamination scenarios, in terms of dilution rate of activity from the time of 

contamination to a single can, are Scenario 2 and 3 with a factor of 4 greater than that of Scenario 1, 

as seen in Table 27. However, Scenario 1 has the ability to contaminate 24 125 cans at once, while 

Scenario 2 and 3 “only” contaminates 6 031 cans, which is the factor of 4 less. Scenario 4, the only 

one that perpetrators may conduct from the outside of the facility without physically entering, is the 

least effective.  This is because the majority of activity at the time of contamination escapes with the 

outlet air during the spray drying.   

 Deterministic Effects to Infant Caused by Selected Activity 7.2

Level 

When an infant ingests a single serving (24.6 g) of IMF contaminated with 90Sr and 137Cs with the 

activity at selected level, the absorbed dose to its large intestine and bone marrow will easily exceed 

the threshold of the gastrointestinal syndrome and hematopoietic syndrome. This is regardless of 

which of the contamination scenarios are chosen, as shown in Table 29. With such an absorbed dose, 

all infants who have ingested a single serving of contaminated IMF will most likely have effects that 

result in mortality.  

On the other hand, the absorbed dose received from a single serving of IMF, contaminated with 
241Am with the activity at selected level, stays far below the threshold of the hematopoietic 

syndrome. The absorbed dose to abdomen of an infant, received from consecutive feedings of the 

IMF, finally reaches the threshold of prodromal syndromes on day 4 for Scenario 1 and day 2 for 

Scenario 2 and 3. In this case, the infants who have ingested the radionuclide may be in position to 

receive prompt and correct radionuclear decorporation to avoid developing the hematopoietic 

syndrome. The total absorbed dose received from the consecutive servings mentioned above seems 

to reach threshold of hematopoietic syndrome within several months after the ingestion in all 

scenarios, as shown in Figure 5. This is due to a daily absorbed dose given to a specific organ (the 

bone marrow in this case) by some radionuclides, such as 90Sr and 241Am, being relatively nearly 

completely retained long after ingestion, as shown in Figure 13. This is largely influenced by the 

organ’s affinity of the radionuclides.   

Deterministic effects such as the hematopoietic syndrome occur when a large number of cells are 

killed due to radiation. However, the degree of the cell killing is influenced by the repairing rate of 

sub-lethal damage within cells that are exposed to radiation. Additionally, undamaged cells 

repopulate within a few days to weeks after the exposure [33]. Therefore, the hematopoietic 

syndrome may not occur, even when the total absorbed dose reaches the threshold of the syndrome 

several months after the ingestion. However, it must be noted that the given thresholds of the 

gastrointestinal and hematopoietic syndromes are based on the symptoms of the syndromes to 

occur with 1% of risk to an adult, not to an infant. Therefore, the thresholds for the syndromes to an 
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infant may be lower than this work accounts for, due to the rapid growing and developing status of 

infant.  

 

Figure 13: Daily absorbed dose per unit activity to the bone marrow of an infant, received from a single 
ingestion of each radionuclide on day 1, is shown [29]. 

 

The difference in the absorbed doses given to the infant, from the three sources, is mainly due to the 

amount of activity selected for each source: the activity at selected level for 90Sr and 137Cs is 

approximately the 6 and 5 orders of magnitude greater than that of 241Am, respectively. When the 

radionuclides with the equal disintegration rate are ingested by the infant, the highest total absorbed 

dose to the bone marrow, from a single ingestion on day 1, is given from 90Sr, as shown in Figure 14. 

The difference in the doses from 90Sr and the other two, however, is a factor of 7 on day 10, not 

several orders of magnitude.  

 

Figure 14: Total absorbed dose per unit activity to the bone marrow of an infant, received from a single 
ingestion of each radionuclide on day 1, is shown. 
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  Count Rate Measured from a Can of Contaminated IMF 7.3

The count rate due to indoor background radiation measured using a NaI(Tl) detector, with a normal 

and practical amounts of shielding around it, is assumed as 5 cps. Therefore, it would be appropriate 

for the detector system to trigger an alarm for abnormal radioactivity, if the total count rate 

detected exceeds 15 cps, i.e. three times the background count rate of the background radiation. 

Assuming that a can of IMF is in a fixed position and not moving, all of the activity levels of the 

contamination with 137Cs sources will easily give count rates that are above 15 cps, i.e. the alarm 

level, in any of the detection distance calculated. For the contamination with 90Sr and 241Am source, a 

majority of activities investigated in this work give count rates that are above 15 cps in any of the 

detection distance calculated. The only cases in which abnormal radioactivity would not be seen is 

the activity at morbidity level (when the detection distance is 50 cm) for the 90Sr source. For the 
241Am source, the activity at selected level in Scenario 3 (when the detection distance is 25 cm and 

50 cm) and Scenario 4 (when the detection distance is 10cm, 25cm and 50 cm) would not be seen as 

abnormal radioactivity. Therefore, as long as the detector is placed fairly close to a can, abnormal 

radioactivity that can potentially cause deterministic health effects to an infant by ingestion can be 

detected, before the cans are widely distributed. However, if the cans are in a mobile position, such 

as when placed on a moving belt conveyer, the count rate measured by the detector from the cans 

would be decreased. This is due to the constant change in the detection distance, as well as the short 

counting time for each can. Therefore, in such a case, the smallest possible detection distance should 

be chosen in order to detect abnormal radioactivity. The rate of decrease in count rate due to the 

mobile position is not investigated in this work. However, if a manufacturing facility has an ability to 

adopt a minor modification in its production line during packaging, the efficiency of detecting 

abnormal radioactivity would be largely improved. For example, by positioning the detector system 

as shown in Figure 15 [66].  

 

 

Figure 15: Schematics of the positioning of a NaI(Tl) detector system at a package site of the facility from 
above. The path of a belt conveyer is looped in order to create a detection area. The area is surrounded by lead 
shielding. Another lead shielding is placed on the other side of the belt conveyer. Lead shielding is also placed 
above and below the detection area.   

 

Lead shielding is placed in such way that the background radiation, occurring outside the detection 

area and emitted toward the detector, is absorbed by the shielding. Therefore, the detector receives 
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minimum of background radiation signals. Thus, the alarm level, 15 cps, would largely be decreased. 

The degree of the background radiation decreased in this way is not investigated in this work.    

In order to obtain even more realistic calculations, a computer simulation program (such as Monte 

Carlo) can model the detection rate and sensitivity by, in detail, calculating the behavior of a large 

number of γ rays (or other types of radiation) in well described system based on the well-known 

physical absorption processes of electromagnetic radiation (and other types of radiation). There is 

available special tool-kits for such calculations that are widely used in the scientific community, e.g. 

the GEANT4 tool-kit from the European Organization for Nuclear Research (CERN) [67-69]. For the 

assessment of the count rate of the γ rays, the simulation can overcome several approximations and 

assumptions in the calculation such as; the point source; the interaction distance of the γ rays with 

the IMF and the tin; and the count rate of scattered γ rays. In this work, the interaction distance was 

assumed to be a minimum, as if all of the γ rays counted are emitted perpendicularly to the detector. 

For the assessment of the count rate of the β particles, the simulation can especially overcome the 

critical assumption in the calculation. That is, the energy of the β particles to be a single value, not a 

continuous spectrum. Therefore, a simulation can improve the calculation further (in addition to the 

case of the γ rays) by correctly assessing the energy of the β particles lost due to the attenuation with 

the IMF, tin and air. This is achieved by applying a proper value of stopping power that corresponds 

to the energy of each β particle. Therefore, the simulation also improve the correct assessment of 

the fraction of the β particles that pass through the tin layer and reach the detector with sufficient 

amount of energy to generate signals, i.e. count rate. In order to improve the calculation in the case 

of 90Sr source, the count rate of the β particles emitted from 90Sr should also be added to that of 90Y.  

There are more than a dozen radionuclides that are pure β emitters, in addition to 90Sr/90Y, and their 

β particle energies are relatively low compared to that of 90Y. In such cases, bremsstrahlung 

generated from IMF and the material of the can may be used in order to detect abnormal 

radioactivity. Using a Monte Carlo simulation may be particularly useful in calculating such a count 

rate. This is partially due to the thickness of the material of a can. Some β particles lose their total 

energy that is left when they reach the material layer to the material. In this case, the fraction of the 

energy converted to bremsstrahlung photons can be calculated using corresponding radiation yield 

to the energy of β particles when reaching the material. However, some β particles lose only a part of 

energy that is left when they reach the material layer to the material. In this case, the corresponding 

radiation yield cannot be used to calculate the fraction of the energy converted to bremsstrahlung 

photons. Therefore, the calculation becomes complicated, and thus the use of a Monte Carlo 

simulation may be essential to achieve a realistic assessment of the count rate of the bremsstrahlung 

photons. In this work, the investigation is limited to the selected radioactive sources due to the time 

restraints of the project.  

 Deterministic Effects to Workers 7.4

For deterministic effects caused by external exposure to γ rays and bremsstrahlung photons, the 

symptoms of the prodromal syndrome caused by external exposure, such as anorexia, nausea, 

fatigue, vomiting and diarrhea, are of interest. The thresholds of these symptoms range between 1.0 

Gy and 2.3 Gy, and is based on the occurrence of each symptom in 50% of adults.   

For the contamination with 90Sr and 241Am sources, the absorbed dose rate given from any points of 

production, in any scenarios, and at any activity levels, is far from enough to cause any symptoms of 
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prodromal syndrome in workers. Regarding contamination with the 137Cs source, the potential places 

in the production facility where symptoms of prodromal syndrome in workers may be developed are 

the storage/mixing tank in Area 1 in Scenario 1, that in Area 2 in Scenario 2, that and in Area 3 in 

Scenario 2 and 3, all with the activity at selected level. Among those, the highest absorbed dose rate 

given is the tank in Area 2 with 0.83 Gy/h. The mixture in the tank in Area 1 is distributed to four of 

the tanks in Area 2 with each of them operating 10 batches. In Scenario 2, the contamination occurs 

only to one of the four tanks in Area 2 with only one out of 10 batches. Assuming that the process of 

mixing takes 2 hours per batch, a worker receives 1.65 Gy. This assumes that the same worker is 

placed by the tank with a contaminated mixture for a period of 2 hours2. This absorbed dose may 

potentially cause anorexia, nausea and fatigue to the worker, while he/she is on duty. The worker 

must be in position (50 cm away from the tank) for a total of at least 1.2 hours and 1.8 hours, in 

order to develop anorexia and fatigue, respectively. However, development of these symptoms in 

only one worker may be easily confused with other common illnesses. Thus, it may not be seen as an 

ongoing abnormality in the production. In the case of the storage tanks in Area 1 and 3, the absorbed 

dose rates given are 0.17 Gy/h and 0.30 Gy/h, respectively. Those are storage tanks, and in this case 

the contaminated mixture may be kept for days, not hours. A total of at least 5.9 hours and 3.3 hours 

are necessary for the tanks in Area 1 and 3, respectively, to result in developing anorexia in a worker. 

However, since it is a storage tank, it is not likely that the worker is placed in the position for such a 

long period. Hence, with all of the sources, in any scenario and at any activity level investigated in 

this work, it is assumed that development of deterministic effects in workers will not alarm ongoing 

abnormality in a production.        

In order to obtain even more realistic calculations, a Monte Carlo simulation can also be applied for 

assessment of the absorbed dose rate given from the γ rays and the bremsstrahlung photons. In the 

case of the bremsstrahlung photons, the simulation overcomes another critical assumption in the 

calculation. That is, the energy of the bremsstrahlung photons being a single value, not a continuous 

spectrum. The simulation may further improve the calculation such as the angular dependency of 

bremsstrahlung photons, in addition to what has been mentioned earlier. In order to improve the 

calculation in the case of 90Sr source, the bremsstrahlung photons generated by the β particles 

emitted from 90Sr should also be added to that of 90Y. In this work, this simulation is not performed 

due to the time constraint of the project.   

 Rate of Temperature Increase  7.5

The rationale of the investigation on the rate of temperature increase in mixture and IMF is to seek 

out a potential method that makes it possible to detect abnormal radioactivity, using different 

physical properties of the radionuclides than the radioactivity. However, the calculated rate for all of 

the sources, in any of the scenarios and at any activity level, seems to be far from enough to be 

detectable.  

Regarding contamination with the 90Sr source with activity at selected level, the mixing tank in Area 2 

in scenario 2 gives the rate of 0.97 °C/day. However, the mixing process is assumed to be for 2 hours, 

                                                           
2
 How realistic it is that a worker will be positioned close to a production tank for 2 hours is of course open for 

discussion. Today, most processes are automated and the workers rarely spend extended periods of time close 
to the tanks. However, for this work, a sort of worst-case scenario where a worker spends prolonged periods of 
time close to the tank is imagined. 
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and therefore the actual temperature increase obtained from the tank is 0.081 °C. Thus, the highest 

possibility to detect the increase in temperature would be given by the can in packaging in Scenario 3 

with 0.46 °C/day. Yet, a detection device, such as a thermal camera, often has the uncertainty of 

about ±2% [70]. Assuming that the room temperature inside the facility is 15 °C, the temperature 

increase of 0.3 °C from the can, compared to its surroundings, is required at all times in order to 

detect an abnormality. The heat generated from 90Sr source inside the can will constantly be lost, 

through the material of the can, to its surroundings. Therefore, the balance between generation and 

loss of heat will be established after equilibrium. This results in the can to be constantly at a higher 

temperature than a normal can. However, the temperature increase of 0.3 °C (65% of generated heat 

a day in this case) may not be difficult to achieve.      

 MDA 7.6

Comparison of Table 17 and 18 with Table 32 shows that the activity at MDA level, in a laboratory 

setting using a HPGe detector and a LSC, is about2, 6 and 5 orders of magnitude lower than that of 

the morbidity level for 90Sr, 137Cs and 241Am, respectively. 

For 137Cs and 241Am, the MDA used in the calculation (counting time of 5 hours) is a factor of 2 

greater than that given from the optimal counting time (15-20 hours), as found in the reference [38], 

for both of the radionuclides. However, these MDAs are still several orders of magnitude below the 

permissible level for what is the legal limit of radionuclide content in food, as shown in Table 5. Since 

the interference from other radionuclides that naturally exist in skim milk is not considered in the 

given MDAs, the minimum activity necessary at the time of contamination may, in reality, become 

slightly greater than that obtained in the calculation. In the case of 241Am, the MDA given from a 

longer counting time may be applied, if the interference from other preexisting radionuclides is 

significant.  

For 90Sr, milk is used to dissolve the source in the reference [40] for the given MDA. The fat content 

of IMF is 0.4% lower than the milk. Therefore, the necessary activity may also be expected to be 

slightly greater than what was obtained in the calculation. However, the given MDA is still at about a 

factor of 2.7 and 1.6 below the permissible level for FDA and CAC, respectively.  

Minimum count rate, in order to detect abnormal radioactivity at the facility, can largely be affected 

by the count rate of background radiation as well as the counting time of a can. The count rate of 

background radiation can be minimized as shown in Figure 15 and in many other similar ways by 

building effective shielding or more advanced detector systems. Therefore, the main difficulty of 

detecting small amount of activity at the facility remains in the counting time. However, the counting 

time must be sufficiently short (ideally set to a few seconds up to a minute) in order not to affect the 

production. This is especially important if the can is not in a still position, for example when on a 

moving belt conveyer. This could be significantly improved, for example, by counting several cans 

(that are randomly selected) at once for a much longer time, instead of counting every can. This, 

however, would not detect instances where only a single can has been contaminated.  

The detection at the facility is performed by measuring from the outside of the can. Therefore, the γ 

rays and the β particles emitted from the sources inside of the can must penetrate IMF and the can 

walls in order to reach the detector. The interaction with the tin layer is calculated to decrease the 

intensity of the γ rays from 241Am significantly to 38.3%, while that from 137Cs remains 98.8%. In the 
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case of β particles from 90Y, the β particles reaching the detector, after interacting with the IMF and 

the tin layer, are calculated to be only 6.4% (with uncertainty of ±3.8%) of the β particles originating 

inside the can. If the facility has a possibility to use aluminum as the material of a can, the intensity of 

γ rays from 241Am is calculated to remain 98.5%. The ratio of β particles reaching the detector 

increases to 30.7% (with uncertainty of ±18.6%)     

In the case of the MDA level, the count rates given from the activities are far from enough to alarm 

about an abnormal radioactivity in the facility for all of the sources. In the case of the permissible 

level, the activity of 137Cs easily alarms an abnormality in any detection distance investigated, while 

that of 241Am is far from enough to alarm. The activity of 90Sr may alarm an abnormality if the 

detection distance is sufficiently short. However, since the uncertainties in the calculation are large, 

this will vary.   

 Chemical Procedures for 90Sr and 241Am Sources  7.7

Radiation protection is necessary for the perpetrators, throughout the chemical procedures as well 

as during the transportation of the solution, until an attack has been carried out. This is because even 

if they are ready to sacrifice their own lives, developing severe deterministic effects can prevent 

them in the process. In order to avoid receiving excess amount of absorbed dose, a perpetrator may 

consider minimizing the amount of the sources dissolved at a time. However, dividing the dissolution 

procedure into several batches becomes time consuming and the perpetrator receives an absorbed 

dose during the procedure. An absorbed dose received from each batch will still be summed up, even 

though a decrease in absorbed dose rate would help recovering damaged DNA each time. Therefore, 

this approach gives no gain to the perpetrator. The best approach would be to use shielding with 

suitable material and thickness. The shielding is also necessary during the transportation of the 

solution. This will complicate the transportation process, since adequate shielding can be quite heavy 

and large.  

In the case of 90Sr source, external exposure due to β particles emitted from 90Sr and 90Y, as well as 

bremsstrahlung photons generated by the β particles in a solution and surrounding materials are to 

be considered. In order to completely shield the maximum energy of the β particles from 90Y, i.e. the 

highest energy of all in this source, a plastic shielding with the thickness of 1.3 cm is necessary. In 

order to shield the majority of bremsstrahlung photons, that mainly distributed in a range between 

50 keV and 400 keV [57, 58], a lead shielding with the maximum thickness of 2 cm is necessary. The 

lead shielding must be placed between a perpetrator and the plastic shielding. This is to avoid further 

generation of bremsstrahlung photons in the lead shielding, since much more bremsstrahlung 

photons are generated in material with high atomic number than that with low atomic number.  

In the case of the 241Am source, external exposure due to γ rays emitted from 241Am is to be 

considered. In order to completely shield the γ rays with the energy of 60 keV, a lead shielding with 

the thickness of 0.1 cm is necessary.  

In addition to the shielding, a mirror can be placed above the working area while dissolving the 

sources. This makes possible to operate and complete the procedures behind the shielding, which 

results in protection for the eyes and head area from external exposure. This is especially needed if 

the source contains very high activity. With such an activity, protecting hands and arms from external 

exposure is also necessary. Clamps, thongs and other remote manipulation tools may be used in 
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order to complete all of the procedures behind the shielding, while minimizing exposure to the 

hands.  

Regarding the difficulties in adding the solution into a tank, as mentioned in Section 6.8, the degree 

of the consequence given from the precipitation caused in the tank due to the change in pH, when 

dilution happens, may depend on factors such as; the amount of precipitation; the flow rate of the 

mixture poured into the solution; and the mass ratio of total solids content to the mixture in the 

tank. The effectiveness of the contamination will largely be affected if the precipitations contain 90Sr 

and 241Am. This is because they may sink to the bottom of the tank, instead of being evenly 

distributed and transferred to the final product (a can of IMF). In the case of 137Cs source, 137CsCl is 

water soluble, and therefore it is expected to give its maximum effectiveness to the contamination in 

its original form. With the dissolution methods mentioned earlier in this work, 90Sr and 241Am are 

assumed to form water-soluble 90Sr(NO3)2 and 241AmCl3. Therefore, the concern regarding the 

effectiveness of contamination can be neglected. Thus, the only concern left is the precipitation 

formed by other nuclides. If they sink to the bottom of the tank, it may alarm an ongoing abnormality 

in the production. On the other hand, if they are dispersed evenly in the mixture, the contamination 

is not noticeable. The mixture contains stabilizers and emulsifiers, and these may contribute to keep 

the precipitations in the mixture and form colloids. If that is the case, the same effect would be 

applicable to sources that are made into a powdered form, for example using a grinder, without any 

chemical procedures. This is if the size of the particles that are ground is sufficiently small. In this 

work, chemical effects given from the addition of stabilizers and emulsifiers to the sources of 

contamination are not investigated. 

 Potential of Radiological Attack Compared with Other CBRN 7.8

Attacks, Traditional Attacks and the September 11th Attack 

Nuclear weapons require state of the art technology, in addition to actually obtain (or produce) 

plutonium or highly enriched uranium. They would be the most challenging of any CBRN attack. 

Chemical, biological and radiological agents, in readily usable form and in a large quantity, are not 

easily accessible either. Therefore, such programs, in the cases of chemical and biological agents, 

have historically been conducted with governmental involvement [71, 72]. However, since the 

collapse of the former Soviet Union in 1991, large black markets of refined CBRN agents have been 

thriving under the radar [73]. In addition to this, the recent civil war in Syria (that started in 2011 and 

still continuing to date) may have become the latest contribution to this black market [74], making 

refined CBRN agents even more accessible.  

On the contrary to refined CBRN agents, there are crude-type of chemical, biological and radiological 

agents, which is one of the focus points in this work. Necessary agents in crude form are stored at 

civilian facilities (educational/research institutions, commercial industries or medical hospitals and 

facilities). Some agents are available to anyone as commercial products in regular stores, such as 

smoke detectors equipped with 241Am. Even though the amount of agents contained in a single 

product may be extremely small, collecting tens of thousands of these products would pose a 

possible threat. The crude-type CBRN attack is logistically more advanced than that of a conventional 

attack, which requires the lowest amount of technology if any, techniques and tools, such as use of a 
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truck or a knife against soft targets. However, the crude-type CBRN attack can cause a much greater 

physical, psychological and economic impact, if successfully carried out.   

Limiting the case to an attack to contaminate IMF, as described in this work, the effectiveness of 

chemical, biological and radiological attacks, regardless to the use of refined or crude-type of agents, 

would be mainly determined by factors such as: physicochemical form of the agent at the time of 

contamination; and durability of the agent to heat and wetness. In terms of physicochemical form, 

using the agent in a gas form at the time of contamination, except in Scenario 4, would be much 

harder than that in a liquid or solid form. In the case of liquid form, miscibility to water may not play 

an important role due to addition of emulsifiers and stabilizers to IMF mixtures during the 

production. In the case of solid form, the agent should be finely ground for the best possible 

effectiveness, if insoluble to water (or rather milk). In terms of the durability to heat, biological 

agents would not survive through the spray drying process at 180 °C. The temperature used to 

sterilize biological agents, such as Anthrax and Plague, is 121 °C [75, 76]. In terms of the durability to 

wetness, many chemical agents hydrolyze [77] and result in different chemical compounds that may 

not be as toxic as initially expected for the agents, even though they would still be toxic. However, it 

must be noted that some chemical agents, such as a vomit agent Adamsite, form toxic oxides by 

hydrolysis [77]. The degree of occurrence in hydrolysis of the agents, within the temperature range 

used in the facility, is individual to each agent. This is because the degree depends on each reaction 

being exothermal or endothermal. In the case of radiological agents such as 90Sr, 137Cs and 241Am, 

their compounds mentioned in this work (90Sr(NO3)2, 
90SrTiO3, 

137CsCl, 241AmO2 and 241AmCl3) are 

stable to heat within the range used in the facility. Hydrolysis of the compounds, even if any, would 

not affect their toxicity since radiological toxicity originates in each radionuclide, not its compound. 

Based on these facts, the radiological agents would give the highest ability in achieving the effect 

that is initially expected for the agent, in the case of contamination of IMF. In the case of 

contaminating other processed foods, each type of agents may demonstrate different ability from 

what is discussed above. This is because the type of processed food determines the range of 

temperature and pH used, the manufacturing process, such as from wetness/dryness to production 

line being sealed/unsealed.  

The effectiveness of the contamination, in terms of spreading negative health effects to general 

public, can be brought by difference in the nature of chemical, biological and radiological agents. 

That is, ability to infect others. Some biological agents, such as Plague, are extremely infectious [78]. 

A person who has been infected by an infectious biological agent will further infect others and 

spread the same type of negative health effect. If the biological agent is one of those that health 

authorities expect to diagnose occasionally, it may cause a delay in discovery of the outbreak. A 

person who has ingested a chemical or radiological agent will not give the same type of negative 

health effects to others. In the case of radiological agent, the person will, instead, give some amount 

of absorbed dose to others from external exposure due to γ rays and bremsstrahlung photons 

emitted from the body of the person. However, the effect from this would be extremely small. If the 

person develops distinct symptoms that are unique to health effects caused by radiation or 

chemicals, a large investigation would immediately take place.   

In the case of a crude-type attack, the agents used for a contamination must be prepared before 

carrying out the attack. One of the difficulties of the crude-type attack may also come down to the 

nature of the agents, as mentioned above, during the preparation process: That is, spreading 

negative health effects to others, including all perpetrators, if more than one. If civilians are infected 
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during the preparation, a large investigation could take place before the actual attack is even carried 

out. Further difficulties of the crude-type attack, during the preparation process, may lay on another 

nature of the agents: That is, physicochemical form of the agent during the preparation process. In 

the case of the radiological agent, the origin of hazard is clear as long as the agent is dissolved in a 

solution, as mentioned in Section 7.7. The chemical and biological agent, however, may escape in air, 

which would make it harder to avoid, unless a proper ventilation system is equipped in the work 

area.  

Lastly, as mentioned in Section 2, some perpetrators may have an ambition to obtain media 

attention (similar to that of the September 11th attacks in the US). It is scientifically difficult to 

compare the impact of the September 11th attacks with the attacks investigated in this work. 

However, in terms of fatality, the September 11th attacks resulted in 2977 fatalities in total where 

2753 of those occurred in the World Trade Centers [26]. To emphasize the importance and 

discoveries made in this work, the radiological attack described in Scenario 1 produces 24 125 cans 

of contaminated IMF and that in Scenario 2, 3 and 4 produces 6 031 cans. These cans will, of course, 

not be delivered to retailers at the exact same time. Some retailers may have a certain numbers of 

cans from previous deliveries left in store. Due to these, the contaminated cans will not be purchased 

at the exact same time. Assuming that 10% of the cans are being used before the attack is 

discovered. Depending on the amount of activity added, fatality from this radiological attack may be 

comparable to that of the September 11 attacks.  
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8 Conclusion 
 

Based on the assumption that the deliberate radiological attack investigated in this work is 

successful, there is a potential of a considerably large number of infants that would receive negative 

health effects, i.e. mortality or morbidity, due to the ingestion of radionuclides in contaminated IMF. 

This largely contradicts the conclusion made by the majority of literature that in the scenarios 

described mainly focus on methods such as RDD. That is, even when a radiological attack is 

successfully carried out, it is expected to cause a very small number of casualties. However, the 

radioactivity released from contaminated IMF at the mortality and morbidity levels are detectable, 

during the production, if the facility is capable of placing a NaI(Tl) detector or other appropriate 

detectors at the packaging site. The detection can be performed from the outside of its packaging (a 

can), and therefore the production line would not be negatively affected. In the case of 

contamination at permissible level, the detector would successfully alarm the abnormality only for 

the 137Cs source. Yet, permissible level of contamination causes no negative health effects even if the 

radionuclides are ingested. In order to prevent public fear and panic, clear and sensible 

communication is highly recommended between the responsible organizations and the general 

public. 

This investigation has also discovered another important fact. That is, the radioactive sources that 

are easily accessible to the general public (such as those in domestic smoke detectors) make for the 

possibility of a crude-type attack. In the case of the 90Sr and 241Am sources selected in this work, the 

original physicochemical forms of the sources make the attack difficult, but not impossible if the 

perpetrators are fully committed. Improving the physicochemical forms of easily accessible 

radioactive sources may be an approach to prevent the crude-type attack. However, more 

importantly, another approach such as to place a NaI(Tl) detector in food industries would be much 

needed. 

Lastly, even though the scope of this work, in terms of consequences, is limited to scientific facts, i.e. 

negative health effects to individuals, it would be very possible that the type of radiological attack 

described in this work would bring further consequences such as: an economic impact on the brand 

and the industry due to the fact that IMF is targeted; an economic impact on the facility due to 

decontamination of its production line; and loss of public confidence.    
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Appendix 

Appendix A: Definitions 
 

The following definitions and concepts are used throughout this work: 

Syndrome – Medical term for when illness is present. 

Symptom – Medical term for an indication of a symptom. 

Threshold for syndrome – Dose when a given rate of persons exposed to this condition will contract 

a given syndrome (illness). In this work, the condition is limited to only when a certain amount of 

radiation has been absorbed, both internally and externally. 

Mortality – Conditions that lead to early death.  

Morbidity – Conditions that are non-lethal.  

Hematopoietic syndrome – Syndrome caused due to blood cells that are killed by radiation. The 

syndrome is also known as bone marrow syndrome. Symptoms of the syndrome include bleeding 

and inability to fight infection [33].  

Gastrointestinal syndrome – Syndrome caused due to gut cells that are killed by radiation. 

Symptoms of the syndrome include vomiting, diarrhea and gastrointestinal bleeding [33].  

Prodromal syndromes –Syndrome caused due to absorbing radiation in the head and trunk (torso) 

areas. The term used to describe specific symptoms that may indicate the onset of disease. The 

symptoms include anorexia, nausea, fatigue, vomiting and diarrhea [33]. 

Absorbed dose – Energy of radiation deposited to a given organ. Unit of Gy is used. 

Absorbed dose rate coefficient for ingestion – Coefficient used to convert a given activity of 

radionuclide in Bq ingested to absorbed dose of a given organ. Unit of Gy/day∙Bq is used. The 

coefficient is given for each day since the day of ingestion.  

Absorbed dose rate coefficient for external exposure - Coefficient used to convert a given activity of 

radionuclide in Bq placed as a point source to absorbed dose rate of a whole body. Unit of Gy/h∙Bq is 

used. 

Total absorbed dose – Sum of absorbed dose received since the first ingestion of a radionuclide until 

the day specified. 

Daily absorbed dose – Absorbed dose received on the day specified due to ingestion of a 

radionuclide on day 1. 

Single serving – Amount of IMF fed to an infant per time. 24.6 g is assumed.   

Daily serving – Amount of IMF fed to an infant per day. 103.5 g is assumed.  

Consecutive serving – Multiple amount of IMF fed to an infant. Single serving or daily serving of 

specified times.   

Selected level – Activity concentration in IMF given from the activity at the time of contamination 

specified in Table 26.  

Mortality level – Activity concentration in IMF of which the absorbed dose received from ingesting 

one serving reaches the threshold of hematopoietic syndrome in 7 days after the ingestion. 
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Morbidity level - Activity concentration in IMF of which the absorbed dose received from ingesting 

one serving reaches the threshold of prodromal syndrome in 7 days after the ingestion. 

MDA level - Activity concentration in IMF of which the activity level is the minimum detectable in a 

laboratory setting. 

Permissible level - Activity concentration in IMF of which the activity level is equal to the DIL and GL 

given from FDA and CAC, respectively.  
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Appendix B: List of Abbreviations 
 

CAC – Codex Alimentarius Commission 

DIL – Derived Intervention Level 

FDA – US Food and Drug Administration 

GL – Guideline Level 

IMF –Infant Milk Formula 

MDA –Minimum Detectable Activity  

RBE – Relative Biological Effectiveness 

RDD – Radiological Dispersion Devices 

RTG –Radioisotope Thermoelectric Generator 
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Appendix C: List of Coefficients 
 

Table 21: Radiation yield used in this work is shown for each material and for the energy of β particles in MeV 
when reaching the material [79]. 

Material Energy of β particle 
(keV) 

Radiation yield 

Iron 400 8.489×10
-3

 

Water 800 2.928×10
-3

 

 

 

Table 22: Mass stopping power in MeV∙cm
2
/g, used in this work, is shown for each material for the energy of β 

particles in MeV when reaching in the material. Density of each material in g/cm
3
 is also shown [79]. 

Material Energy of β particle 
(keV) 

Mass stopping power 
(MeV∙cm

2
/g) 

Density of material 

Air 350 1.984 1.225×10-3
 

Lithium 800 1.551 0.534 

Tin 500 1.256 7.31 

Water 800 1.896 1 

 

 

Table 23: Mass absorption coefficient in cm
2
/g, used in this work, is shown for the energy of γ rays in keV when 

reaching the material. Density of each material in g/cm
3
 is also shown [56]. 

 

Energy of 
photons 

(keV) 

Mass 
absorption 
coefficient 

(cm2/g) 

Density (g/cm3) 

Air (dry) 
60 1.875×10-1 

1.225×10-3 
600 8.055×10-2 

Iron 

50 1.958 

7.874 60 1.205 

600 7.704×10-2 

Lithium 
60 1.438×10-1 

0.534 
600 6.968×10-2 

Tin 
60 6.564 

7.31 
600 8.113×10-2 

Water 
(liquid) 

50 0.2269 

1.00 60 0.2059 

600 8.956×10-2 
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Table 24: Absorbed dose rate coefficients for ingestion used in this work in Gy/day/Bq are shown for each 
radionuclide and for each syndrome. The coefficients are given for each day from day 1 to day 7. Day 1 is the 
day the specified radionuclide is ingested. The coefficients are originally given for different organs in the 
reference [29]. 

Nuclide Syndrome 

Absorbed dose rate  coefficient (Gy/day/Bq) on the specified day since ingestion 
of radionuclide on day 1 

1 2 3 4 5 6 7 

90
Sr 

Gastrointestinal 4.55×10
-5

 5.31×10
-5

 3.37×10
-5

 1.83×10
-5

 9.18×10
-6

 5.71×10
-6

 3.57×10
-6

 

Hematopoietic 1.89×10
-6

 3.31×10
-6

 4.10×10
-6

 4.63×10
-6

 5.01×10
-6

 5.19×10
-6

 5.35×10
-6

 

Prodromal 5.22×10
-5

 5.34×10
-5

 3.41×10
-5

 1.86×10
-5

 9.59×10
-6

 6.14×10
-6

 4.00×10
-6

 

137
Cs 

Gastrointestinal 2.83×10
-6

 3.12×10
-6

 3.14×10
-6

 3.09×10
-6

 2.98×10
-6

 2.89×10
-6

 2.77×10
-6

 

Hematopoietic 7.53×10
-7

 7.56×10
-7

 7.25×10
-7

 6.95×10
-7

 6.64×10
-7

 6.41×10
-7

 6.12×10
-7

 

Prodromal 8.75×10
-6

 4.75×10
-6

 4.71×10
-6

 4.59×10
-6

 4.41×10
-6

 4.27×10
-6

 4.09×10
-6

 

241
Am 

Gastrointestinal 3.04×10
-5

 2.78×10
-5

 1.35×10
-5

 5.85×10
-6

 2.24×10
-6

 1.05×10
-6

 3.96×10
-7

 

Hematopoietic 9.21×10
-7

 1.40×10
-6

 1.49×10
-6

 1.53×10
-6

 1.54×10
-6

 1.54×10
-6

 1.54×10
-6

 

Prodromal 3.56×10
-5

 2.79×10
-5

 1.36×10
-5

 5.89×10
-6

 2.27×10
-6

 1.07×10
-6

 4.10×10
-7

 

 

 

Table 25: Two different absorbed dose rate coefficients for external exposure used in this work, exposure rate 
constant in C∙m

2
/kg∙Bq∙h and f-factor in Gy∙kg/C are shown for each radionuclide. The coefficients are originally 

given in C∙m
2
/kg∙Bq∙s and cGy/R, respectively, in the reference [31]. 

Radionuclide 
Exposure rate 

constant 
(C∙m2/kg∙Bq∙h) 

Conversion factor  
(Gy∙kg/C) 

137Cs 2.39×10-15 37.29 
156mTb 2.07×10-16 33.95 
241Am 5.22×10-16 36.12 

 

 

 

 


