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ABSTRACT 
 
Since the terrorist attacks on September 11, 2001, the assessment of radiological impacts for 
the public and the environment due to radionuclides being scattered by a radiological 
malevolent event has been a central focus. Models and computational codes have been 
developed and hypothetical scenarios have been formulated for establishing priority of 
countermeasures and protective actions; determining of generic operational guidelines; and 
assessment of risks for exposure population. In this study, a likely scenario was considered 
for evaluation of radiation exposures after a hypothetical radiological explosion of a 137Cs 
device event in an urban environment. Joining to that, the main goal of this study is 
evaluating the usefulness of the sequential use of two codes for assessment of radiological 
consequence, and supporting decision making related to a RDD. A summary of the 
approaches of the two different codes, of their key inputs and outputs are presented.   
 
 
 

1. INTRODUCTION 
 
 
Terrorist groups are able to combine radioactive material with conventional explosives to 
build a radiological dispersion device (RDD), commonly named “dirty bomb”. Even though 
the possible use of chemical devices has been pointed to with higher frequency, the risk of a 
radiological terrorist attack is considered a serious and important issue ([1] [2] [3] [4] [5]). 
The concern about the use of RDDs by terrorist groups has led to increased awareness of the 
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need to establish and evaluate scenarios for an attack involving RDD, in order to increase the 
preparedness and response capacity to an event with such high consequences. A huge quantity 
of radioactive materials are used and stored for peaceful ends in medical and laboratorial 
facilities; research centers and processing and industrial plants. These sources, in the wrong 
hands may be used for building an RDD to spread radioactivity into the environment. 
 
According to Shin and Kim [6], the boundary conditions are based on the following factors: 
(a) Pathways of contamination release; (b) Physical and chemical form of the released 
materials, and (c) Atmospheric condition. Since the objective of RDD is to release and spread 
radionuclides through the air, the blast effect will probably be minimal. On the other hand, 
the contamination is supposed to be as great as possible due to blasting of explosives such as 
trinitrotoluene (TNT), plastic explosives C-3, C-4 and Semtex [6]. The spread capability of 
the radionuclide dust resulting from a blast depends on, among others parameters, the 
weather conditions [7]. 
 
The ideal substance for this type of device is a radionuclide with relatively long half-life and 
high specific activity. According to the Armed Forces Radiobiology Research Institute [8], the 
radioactive materials of high military significance and considered for RDD are  241Am, 
137Cs, 60Co, Depleted Uranium (DU), 32P, 90Sr, and 232U, among others An efficient RDD 
must cause damage to the environment and to human health.  
 
A source of 137Cs, emitting beta and γ-ray, fulfill most of the requirements: The energy of its 
gamma ray is moderately high (662 keV) and depending on the source activity, the external 
dose irradiation of the body can be high. Cs is quite chemically reactive, its salts are very 
soluble in water and, consequently has a high environmental mobility, spreading quickly 
through the environment. Moreover, 137Cs can be completely absorbed by vital human 
organs such as lung, GI (gastrointestinal) tract and into wounds [8]. Cesium behavior is 
analogous to the behavior of potassium and after entering, cesium is quite uniformly 
distributed throughout the body, with the highest concentration in muscle tissues and the 
lowest in bones. 
 
Radiation exposure can occur both externally and internally. The toxicity of a given 
radioactive material and the associated doses for internal organs depends on factors as: i) type 
and energy of the radiation emitted by radionuclides, ii) the route of entry into the body, and 
iii) the chemical characteristics of the element (that determines the retention and distribution 
in the body). 
 
In order to protect human being from the radiation effects, the regulatory authorities establish 
dose limits for individuals of the public and for radiation workers. Although the limits vary, 
depending on the affected part of the body, the established  limits of annual total effective 
dose equivalent for the whole body is 1 mSv for public and 50 mSv for workers. Still, the 
standards establish that the doses received in excess of the annual limits, which include doses 
received during accidents, emergencies, and special exposures, must be subtracted from the 
limits for planned special exposures that the individual may receive during the current year  
and during the individual's lifetime. Anyway, it should be not authorized a exposure that 
would cause an individual to receive a dose from all planned special exposures and all doses 
in excess of the limits to exceed five times the annual dose limits of 50 mSv during the 
individual's lifetime [9,10]. 
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By simulating the detonation of a 137Cs RDD, this research aims to estimate the dose and 
ground contamination distributions in a spatial base. The main purpose of this research is an 
appraisal of the possibilities and the prospective results of establishing of a sequential 
procedure that uses two different codes for decision making in an RDD event. 
 

 
2. METHODOLOGY 

 
In this study, a potential scenario of radiological terrorism or asymmetric war activity is 
simulated using HotSpot, which is able to estimate the radiation dispersion in an area. The 
levels of 137Cs per unit of area data from Hotspot were used as input for the emergency 
response assessments, group A and B, with RESRAD RDD. 
 
2.1 Simulating platform with Hotspot code 
 
The radioactive material producing the dose equivalent may be external or internal to the 
body. The Total Effective Dose Equivalent (TEDE) is the sum of both, external and internal 
contributions for the whole absorbed dose. TEDE is the most complete expression of the 
combined dose from all applicable delivery pathways [7]. 
 
The Gaussian model has been broadly used and verified in the scientific community and is 
still the basic tool for initial atmospheric dispersion calculations [7]. The origin of the 
Gaussian model is found in work by [11] and this model generally produces results that agree 
with experimental data. The following Gaussian model equations determine the atmospheric 
concentration of a gas or an aerosol at any point in space: 
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Where C = Time-integrated atmospheric concentration (Ci-s)/(m3), Q = Source term (Ci) 
H = Effective release height (m), λ = Radioactive decay constant (s–1), x = Downwind 
distance (m), y = Crosswind distance (m), z = Vertical axis distance (m), σy = Std deviation 
of the integrated concentration distribution in the crosswind direction (m), σz = Std deviation 
of the integrated concentration distribution in the vertical direction (m), u = Average wind 
speed at the effective release height (m/s), L = Inversion layer height (m), DF(x) = Plume 
Depletion factor 
 
Plume rise can occur because of the velocity of stack emission, and the temperature 
differential between the stack effluent and the surrounding air. The rise of the plume results in 
an increase in the release height leading to lower integrated concentrations at ground level 
[7]. 
 
The source term in HotSpot decreases with downwind distance, with depletion being 
accomplished by multiplying the original source term by a source-depletion factor [DF(x)], 
described by [12]. 
 
The equation used in HotSpot for DF(x) is: 
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Where DF(x) = Depletion factor, (dimensionless), x = Downwind distance (m), v = 
Deposition velocity (cm/s), u = Average wind speed at the effective release height (H), (m/s), 
H = Effective release height, σz(x) = Standard deviation of the air concentration distribution 
in the vertical direction (z axis) for either Standard or City terrain, as applicable. 
 
2.1.1. Source Term-Main parameters used 

 
• Source Material: 137Cs, half -life 30.0y; 
• Material-at-Risk (MAR): 3.7E+14 Bq; 
• 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; 
• StabilityClass (City): C; 
• Respirable Dep. Vel. : 0.30 cm/s; 
• Receptor Height: 1.70 m; 
• InversionLayerHeight: None; 
• Sample Time: 0.10 min; 
• Breathing Rate: 3.33E-04 m3/sec; 
• InnerContour Dose: 1.0 Sv; 
• MiddleContour Dose: 0.50 Sv; 
• OuterContour Dose: 0.10 Sv; 
• FGR-13 Dose Conversion Data - Total Effective Dose (TED); 
• Exposure Window: (Start: 0.0 hours; Duration: 6.0 hours). 
 
2.2 Simulating platform with RESRAD RDD code 
 
The RESRAD RDD code has been developed by Argonne laboratory and was recently made 
available on web. The code is still in a beta version, but its potential can be easily recognized. 
The code can be very useful to guide efforts and to protect the emergency workers and the 
inhabitants of the area after an RDD event and for deriving operational levels during early 
and intermediate response phases. The conceptual model developed in RESRAD-RDD is 
mainly applicable to situations after the direct plume phase is over. It is assumed that surface 
concentrations of dispersed radionuclides were known (i.e., measured).  
 
The model assumes that an RDD event occurred outdoors and contaminated streets and soils, 
exterior walls and roofs of buildings, and interior walls and floors of buildings with 
radioactive materials. With some modifications, the model can also be used for an RDD event 
occurring inside a building. The model considers default concentration ratios between 
streets/soils and other contaminated areas, accounts for change in surface concentration over 
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time (includes decay and weathering), and uses a time-dependent resuspension factor to 
calculate air concentration. 
 
The code is divided into seven groups, which are ordered by the phase of emergency response 
in which they would be implemented or used for planning purposes. Individual groups are 
further categorized into subgroups as appropriate [13]. Table 1 provides a summary of the 
groups and subgroups. A detailed overview of these groups and subgroups is provided below. 
 

Table 1: Groups e Subgroups of RESRAD RDD code. 
 

 
 
At the moment, the code provides general guidelines for various radionuclides for all the 
groups listed above, and then if the concentration levels per unit area are known, the 
guideline levels can be compared with the measured or estimated level of contamination, in 
order to assist in decision making. Hence, only for the group A, the on-site measurements can 
be introduced for estimating the stay time, with and without respirators, that the emergency 
worker can remain on the site; the stay times relate with the doses.  For the other groups, a set 
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of parameters can be modified for deriving the guidelines; afterwards, the surface soil 
contamination should be directly compared with the derived operational guidelines. 
 
 

3. RESULTS 
 
The TEDE plume contour plot is shown in Figure 1, where the maximum distances of isodose 
curves from the zero point (hotspot) downwind are shown. The highest dose values are found 
in the area between the zero point and 0.23 km (inner: 1 Sv), followed by the intermediate 
dose value of 0.5 Sv within the distance from 0.23 to 0.35 km and the last curve at the 
distance from 0.35 to 0.91 km (TEDE value of 0.1 Sv). The curves encompass an area of 
0.022 km2 0.045 km2 and 0.23 km2, respectively.  
 
 

                      
 

Figure 1. Plume showing isodose values of TEDE as a function of the distance from 
hotspot. 

 
  
The ground deposition contour plot is shown in Figure 3, where the maximum distances of 
deposition curves from the zero point (hotspot) downwind are shown. The highest values are 
found in the AREA I, between the zero point and 0.22 km (inner: 3.7E09 Bq/m2), followed 
by the intermediate deposition of 1.11E08 Bq/m2 (AREA II) within the distance from 0.22 to 
2.35 km and the last curve at the distance from 2.35 to 4.15 km (deposition value of 3.7E07 
Bq/m2) (AREA III). The curves encompass an area of 0.017 km2 0.72 km2 and 2.2 km2, 
respectively.  
 
In figure 2 the relation between ground deposition and distance downwind from the explosion 
point is showed. 
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Figure 2. Plume showing ground deposition values as a function of the distance from 
hotspot. 

 
 
 

             
 

Figure 3. Ground deposition as a function of distance downwind. 
 
 
 
 
The output data of Hotspot was used as input data for RESRAD RDD for estimating the stay 
time of workers at two different situations, without a respirator  (WR) and with a respirator 
(FFCFASR)  (a personal protective equipment). The results obtained with RESRAD RDD for 
AREA I are shown in figure 4.  As the main contributor for the dose is the external exposure, 
the use of a respirator will not be very effective to decrease the dose at all.    
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Figure 4. Stay time for emergency workers related to the dose. 
 

 
The contamination level estimated with HotSpot for the AREA I (3.7 E09 Bq/m2) was 
compared with the 137Cs operational guideline values of 3.1 E08 and 1.5 E09 Bq/m2 derived 
by RESRAD, for the early phase response, for sheltering (10 mSv) and  for evacuation (50 
mSv), respectively.  It should be notice that, according to those limits of doses recognized by 
CNEN [9], the residents of this area should be evacuated. For the AREA II, for which the 
HotSpot estimated the value of 1.1 E08 Bq/m2, the residents would not be nor sheltered 
neither evacuated.  
 

4. DISCUSSSION   
 
Considering that an intentional release of radioactive material might occur at a high-density 
crowd events or densely-populated urban areas and those dose values of the dose spatially 
distributed shown in figure 1, it is possible to envisage that thousands of  people might be 
exposed to ionizing radiation due to the RDD explosion. Additionally, operations in these 
contaminated areas might result in intervention teams receiving sufficient radiation dose that 
is of particular concern and should be managed. 
 
The individuals under more severe risk are located in the regions within the first isodose 
curve (range of up to 0.23km and area of 0.022km2). Those who are inside this region might 
face prodromal stage, the symptoms of Acute Radiation Syndrome (ARS), whose symptoms 
include anorexia, fever and diarrhea, among others. The comparison between the operational 
guideline values derived with RESRAD with the values estimated by HotSpot pointed out for 
the immediate evacuation of residents from AREA I, while the residents from AREA II might 
not need of any early action for a bit. 
 
For the emergency workers, the stay time related to the dose limit of 50 mSv would be 
around 41 minutes for AREA I. In any case, no worker would be allowed to stay more than 3 
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hours on this site (value of the dose of 250 mSv). For the area within the distance from 0.22 
to 2.35 km, the stay time is longer (more than 4000 hours) and it is not of immediate concern. 
 
The data generated and presented in this simulation are based on a conservative approach, for 
example, protections that buildings can provide in varying degrees against external exposure 
and airborne hazards that originate outdoors were not considered for Hotspot simulation, and 
these approaches should be better understood as well as the resulting uncertainties. On the 
other hand, RESRAD RDD is being in development. Although its parameter defaults and 
inference for assessment are still highly focused on USA standards, its promoters undertake a 
continuous improvement towards a more wide-ranging approach.  
 
Nonetheless, this exercise proved that the methodology is useful for estimating risks of 
radiological dispersion from a dirty bomb and for the decision-making process related to the 
emergency team. The data are directly and easily generated; the two models are user friendly. 
This study also expands the capability of the HotSpot by joining its capacity with the one of 
the RESRAD RDD code, and it spotlights the importance of integrating the models in order 
to maximize the obtaining of information.  
 
RESRAD RDD has being improved and soon will be possible to stretch more properly the 
estimation for the other groups presented in the code. 
 
 

5. CONCLUSION 
 
Terrorist attacks using radiological devices, known as "dirty bombs" are among the biggest 
threats for the social and political world today, both in organization and functioning. The 
effects of such artifacts are numerous and might cause varying degrees of problems of 
disorder and chaos resulting in mass panic leading to huge local and global economic losses, 
as well as environmental contamination, and direct and indirect victims.  
 
Through the simulated conditions, we established that the effects of a dirty bomb can reach 
significant areas and distances. For the scenario idealized in this study, individuals located at 
a distance up to 0.91km (0.23km2) in the preferential wind direction would be exposed to a 
dose of around 100mSv, while individuals located at a distance of 10.5 km would receive a 
dose similar to the individual annual dose limit  (1mSv) in 6 hours.  
 
In the main area, residents must be evacuated, but for the other areas, the residents could stay 
some time, without the need of settlement. The emergency team will be able to stay in the 
main local event around 41 minutes, but this time can be managed until the maximum period 
of 3 hours.  
 
The simulation of an explosion of a dirty bomb with HotSpot, followed by the simulation 
with RESRAD RDD was able to estimate the dose and the land contamination, as well as the 
stay time of the emergency team and the necessity of evacuation and settlement of the 
residents within an area. This exercise highlighted that the join of these two codes produces a 
power tool that should be stretched and improved. 
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