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INTRODUCTION 
 

Radioactive sources are widely used in many research activities at University 
centers. In particular, the activities concerning use of  sealed form (57Co in 
Mössbauer application) and unsealed form (3H, 14C, 32P…in radioisotope 
laboratories) are analyzed. The radiological impact of these materials and 
potential effective doses to researchers and members of the public were evaluated 
to show compliance with regulatory limits.  

A review of the procedures performed by researchers and technicians in the 
research laboratories with the relative dose evaluations is presented in different 
situations, including normal operations and emergency situations, for example the 
fire. A study of the possible exposure to radiation by workers, restricted groups of 
people, and public in general, as well as environmental releases, is presented.  
 
RADIOISOTOPE LABORATORIES 
 

The radionuclides used in research laboratories can be, depending on type and 
amounts involved and on application forms, a risk source of radiation exposure for 
workers and for people.  

Normal laboratory precautions are adequate to minimize the radiation dose to 
users and to prevent the contaminations problems outside the laboratory, 
excluding the risk possibility for restricted groups of people and for general public.  

Most important is to take all reasonable actions to reduce direct exposure 
with the source, prevent contact with the skin, avoid inhalation or ingestion, and 
minimize potential contamination of the work areas. 

The most important use of radioisotopes in bio-medical research is to label 
compounds so that quantities too small for chemical analysis can be traced through 
biological processes. By using radioactive isotopes to directly replace non-
radioactive atoms, the biology of the substance is not altered.  

Among different radioisotopes, our primary focus is on beta-emitters, most 
often present in  bio-medical research, with less interest direct to gamma-emitters. 
Usually the researchers tend to work with very small amounts of low energy 
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emitters, primarily 3H, 14C, 32P, 35S, 45Ca , 51Cr and 125I: so the laboratories can be 
included in the low-risk category.     

The characteristics  of radionuclides most used are here shown (1). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1. 
Characteristics of selected radionuclides used in research laboratories. 
 

Concerning the external exposure hazard, it is insignificant when the 
appropriate procedures are carried out. It has to be considered a possible risk for 
internal irradiation. 
In case of “in vitro” procedures, non volatile solutions are usually used with a 
subsequent limited risk of internal contamination. 
A systematic assessment of internal exposure is usually not necessary, since the 
exposure risk involves effective doses << 10% of the dose limit. 
It is therefore sufficient to carry out controls of environmental contamination and, 
only in some cases, tests taken directly on the staff to confirm the effectiveness of 
the assumptions.  

For example, we can submit some data, with general validity, for a 
theoretical rough evaluation of the committed dose by workers. 
If we suppose to valuate an intake by inhalation (Qinh = f × A) or by ingestion (Qing = 
f × A), where A is the total activity used in one year, f is the inhaled fraction (of 
the order of 10-6) or ingested fraction (of the order of 10-5) respectively, h(g)inh and 
h(g)ing are the committed effective dose for unit-intake for inhalation and ingestion 
by workers (2), an evaluation of the committed effective dose for usual 
radionuclides will be determined:    
 

Radionuclide Half-life Max. Beta 
Energy  (keV) 

Specific Gamma-Ray 
Dose Constants at 1 
Meter          Γ   (mSv 

h-1 m2 MBq-1 ) 
3H 12.35 y 18.6  
14C 5730 y 156.48  
32P 14.29 d 1710.4  
35S 87.44 d 167.47  

45Ca 163 d 256.9  
51Cr 27.7 d  6.320 10-6 
125I 60.1 d  7.432 10-5 
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Table 2. Evaluation of the committed effective dose for usual radionuclides. 
 

In these conditions, an efficient environmental control can be sufficient rather 
than internal contamination measurements complicated from an experimental and 
operational point of view.  
 
 
MÖSSBAUER SPECTROSCOPY 
 

We present now the case of expositions involved in a typical Mössbauer 
spectroscopy research laboratory (3).  
The Mössbauer research activity of Mössbauer laboratories necessarily implicate 
the presence of radioactive sources, generally in sealed form, such as 57Co, 119Sn 
and many others.  
The source is generally obtained by electrodeposition of the chosen radionuclide 
(57Co, 119Sn) on a thin metal foil (Rh, Pd) followed by annealing. The radioactive foil 
in then covered by a berillium or plastic window and sealed in a titanium or plastic 
source holder. Under normal working conditions it can be surely considered as a 
“sealed” source. The source is mounted on an appropriate support attached to the 
velocity transducer. A lead shield surrounds it.   
 

Radionuclide Decay 
Mode Half-life 

Gamma 
Energy 
(keV) 

Specific Gamma-Ray 
Dose Constants at 1 
Meter 
 Γ  (mSv h-1 m2 MBq-1) 

57Co Electron 
Capture 271 d 

136,4 
(10,71%) 
122,0 
(85,51%) 
14,41  
(9,15%) 

4.087 10-5 

119mSn Isomeric 
Transition 293 d 

23,87 
(16,1%) 
65,66 
(0,0198%) 

2.789 10-5 

 
Table 3. Typical  Mössbauer sources properties (1). 
 

 
Radionuclid
e 

Total 
activity 

[MBq/yea
r] 

h(g)inh 
[Sv/Bq] 

h(g)ing

[Sv/Bq] 
Committed 

effective dose 
for inhalation 

[µSv/year] 

Committed 
effective dose 
for ingestion 
[µSv/year] 

3H 1850 4.1E-11 4.2E-11 0.08 0.78 
14C 1850 5,8E-10  5.8E-10 1.07 10.73 
32P 1850 3.2E-9 2.4E-9 5.92 44.40 
35S 1850 1.1E-10 7.7E-10 0.20 14.24 

45Ca 1110 2.3E-9 7.6E-10 2.55 8.44 
51Cr 1850 3.6E-11 3.8E-11 0.07 0.70 
125I 1110 7.3E-9 1.5E-8 8.10 166.50 

TOTAL    ∼  18.00 ∼  245.80 
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In the present contest will be consider only 57Co, by far the most widespread 
nuclide and the one used the greatest activities.  
The external radiation hazard from 57Co should be relatively modest because the 
main radiation is in the form of 122 keV γ-rays. In fact the intensity of 57Co γ-rays 
on passing through lead bricks is reduced by a factor 100 by some millimeters thick 
screen. Since it is a sealed source there is no serious risk of diffusion and 
contamination, therefore the problem of radioactive release in the outer 
environment does not exist under normal circumstances. The sources currently not 
employed in research are held in the special shielded box inside the laboratory. 
When the activity of a source is remarkably reduced and hence is no longer usable 
for the research, it is stored in a Centralised Radioactive Waste Depot.  

We considerer the absorbed dose that is involved in the normal laboratory 
practice and, more in details, when uncommon or special situations occur. This is 
the case, for instance, of the arrival of a new strong source that we needs to mount 
on the spectrometer bench.  
 
Measurements 
For a source with an activity of the order of 3.7 GBq, a maximum exposure rate of 
about 40 nC kg-1 h-1 (corresponding to a tissue kerma of about 1500 nGy h-1) was 
measured using the scintillation detector (Automess model 6150 AD-b) close to the 
primary beam and with correctly placed shielding. All around the lead box 
containing the source-transducer system (in direct contact with the shielding) 
exposure rates did not exceed 20 nC kg-1 h-1  (corresponding to a tissue kerma of 
about 750 nGy h-1). 
A GM pancake detector (Ludlum model 44-9) was used to detect the radiation from 
surface contamination and from parts that might be accessible to the probe. No 
contribution distinguishable from background count levels were detected by GM 
probe near to the safety metal box with the sources not in use.  
 
 
 
Dose evaluation 
Information from the monitoring programs is used to estimate radiation doses to 
workers (inside area) and to members of the public (surrounding area) for 
comparison with dose limits established by the national regulations. Entry into the 
laboratory area is restricted to authorized personnel and therefore there is not an 
exposure hazard to site workers or members of the public. Radiological dose to 
authorized personnel is monitored by TLD dosimeters to ensure that their effective 
dose is below all national limits. 

Workers. The research work involves the continuous use of radioactive 
sources: sealed sources are singed until the intensity of the emitted radiation is 
insufficient for Mössbauer measurements.  
A new source of 57Co is normally purchased with an activity of 3.7 GBq. The 
replacement of the sources is generally made every 2-3 years. Its installation on 
the transducer bench requires an exposure time of about one minute, with a 
requirement for handling tools such as pliers. The dose measurements are taken 
with ionisation chambers (Victoreen model 660-SI, 450P and Thermo Mini 
SmartION), calibrated in ambient dose equivalent rate units (Sv h-1). The results for 
the exposure series, simulating the frequently operations made from researchers in 
source changing (working at a distance of 20 to 30 cm), show that the dose values 
are included into a range of  20 - 60 µSv.    
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These data can be confirmed also by the exposure rate calculated using Specific 
Gamma-Ray Constant. Using 57Co as a point source and the Gamma Constant value 
for 57Co (1), it follows that the calculated effective dose for 3700 MBq at 1 m is 
0.15 mSv h-1 (~ 63 µSv min-1 at 20 cm of distance).   
Considering daily maintenance work and the average residence time of the staff in 
the laboratory, the radiation effective dose received by a Mössbauer laboratory 
worker is surely less than the dose received from natural and man-made 
background radiation. The attendant risks are therefore quite low in normal 
conditions. 

Members of the public. During normal conditions, the public dose does not 
receive a measurable contribution from the Mössbauer experiments. The low 
photon energies are confined to the laboratory and direct measurements of 
external radiation levels confirmed that exposure rates at the site boundary are 
consistent with background levels. No doses to people living in the adjacent areas 
are expected. Compliance with the dose limit for population of 1 mSv in a year, 
fixed by national and European regulations (2, 4), is assured. 
 
EMERGENCY SITUATION 
 

Accidents may be viewed as unusual exposure events which provide possible 
high exposures to a few people and low exposures to large populations. Because of 
the wide range and variety of hazards and the numerous possible complicating 
factors, we cannot examine all possible situations.  

We suppose that the maximum risk is represented by general fire involving all 
sources present in the laboratory. A fire involving radioactive material can 
generate airborne contamination hazard, also a larger distance from the release 
point, with serious effects respect to the consequences of the fire alone.  

This fire type can give rise to accidental uncontrolled diffusion of 
radioisotopes in different forms: work surfaces and floors contamination, 
atmospheric dispersion and direct gamma exposure. 

For each radionuclide examined, we evaluated the effective doses for the 
workers and for the restricted groups  of people and the spatial and temporal 
distribution of released radionuclides sources. An evaluation on the same situation 
of emergency has performed with HotSpot 98 computer code (5) developed at 
Lawrence Livermore  National Laboratory. 

We can examine three cases of fire: 
• fire confined to part of laboratory  
• fire spread to whole area of laboratory 
• fire spread through whole building  

This fire type can give rise to accidental uncontrolled diffusion of 
radioisotopes in different forms: 
1. work surfaces and floors contamination  
2. atmospheric dispersion  
3. direct gamma exposure 

 
Surface contamination. The fusion and sublimation of radioactive sources can 

give rise to deposition of powder and fine particulates that settle on the ground of 
laboratory. In case of 57Co source there is radioactive dispersion only if the fire 
temperature exceeds the melting point of metals constituents. 

We can calculate the dose rate to a certain distance above the contaminated 
surface axis. In fact, supposing a contaminated area of  radius r, a surface 
concentration value Ca and knowing the specific gamma-ray emission Γ for gamma-
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emitters or maximum beta energy (Em) and mean beta energy (E ) to calculate the 
beta absorption coefficients in air µ�,a (cm2/g) and in tissue µ�,t (cm2/g) for beta-
emitters, the dose-equivalent rate at a point P, at distance d along the central 
axis, is given by (6): 

2 2

234 lna

r d
D C

d
π

⋅  += ×Γ× ×  
 

                     [Gy/h] for gamma-emitters               

, , 0.0077
,3.6 10 a a t td

a tD E C e eβ βµ ρ µ ρ
βµ

⋅ − −−= × × × × ×   [Gy/h]    for beta-emitters 

 
As a realistic example for a Mössbauer application, if the source strength is 3700 
MBq, if the contaminated area radius is r = 4 m and if the valuation point is at high 
d = 1m, the contamination of 74 MBq m-2 gives rise to dose-equivalent rate of 0.9 
mSv h-1. 
In a laboratory of unsealed sources, in the same conditions, a contamination of 20 
MBq m-2 can involve a dose-equivalent rate below 0.5 mSv h-1. 
 

Internal radiation. Inhalation is considered the most likely route of accidental 
intake of radionuclides (7). It is particularly likely when an explosion or fire occurs. 
A release of aerosols of respirable size can occur during accidents that involve a 
loss of radionuclides as source fusion process at elevated temperatures. The 
characteristics of an aerosols that directly affect the amount deposited in different 
regions of the respiratory tract include the aerodynamic size, electrical charge, 
and hydrophilic nature of the particles. The amount of material deposited is also 
dependent on air concentration, the duration of the exposure, and the breathing 
pattern of the individual. 

If we know the activity of contaminants radionuclides, we can estimate the 
concentration in room air and evaluate the potential exposures relatives to 
workers and to reference groups of the population (that are employees working in 
the university building or the emergency personnel). 
 

 Fire limited  to the laboratory (risk for exposed workers). We hypothesize a 
fire that can release radionuclides only in the laboratory, supposing that the 
maximum level of source activity is dispersed in air and that the aspirator is not 
functioning. If a worker stay in this environment for a period of time, owing to 
outside transit or during the emergency procedures, we can calculate, knowing 
isotope activity, the committed effective dose. 

For doses evaluation we used the data concerning to introduction unit for 
inhalation extracted from ICRP Publication n. 68 (8) and acknowledged from 
national law (2). In Table 2  are reported the values of the conversion factor of 
committed effective dose for introduction unit h(g)inh. 

 
 
 
 
 
 
 
 

Nuclide β- Coeff. h(g)inh (Sv/Bq) 
3H 4.1 x 10-11 
14C 5.8 x 10-10 
32P 3.2 x 10-9 
35S 1.1 x 10-10 
45Ca 2.7 x 10-9 
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Table 4. Committed effective dose  h(g)inh for unit-intake for inhaled radionuclides 
by workers. 
 
Considering the data that representing a real situation: 

laboratory air volume: V = 245 m3; 
released activity in air: A = Ao × (release factor %); 
air inhaled by operator in 1 minute: R = 20 liters (9) 
staying time in the place: T minutes (presuming Tmax = 30 min); 

We can evaluate directly the committed effective doses resulting by a 57Co source 
activity A0 of 3700 MBq and by radionuclides total activity of about 1110 MBq. 
 

              Committed effective dose:  
( )

( )inhA R T h g
D Sv

V
⋅ ⋅ ⋅=                                  

If we make different hypothesis about the percentage  of released activity and 
about the occupancy time inside, we obtain the summary shown in Table 5. 
  
 
 
 
 
 
 
 
Table 5. Committed effective dose for different occupancy times. 
 

We can conclude that for the workers, also in most adverse conditions, 
effective doses exceeding the annual limits for the people are not expected in case 
of 57Co. 

For the radioisotope laboratories, we can conclude that only a series of 
negative circumstances (not working fume hood, contamination total release, lack 
of personal protective devices) will cause to operator, staying for a short time in 
the laboratory, a committed effective dose of order of established dose limit for 
population.  
 

Diffusion in different environments and outdoors (risk for workers and 
reference group of population). The evaluation of the radiological risk for the 
reference group of population depends on possibility of air contamination, in case 
of 57Co sources through fusion and sublimation of the source at particularly 
elevated temperature.  
The radionuclides incidentally released in the environment are mainly in forms of 
warm fumes. The calculation of the spatial and temporal distribution of the 
pollutants concentrations is founded on model of atmospheric diffusion. This model 
studies the fumes movement and their melt in function of the temperature 
gradient, the wind speed, the turbulence degree, the deposition to the ground from 
the cloud, the fallout for rain and of other conditions and meteorological 

Nuclide γ Coeff. h(g)inh  (Sv/Bq) 
51Cr 3.6 x 10-11 
125I 7.3 x 10-9 
57Co 9.4  x 10-10 

Committed effective dose (mSv) 
Releas

e 
factor 

Occupancy time (minutes) 

% 1 2 3 5 10 20 30 
5 0,0142 0,0284 0,0426 0,071 0,142 0,284 0,426 
10 0,0284 0,0568 0,0852 0,142 0,284 0,568 0,852 
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parameters that make the problem difficult and complicated. Algorithms of 
calculation have been elaborated: inserting opportune meteorological parameters 
for the individualization of the corresponding categories (Pasquill-Gifford stability 
classes), allows to simulate the impact on the environment and on the people 
during the incident.  
The model here adopted is very simplified and hypothesizes, following the fire, the 
plume formation of fumes that subsequently move in a certain direction with speed 
determined by the speed of the wind.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. A gaussian plume model for the atmospheric dispersion. 
 
The radius r of the plume  depends on atmospheric conditions as well as on height 
at which the gas is released.  
For short distances (less than 100 m), supposing an instantaneous release in 
instable atmospheric condition, no very great error would be introduced by making 
the beam radius r linearly dependent on downwind distance x from the source: 

0, 2r x= ⋅  (9).  
The model supposes that the all activity is expelled in a hour, and that the time of 
exposure of the individual of the population is always a single hour. 
 
We obtain: 

Committed effective dose: 
( )

( )inhA R h g
D Sv

V
⋅ ⋅=                                    

 
The hypothesis of an isotropic distribution of the wind directions over the year can 
be regarded as cautions. 
Modelling techniques have a number of limitations however, and these need to be 
considered when interpreting the results of a modelling study. Steady-state  
Gaussian models, which are the most widely used models, are subject to the several 
assumptions and constraints. 
 
We can describe a real situation with the following values: 

Source activity:   Ao = 3700 MBq for 57Co and Ao = 1110 MBq for 125I (for 
example) 
Plume volume at distance d as foreseen by the model:   V = 0,0419·d3  (m3), 
Speed of the wind:   v = 1 m s-1, 
Time of arrival of the plume:   t = d/v (to = 1h),  
Present activity in the plume:   A = Ao·t/to 

Volume of breathed air:   R = 1,2 m3 h-1, 
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Coefficient of committed effective dose for inhalation in case of people >17 
years:    
h(g)inh (57Co) = 1·10-9 Sv Bq-1 and h(g)inh (125I) = 5.1⋅10-9 Sv Bq-1 (2, 11).  
 

The dose values, as a function of different distances, are summarized in Table 6. 
 
 
 
 
 
 
 
 

Table 6. Inhalation committed effective dose for the reference group of population 
at different distances.  
 

Members of the public. Concerning the population, an evaluation on the same 
situation of emergency has performed with HotSpot 98 computer code (5) 
developed at Lawrence Livermore  National Laboratory. HotSpot uses the well-
established Gaussian Plume Model, widely used for an initial emergency assessment 
or safety analysis planning of a radionuclide release. The program codes are a 
first-order approximation of the radiation effects associated with the atmospheric 
release of radioactive materials. The dosimetric methods of ICRP Publication 30 
were used throughout the HotSpot programs. Individual dose are produced, along 
with the 50-year committed effective dose equivalent (CEDE), and considers solely 
the inhalation of released material during the passage of the plume. A result of  
calculations performed simulating the pejorative case that is the formation of a 
plume with total release at zero meters height, the deposition velocity of the 
respirable fraction of 1 cm s-1, the calm wind (wind speed 1 m s-1) and a 
meteorological class F (moderately stable) is reported in Fig. 2. 

 
Figure 2. Typical plume contour by HotSpot computer code application. 

   Committed Effective Dose    
 Distance 

(m) 
10 20 30 50 100 500 

 Dose (µSv) 
57Co 

294 73.5 32.7 11.8 2.9 0.12 

 Dose (µSv) 
125I 

449.8 112.5 50.0 18.0 4.4 0.18 
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The maximum CEDE value occurs in the region of 30 meters and cannot exceed the 
0.2 mSv. These values show that the committed dose will be extremely low and 
becomes negligible after a few kilometers from the fire. 
Ground contamination within 100 meters along the wind direction is about 0.4 MBq 
m-2 and decreases a few kBq m-2 in the range 0.5-1 kilometer. In the fire area a 
significant ground contamination can be predicted, but the level of ground 
deposition rapidly decreases at larger distances. 
In case of fire in a laboratory designed to the radionuclides use, the dose 
distribution, by HotSpot 98 computer code application, shows that the maximum 
values are in the range reported in Table 7.  

 
 
 
 
 
 
 

 
Table 7. Dose distribution values by HotSpot computer code application. 
 
Therefore these results confirm the previous evaluations made and also the 
negligible radiological risk predicted by calculations using different mathematical 
models.  
 

External irradiation. In case of total real fire not all the radioactive material 
would contribute to the contamination of the air. We instead hypothesize the 
worse disaster: a total fire of the Mössbauer laboratory, with sublimation of whole 
present radioactive material. Our study is only limited to the case of 57Co source. 
 
Submersion in cloud. For an air contamination of uniformly distributed gamma 
isotopes, the dose rate can be calculated at any point P at a distance r from the 
radiant element: 

2
0

V re
D C dV

r

µ

Γ
−⋅

= ∫                                                             

Hypothesizing a distribution of the spherical symmetry contamination and 
integrating (6), the dose rate at the center of the sphere of ray r is given from 

( )4
1 r Sv

D C e
h

µπΓ
µ

⋅
−  = ⋅ −  

 
                                                  

 
Substituting this values:  
- Linear energy absorption coefficient in air for 57Co: 

µ = 1,815 cm-1 for the 14,4 keV and  
µ = 0,029 cm-1 for the 122 keV;  

- Specific gamma-ray emission for 57Co: Γ = 4.087 10-5 mSv h-1 MBq-1 m2; 
- Ray of the sphere: r = 50 m; 

Radionuclide 
(MBq)

Committed effective dose (Sv) Distance (m) 
14C    (1850) 1.1 x 10-7 460
32P   (1850) 6.6 x 10-7 460
35S    (1850) 1.2 x 10-7 460
45Ca   (1110) 1.9 x 10-7 460
51Cr    (1850) 1.3 x 10-8 460
125I    (1110) 7.3 x 10-7 460 
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- Contamination of the air:  C = 
 
 

realesed actitvity
sphera volume

= 7.07 10-3 MBq m-3;  

we found 
.

119.7D nSv h−≈ . 
 
CONCLUSIONS 

 
In normal practice, when source of radiation is kept under an appropriate 

level of secure control, the radiation safety is guaranteed by management 
regulation of source and by restriction of annual effective dose or annual 
equivalent dose. The results of time repeated radioprotection measurements 
confirmed that dose values for workers and public not exceeding established annual 
limits. 

In general the occupational and public exposure doses are indices of the 
quality of handling with the source. That is, indicate just how closely the source 
conforms to the fundamental principles of radiation safety. In this examined case, 
the individual and collective dose to personnel is very low; it is far below the 
regulatory limit. The applied Radiation Protection Program has proven to be 
adequate for this activity. 

Based on the mathematical models, computer simulations and assumptions 
used in this paper, it is concluded that no significant radiological risk is expected 
for workers, restricted groups of people and public in general in case of 
hypothetical fire in research laboratory. 
The above description refers to specific isotopes, but methods, case analysis and 
approach can easily however exportable to the other cases and to the occurrence 
of several accidental situations.  

In general the occupational and public exposure doses are indices of the 
quality of handling with the sources. In these examined cases, the ionizing 
radiations hazards seem to be insignificants: they will be important if the personal 
conducting the research involving ionising radiation not allows the appropriate 
procedures and neglects the protective measures. An adequate radiation protection 
training program and an efficient control system are the main prevention forms.  
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