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ABSTRACT 

 
 

Radiological dispersal devices (RDD) are widely used as a terrorist tool leading to major 
environmental and public health concerns. This work is focused on simulating a dispersive scenario 
where an amount of most common radionuclide for this purpose is released. In order to estimate the 
total effective dose (TEDE) from such release, an affected urban area was chosen as a potential 
public mass concentration during World Cup in 2014 and Olympics in 2016 in Rio de Janeiro. 
Specialized simulation software called HotSpot Health Physics Code using a semi-empirical 
Gaussian model, was used to simulate dispersion of Cs-137 following detonation of a RDD. The 
simulation was designed to determine dose curves as a function of distance from the hot site. 
Additionally, it was determined the relative risk of leukemia incidence as well as statistical 
correlation between malignancies and exposure to radiation, based on probability of causation (PC) 
calculations. Results was suggestive that exists dependence on age at exposure time and the 
probability of leukemia development. This study emphasizes the importance of fast response, using 
a user-friendly computational method that may help, at first sight, to guide the response from the 
basic actions to the complete decision making process looking after health effects on public and 
environmental detriment.
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1. INTRODUCTION 
 

Over the last decade probably due to events at September 11, 2001, the prospect of a terrorist attack 
using a radiological dispersal device (RDD - dirty bomb) and other forms of radiological use to 
force is cited as among of one the most serious terrorist threats. 
 
There are several reasons supporting a terrorist action and dirty bombs are full of reasons to be 
considered as an attractive weapon. Radioactive materials are relatively easy to obtain from many 
sources. Building an RDD is a fairly simple process, requiring little more than the skills required for 
assembling a conventional bomb [1]. Furthermore, RDD can create large radioactive plumes, cause 
health and psychological effects, and have major economic impacts due to the need for 
decontaminating large areas which will count not only with financial support but expertise. 
 
Significant quantities of radioactive material have been lost, stolen, or abandoned. These items are 
commonly referred as “orphan sources” over worldwide. A primary concern from evaluation by 
experts is the number of orphan sources scattered throughout the former states of the Soviet Union 
and the security of nuclear or radiological facilities in Pakistan, India, and other developing 
countries [2]. 
 
A dirty bomb consists of such high level radioactive material packaged with conventional 
explosives. Once the explosion takes place, the radioactive material scatters into the environment 
mostly forming a radioactive plume, and the remaining quantity falling in clumps or large 
particulate matter near the location of the explosion providing soil and water contamination. A dirty 
bomb can result in death and injuries from the initial blast of the conventional explosives as well as 
radiation sickness and cancer from exposure to radiation. Furthermore, the dirty bomb is widely 
recognized as having psychological and long-term economic impacts that could outweigh its health 
consequences. More specifically, depending on the amount of radioactive material released and 
spread over an area which will require complete evacuation, decontamination efforts and political 
action in order to ensure the life quality after wards a long period of washout hard work. 
 
Once radioactive materials are released into the environment, radioactive specimens (radionuclides) 
might be absorbed by physiological processes on animals and vegetables. At first it can be done by 
directly ingestion and inhalation. Powdery is the most common form of radionuclides such as 
cesium-137 presentation, leading to an inhalation process to be the most important and acute way of 
contamination in this scenery. Radiation exposure by inhalation occurs once someone breathes in 
radioactive materials. Considering the absence of exposure by resuspension radiation exposure by 
inhalation might represents up to 96% of the total dose contribution [3]. Such exposure to a 
radionuclide can lead to high doses estimation depending on the exposure scenario. The way of 
dose absorption is directly linked to DNA damage in case of particulate radiation emitters or 
indirectly through the interaction of surrounding water and photons such X and gamma rays at cell 
site leading to an increased damage and cancer risk. 
 
Overall, leukemia is a malignancy of white blood cells (leukocytes). Its main characteristic is the 
abnormal accumulation of immature cells in bone marrow, popularly known as the marrow, which 
is the site of blood formation occupying the hollow bones. The causes of leukemia are not yet well-
defined, but an association among additive factors seems to increase the risk of cancer development. 
Specific factors can be listed as an example: (a) smoking (acute myeloid leukemia); (b) ionizing 
radiation (acute and chronic myeloid leukemia and acute lymphoid leukemia); (c) down syndrome 
and other hereditary diseases (acute leukemia); (d) benzene (acute and chronic myelogenous 
leukemia, acute lymphoblast leukemia); (e) chemotherapy (acute myeloid leukemia and acute 
lymphoblastic leukemia) [4]. 
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It must be taken in account that leukemia risk models recently developed with the Japanese A-bomb 
epidemiological mortality data, pointed out that a model-averaging procedure do not depend on just 
one type of model or statistical test. The models generally are focused at various adult and young 
ages at exposure, for some short and long times since exposure. However, on the basis of the 
analysis presented here, it is generally recommended to take model uncertainty into account in 
future risk analyses for keeping confidence and reliability of the data which will guide operational 
actions of radiological staff at an RDD site [5]. 
 
The aim of this study is to estimate and evaluate the incidence of leukemia as well as the associated 
Probability of Causation (PC), after exposure to ionizing radiation from a Radiological Dispersal 
Device (RDD) in urban areas applied to the general public. 

 

2. MATERIALS and METHODS 
 

This work was aimed to use the HotSpot Health Physics code to simulate the explosion of a dirty 
bomb. The output data from HotSpot were applied to quantify specific increases in the cancer 
induction and the probability of causation. Those data were fitted in the BEIR V models for 
leukemia in order to provide detailed discussion concerned to later cancer development from dirty 
bomb exposure. 
 
2.1. The Hotspot code 
 
As defined by its developers [6], the HotSpot Health Physics codes was created to help emergency 
response personnel and emergency planners with a fast, field-portable set of software tools for 
evaluating incidents involving radioactive material. The software is also used for safety analysis of 
facilities handling nuclear material with the workplace choice therein. HotSpot codes use a first-
order approximation of the radiation effects associated with the atmospheric release of radioactive 
materials. Its mathematical model is a hybrid of the well-established Gaussian plume model [7], 
widely used for initial emergency assessment or safety analysis planning with possible extension to 
help military response to contaminated area regarded to garrison duty. Virtual source terms are used 
to model the initial atmospheric distribution of radiological source material following an explosion, 
fire, resuspension, or user-input geometry. HotSpot takes into account the following crucial 
parameters of the attack: (a) atmospheric dispersion model; (b) meteorological conditions (wind 
speed, stability category); (c) radioactive plume details (radiological material (quantity and nature 
of the plume), deposition velocity, altitude of explosion (Height of Burst: HOB), explosive energy 
(yield)); (d) timing (sampling time); target conditions (population density, warning). 
 
2.2. Leukemia Model 

 
For this work the leukemia model was based on BEIR V [8] which considers a linear-quadratic 
relative risk model. Data was obtained by fits to the Japanese LSS leukemia mortality data. Under 
this model, the relative risk (RR) for leukemia following a dose of D sieverts (Sv) is: 
 

    if a ≤ 20, T ≤ 15,    (1) 
    if a ≤ 20, 15 < T ≤ 25,    (2) 

    if a ≤ 20, T > 25,    (3) 
    if a > 20, T ≤ 25,    (4) 
    if a > 20, 25 < T ≤ 30,    (5) 
    if a > 20, T > 30.    (6) 

 
Where: a = age at exposure, T = time since exposure and where α2 = 0.243 Sv-1, α3 = 0.271 Sv-2, β1 
= 4.885, β2 = 2.380, β3 = 2.367, β4 = 1.638. 
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It is a hard duty to correlate developing cancer and radiation exposure as cause and effect 
phenomena. In radiation epidemiology studies, radiation exposure is the factor of most interest, and 
epidemiologists seek to relate risk of disease (primarily cancer) to different levels and patterns of 
radiation exposure. Although inconclusive, epidemiological studies have been of particular 
importance in assessing the potential human health risks associated with radiation exposure. Then 
the concept of the probability of causation (PC) was adopted. It has been developed as the fraction 
of the risk at the age of occurrence for the given leukemia that is attributable to the exposure. PC 
assumes the mathematical definition depending on the specific situation, linked to equations from 
BEIR V and calculated by [9]: 
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The individual risk of cancer depends not only on the sex and age of a person but also on other 
individual characteristics such as genetic background and life stile, which are factors not 
quantifiable and cancer rates are usually available from demographic data tabulated by age and sex. 
It implies that the PC calculation is based on sex and age at the exposure time and any other 
individual characteristic is ignored. This model for leukemia only considers changes in age and 
duration of latency after exposure to ionizing radiation. 
 
2.3. Sources of Radioactive Material 
 

There are hundreds of medical, industrial and academic applications using radioactive sources of 
significant strength worldwide. These applications cover sterilization of foodstuffs and 
pharmaceutical products, industrial and medical radiography, teletherapy, oil search, and research 
among others. Radionuclides are of particular concern due to their radiotoxicity, their widespread 
use and sufficiently long half-lives. A set of examples can be given: Am241 (432 years), Cs137 (30 
years), Co60 (5.3 years), Ir192 (74 days), and Sr90 (29 years). These radionuclides are used in many 
applications with different activities as shown in Table 1 [10]. 
 
 
 
 
 
 
 
 
 
 
 
 



INAC 2011, Belo Horizonte, MG, Brazil. 
 

 
Table 1: Sources of radioactive material. 

Source Radioisotope Radioactivity Level (Ci) 

Industrial Irradiator (sterilization and food 
preservation) 

Cobalt 60 
Cesium 137 

up to 4,000,000 
up to 3,000,000 

Blood Irradiator 
Cobalt 60 

Cesium 137 
2,400 to 25,000 

50 to 50,000 

Radiotherapy 
Cobalt 60 

Cesium 137 
4,000 to 27,000 
500 to 13,500 

Medical Radiography 
Cobalt 60 

Iridium 192 
1,000 

1 to 200 

Industrial Radiography 
Cobalt 60 

Iridium 192 
3 to 250 
3 to 250 

Calibration 
Cobalt 60 

Cesium 137 
Americium 241 

20 
60 

5 to 20 

 
As can be seen in Table 1, there are multiple sources of radioactive material that pose different 
levels of security risk given the amount of curies (unit of measurement of radioactivity) they could 
generate. For a terrorist to build a dirty bomb, any of the radioactive material necessary for these 
applications could be employed. 
 

2.4. Parameters used in HotSpot 

 
The parameters used by the software are all defined by the user being chosen for this work 
searching for the best condition for comparison with the reality of an attack using an RDD. The 
main parameters used in the HotSpot version 2.07.1 performance are listed below: 
 

• Source Material: Am-241, half life 432.2y; 
• Material-at-Risk (MAR): 10 Ci; 
• Wind Speed (h=10 m): 10.0 m/s; 
• Distance Coordinates: All distances are on the Plume Centerline; 
• High Explosive: 10.00 Pounds of TNT; 
• Stability Class (City): C; 
• Respirable Dep. Vel. : 0.30 cm/s; 
• Receptor Height: 1.70 m; 
• Inversion Layer Height: None; 
• Sample Time: 0.10 min; 
• Breathing Rate: 3.33E-04 m3/sec; 
• Inner  Contour Dose: 1.0 Sv; 
• Middle Contour Dose: 0.50 Sv; 
• Outer  Contour Dose: 0.10 Sv; 
• FGR-13 Dose Conversion Data - Total Effective Dose (TED); 
• Exposure Window: (Start: 0.00 hours; Duration: 3.00 hours). 

 
Results from this work are based on the parameters obtained as a result of three plumes of total 
effective dose equivalent (TEDE) as a function of distance from the bomb blast. Isodose values 
were determined in 1.0 Sv, 0.5 Sv and 0.1 Sv from inner to outer contour respectively. The TEDEs 
were used in the model of leukemia to determine the relative risk of tumor development and 
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probability of causation, for the 6 cases of the model supported by BEIR V. 
 

3. RESULTS 
 
The simulation was performed by testing and defining the environmental conditions of a scenario 
regarded to a dirty bomb explosion. Figure 1 shows the plume obtained from the simulation with 
the HotSpot under those defined boundary conditions (see HotSpot parameters), where inner, 
middle and outer isodose curves represent a Total Effective Dose Equivalent (TEDE) of 1.0, 0.5 and 
0.1 Sv respectively. 

 
Figure 1 Plume for isodoses values of TEDE as a function of distance from the center of the 

explosion (hot spot) where inner, middle and outer isodose curves represent a TEDE of 1.0, 0.5 

and 0.1 Sv respectively 

 
Starting from the inner area (see figure 1) which measures approximately 0.048 km2, it can be 
inferred that a maximum distance of approximately 0.36 km from the explosion will impart a TEDE 
of at least 1 Sv. The same way of estimative is valid for the middle area, with approximately 0.097 
km2 and a maximum distance of 0.55 km from hot spot, and the outer area of the plume, with 0.5 
km2 and a maximum distance from the hot spot of 1.40 km, in which areas a minimum respectively 
TEDE will be 0.5 and 0.1 Sv respectively.  
Figure 2 shows TEDE as a function of distance downwind. It is noticeable that the value of TEDE 
for up to a distance of 20 km is 1 mSv. This figure is referred to as the annual dose limit for 
members of the public according to NCRP 116 [11]. 
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Figure 2 TEDE as a function of distance downwind 

 
The relative risk (RR) for leukemia seems to be a function of the absorbed dose. The probability of 
causation is dependent on the ionizing radiation exposure being output using the BEIR V model for 
radiation-induced leukemia development. These values depend on the dose; age, and the latency to 
the onset of the detriment (see tables 2, 3 and 4 for RR). 
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Table 2: RR and PC (D = 1 Sv) with dependence on age and latency. 

Cases 
Age 

(Years) 
Latency 
(Years) Doses (Sv) Relative Risk 

Probability of Causation 
(%) 

1 a ≤ 20 T ≤ 15 1.00 69.00 98.55 
2 a ≤ 20 15 < T ≤ 25 1.00 6.55 84.74 
3 a ≤ 20 T > 25 1.00 1.51 33.95 
4 a > 20 T ≤ 25 1.00 6.48 84.57 
5 a > 20 25 < T ≤ 30 1.00 3.64 72.56 
6 a > 20 T > 30 1.00 1.51 33.95 

 
Table 3: RR and PC (D = 0.5 Sv) with dependence on age and latency. 

Cases 
Age 

(Years) 
Latency 
(Years) Doses (Sv) Relative Risk 

Probability of Causation 
(%) 

1 a ≤ 20 T ≤ 15 0.50 26.04 96.16 
2 a ≤ 20 15 < T ≤ 25 0.50 3.04 67.16 
3 a ≤ 20 T > 25 0.50 1.19 15.91 
4 a > 20 T ≤ 25 0.50 3.02 66.87 
5 a > 20 25 <T≤ 30 0.50 1.97 49.33 
6 a > 20 T > 30 0.50 1.19 15.91 

 
Table 4: RR and PC (D = 0.1 Sv) with dependence on age and latency. 

Cases 
Age 

(Years) 
Latency 
(Years) Doses (Sv) Relative Risk 

Probability of Causation 
(%) 

1 a ≤ 20 T ≤ 15 0.10 4.57 78.13 
2 a ≤ 20 15 < T ≤ 25 0.10 1.29 22.59 
3 a ≤ 20 T > 25 0.10 1.03 2.63 
4 a > 20 T ≤ 25 0.10 1.29 22.36 
5 a > 20 25 < T ≤ 30 0.10 1.14 12.20 
6 a > 20 T >30 0.10 1.03 2.63 

 

Figure 3 Relative risk as a function of latency for the three dose values and for two age 

groups. (A) up to 20 years old, and (B) above 20 years old. 
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Figure 4 Probability of causation (PC) as a function of latency for the three dose values and 

for two age groups. (A) up to 20 years old, and (B) above 20 years old. 

 
Figures 3A and 3B graphically illustrate the data shown in tables 2, 3 and 4.This data correlate RR 
and latency time to onset of leukemia after radiation. Three different TEDE values are considered 
for both groups of individuals: (A) less than or equal to 20 years old and (B) over 20 years of age. 
Figure 4 (A) and (B) show the PC dependence on the latency in years for the ranges under 
observation, and also for doses at 1.0 Sv, 0.5 Sv and 0.1 Sv. 

 

 

4. DISCUSION 

 
Data output from table 2 allow infer that young exposed people under 20 years old have  higher RR 
soon after exposure at lower latency times (less than 15 years). This can mean that the effect of 
onset of leukemia is more likely to arise in a short period of time after exposure. As the increasingly 
latency comes the simulation allow to infer that the probability drops sharply, but still representing a 
significant increase in the risk of leukemia development. The the PC follows the same pattern of RR 
which increases with low latency, indicating that if individuals come to develop leukemia, it 
probabily be due to exposure to radiation from a dirty bomb. Data from simulation here lead to a PC 
of 98.55%, then if they should submit leukemia, it has a 98.55% chance of being caused by ionizing 
radiation. Exposed  people at 20 years old or above in the simulation have also higher RR for lower 
latencies, therefore the odds are also concerned. It is noticeable that as latency arises exposed 
individuals under 20 years old have RR increased when compared to olders. It reforces the fact that 
children and adolescents are more likely to develop leukemia, whereas younger cells have a higher 
metabolic activity and mitotic being more radiosensitive, thereby posing a greater chance of 
developing detrimental to individuals. 
 
Tables 3 and 4 show the same behavior of RR and PC considering latency and age, even though 
doses are low. The RR for 1.0 Sv, 0.5 Sv and 0.1 Sv indicate that the chance of leukemia 
development is respectively 69.00, 26.04 and 4.57 times the baseline occurence for non-exposed 
individuals under 20 years old. This result is significant for being applied to hotspot areas where up 
taken doses are high and harmful in a short area. 
 
As can be seen in Figure 3A a huge difference in RR appears for the same latency (less than 15 
years) in relation to others groups. It can be understood as leukemia has low latency when the cause 
is more likely to be from exposure to radiation ionizing (short times after exposure). The simulation 
allows infer that individuals who were exposed to such doses are under higher RR in a short latency. 
It comes output that leukemia risk is strongly dependent on the dose when short times are 
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considered. On the other hand, tumor development under high latency periods can be confusing due 
to a duty of screening because agents other than radiation can be the reason of carcinogenic process. 
 
From figure 3 it is possible to observe again that the differences in RR for the values of doses of 1.0 
Sv, 0.5 Sv and 0.1 Sv at the same latency time, decrease with increasing period of latency. One can 
see in figure 3A that the RR drop is steeper and fast in the first period, this might be because this 
condition is the most likely to rise radiation induced leukemia (younger and low latency). 
Furthermore one can consider the strong dependence on the dose values. Moreover, simulation 
shows that as the time goes by the differences among RR for every dose value tend to zero, 
reducing the dependency on the dose. As the PC tumor is linked to the RR, Figure 4 A and B shows 
the same behavior discussed in Figure 3. 
 
The analysis was carried out considering RR and PC. It can be helpful in guiding the decision-
making process in such situations where asymmetric warfare takes place or even in cases of 
radiological emergencies. Since it contributes to increasing the efficiency of medical response for 
victims, screening of exposed persons is facilitated because of the knowledge of the risks involved. 
The simulation conditions considered in this study were limited to the development of radiation 
induced leukemia. A more complete study seeking all equations of BEIR V, of all malignancies 
covered by the theory, require a more thorough analysis, as well as simulation of other tumor types, 
including solids. 
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5. CONCLUSION 
 
Terrorist attack using a RDD might result in depression on economy and physiological status of the 
population nearby the hot spot. The success of the started decision making process for response to 
the situation is close related to some parameters. Those parameters are not known until fact occurs, 
however, one can quickly set up them into the Hotspot in order to take an overview of the situation 
and start collecting data for primary response. Parameters such as population density, weather 
conditions and radiation screening are valuable and easy to collect. 
 
The results from this work showed that radiological scenario using 241Am as a RDD component is 
very risky on the basis of TEDE. For those boundary conditions here in the area in which people 
received a significant TEDE is very large, covering distances over 1.0 Km.  
 
Under the basis of BEIR V equations, leukemia induction for those who are within radius of 360 
meters from hot spot is around 69 times the baseline incidence. Furthermore, symptoms related to 
acute radiation syndrome might occur among them. For radius around 130 meters from hot spot 
dose arose to 4.0 Sv being representative of mean lethal dose for human kind. In addition, results 
allow to infer that leukemia occurrence is more likely to occur earlier in younger people. 
 
Simulation data using Hotspot would be of most importance for the RDD scenario understanding, 
efficient response to the detection of radioactive material, and management of contaminated areas, 
leading to minimize consequences at future. 
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