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ABSTRACT 

 
A variety of radiation sources exist at the Department of Radiology and the Department 

of Nuclear Medicine at Karolinska University Hospital Huddinge. Radiation sources 

can also be found in areas outside of these departments due to the wide use of mobile x-

ray machines and fluoroscopic c-arm equipment and also due to the movement of 

patients that have received diagnostic or therapeutic doses of radionuclides.  

 

In a proposal for a new legislation from the Swedish Radiation Protection Authority 

(SSI), which was later issued as legislation SSI FS 2005:6, the effective doses of the 

general public from a practice using ionising radiation need to be kept below stated 

limit of 0.1 mSv/year. This project was performed to verify the dose limit for 

individuals of the general public in the above mentioned practices. 

 

Long-term measurements with TL-dosimeters were utilised to carry out the 

environmental monitoring of the areas throughout the Departments of Radiology and 

Nuclear Medicine. To assess the contribution of ionising radiation from rooms housing 

mobile fluoroscopic c-arm equipment to surrounding areas, a tissue equivalent phantom 

of size (30×30×20 cm3) was employed to simulate a patient and the scattered radiation 

was monitored by using area monitors, such as portable proportional counters.  

 

The annual effective doses were calculated in terms of personal dose equivalent as well 

as ambient dose equivalent monitored using TL-dosimeters and area monitors, 

respectively. The stated limit of 0.1 mSv/year to the general public was verified by risk 

analysis.  

 

An attempt to create a method for determining the amount of radiation shielding in 

terms of lead equivalence in walls, doors, protective glasses of manoeuvre rooms and 

cupboards of diagnostic x-ray labs was also performed using a radiation point source of 
99mTc and a NaI scintillation detector. Depending on the accuracy in the measurements 

the amount of lead deviated slightly from the expected 2 mm value based on the former 

legislation SSI FS 1991:1. 
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1. INTRODUCTION 

 
In the design and construction of facilities housing high intensity sources of ionising 

radiation, a variety of materials can be used to provide radiation shielding. Different 

shielding materials and thickness of the shields are suitable for different types and 

energies of ionising radiation. Lead is best known for shielding of external photon 

radiation, especially for lower photon energies due to its high density and high atomic 

number. The purpose of shielding diagnostic x-ray laboratories is to limit radiation 

exposure to employees and members of the public to an acceptable level. The 

recommended radiation protection quantity for the limitation of exposure to people from 

sources of ionising radiation is the effective dose, defined as the sum of the weighted 

equivalent doses to specific organs or tissues.  

 

Practices using ionising radiation generally employ the As Low As Reasonably 

Achievable (ALARA) principle to keep exposures at reasonable levels, while taking 

social and economic factors into account. All workplaces that regularly have high 

radiation dose rates, such as x-ray rooms or radiation laboratories, are classified as 

either controlled or protected areas based on radiation dose limitations to employees 

(SSI FS 1998:3). 

 

In the legislations by the Swedish Radiation Protection Authority (SSI) there are 

requirements for radiation shielding of all types of workplaces using ionising radiation, 

except for nuclear medicine activities within medical care and veterinary medicine (SSI 

FS 1991:1-3). According to these requirements walls, ceilings and floors shall, for the 

various nominal tube voltages, fulfil the requirements for radiation shielding expressed 

in mm lead equivalence. These requirements are out of date and they do not give space 

for individual adjustment of radiation shielding (SSI’s referral 2005). 

 

According to Swedish regulations the maximal annual effective dose permitted to a 

member of the general public from all practices using ionising radiation is 1 mSv (SSI 

FS 1998:4). On the 10 October 2005 SSI released a proposal for a new legislation, 

which was later issued as SSI FS 2005:6. According to this legislation rooms where 

radiation diagnostics or radiation therapy is carried out shall be constructed so that the 
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dose contribution from the practice is unlikely to exceed an annual effective dose of 0.1 

mSv for individuals of the general public who stay outside these practices in the areas 

not classified as controlled or protected areas. The aim for this legislation is to adjust 

the existing requirements to present practice and generalise the demand of radiation 

shielding for different types of practices. The new legislation shall enable individual 

adjustment of radiation shielding at the same time, as requirements for radiation 

shielding shall be easy for practices where no expert in radiation safety is required. 

 

The purpose of this project was to verify the dose limit of 0.1 mSv/year to the general 

public who stay outside work areas or examination rooms using ionising radiation at 

Karolinska University Hospital Huddinge by performing environmental monitoring to 

assess the contribution of ionising radiation from these areas or rooms (man-made 

sources) to the surrounding areas. Some of these rooms, particularly those situated at the 

Department of Radiology, have been modified several times since they were first 

constructed. Knowledge of the radiation shielding of these rooms/labs is lacking and 

therefore it was of interest to determine whether the protection is adequate. In this 

project it was therefore included to estimate the lead equivalence in materials of x-ray 

labs such as walls, doors, protective glasses of manoeuvre rooms and cupboards that are 

inserted in the walls of x-ray labs. 
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2. THEORY 
 
2.1 Radiation emitting facilities within medical care 

2.1.1 Medical diagnostics x-ray facilities   

 

In medical x-ray imaging applications, the ionising radiation consists of primary and 

secondary radiation. Primary radiation is the radiation emitted from the x-ray tube that 

reaches the detector uninfluenced by the passage through the patient and technical 

devices. Secondary radiation consists of leakage radiation from the protective housing 

of the x-ray tube and scattered radiation from the patient and other objects such as the 

imaging hardware, (see fig. 2.1). The primary radiation is the one giving rise to the 

diagnostic image whereas the secondary radiation only worsens the image quality. 

Fig. 2.1: Primary, scattered, leakage and transmitted radiation in a radiographic room 
with the patient positioned upright against the chest bucky, (NCRP 2004). 
 

Primary and secondary radiation exposure to other individuals than the patient depends 

primarily on several factors: the amount of radiation produced by the source, the 

distance between the exposed person and the source of the radiation, the time that an 

individual spends in the irradiated area and the amount of protective shielding between 

the individual and the radiation source. 
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To protect individuals from unintended ionising radiation the SSI has issued regulations 

on radiation shielding of medical diagnostic x-ray rooms (SSI FS 1991:1). According to 

these regulations, walls, ceilings and floors of x-ray rooms require, for the various 

nominal tube voltages, the radiation shielding expressed in mm lead equivalence as seen 

in the table 2.1. For rooms where mobile x-ray units are used temporarily no permanent 

radiation shielding is required in the walls, the ceilings or the floors.  

 

Table 2.1: Radiation shielding requirements in walls, ceilings and floors expressed in 
mm lead equivalence according to SSI FS 1991:1. 
  Nominal tube voltage            walls                                        floors                 ceilings 

  U (Kilovolts) 

  U ≤ 75                                      0.25                                        0.5                      0.25 

  75 < U ≤ 100                             1                                              1                       0.5 

  100 < U ≤ 150                           2                                              2                         1 

 

2.1.2 Nuclear medicine facilities 

 

In nuclear medicine, unsealed radioactive material in the form of compound labelled 

with a radionuclide, also known as a radiopharmaceutical, is injected into, swallowed or 

inhaled by the patient to diagnose or treat the disease. In imaging, the 

radiopharmaceutical is traced by a special type of camera known as gamma camera that 

provides radioactivity distribution in the imaged area of the body. In treatment, the 

radiopharmaceutical goes mainly to the organ being treated. In both cases, the patient 

becomes a source of radiation and remains so until the radioactive material decays or is 

excreted from the body.  
 

There are no requirements from the SSI for radiation shielding of nuclear medicine 

facilities. However, as with any radiation source, appropriate steps should be taken into 

account to ensure the exposure limits for other individuals than the patient.  

 

Assessment of radiation doses to relatives and members of the general public shall 

provide guidance for decisions concerning time point of discharging of patients from 
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hospital after treatment. A patient should be kept within hospital care until he or she is 

unlikely to contribute to an effective dose exceeding 0.3 mSv to any member of the 

general public (SSI FS 2000:3).   

 

It is important to separate between the above mentioned legislation (SSI FS 2000:3) and 

the new legislation (SSI FS 2005:6). The first one concerns exposure to the general 

public from patients who are discharged from the Department of Nuclear Medicine and 

the other concerns exposure to the general public from the Department of Nuclear 

Medicine, in other words, from the patients within the department.   

 

2.2 Controlled and protected areas 

 

The SSI has classified workplaces and employees working with ionising radiation into 

different categories based on dose limitations for these employees at their workplaces 

(SSI FS 1998:3). 

 

Controlled areas are represented by workplaces, where employees may obtain an annual 

effective dose exceeding 6 mSv, or an annual equivalent dose to the eye lens exceeding 

45 mSv, or an annual equivalent dose to the hands, fore-arms or the skin exceeding 150 

mSv. Controlled areas are equipped with local written instructions concerning work 

routines and protective precautions. Access to controlled areas is restricted to authorised 

persons only, who are sufficiently trained. Workplaces housing ionising radiation other 

than controlled areas are classified as protected areas. Both controlled and protected 

areas shall be labelled controlled or protected areas, respectively.  

 

The whole Department of the Nuclear Medicine, all diagnostic x-ray labs and rooms 

housing mobile x-ray or c-arm equipment at Karolinska University Hospital Huddinge 

are classified as protected areas.  
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2.3 The new legislation 
 
The new legislation SSI FS 2005:6 concerns practices using ionising radiation within 

medical care, veterinary and dental care, and dose limitation to the general public who 

stay outside these practices, i.e. outside protected or controlled areas. In the context of 

radiation protection the general public at a hospital comprises all staff that is not 

employed in radiation work, all patients who are not in the process of undergoing 

diagnostic examination or treatments using ionising radiation as well as visitors at the 

hospital (Keane and Tikhonov 1975). 

 

According to this legislation the effective doses to individuals of the general public, 

outside a practice using ionising radiation shall be unlikely to exceed 0.1 mSv/year. The 

dose limitation of 0.1 mSv/year shall be verified and documented for all rooms 

containing radiation sources, which are in use. A verification of the radiation dose shall 

also be performed in new rooms or if the practice inside or outside a room has been 

changed so that there is a risk that the dose limitation is not met. These new regulations 

will be effective from 2006-07-01. Through these regulations, the old version of 

legislations (SSI FS 1991:1-3) will be abolished. 

 

2.4 Quantities and units for radiation protection dosimetry 
2.4.1 Radiation protection quantities 

 

The International Commission on Radiation Protection (ICRP) defines radiation 

protection quantities, equivalent dose and effective dose, which are described in 

Publication 60 (ICRP 1991). The purpose of these quantities is to estimate the 

probability for late injury effects from both external and internal radiation sources. 

These quantities are the basis for legislation authorities and can be calculated but not 

measured (Lindborg 1997).  
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2.4.1.1 Equivalent dose   

                                                    
The equivalent dose, HT, to an organ or tissue, T, is the sum of the mean absorbed dose   

DT,R in T, multiplied by the weighting factor wR for each type of radiation R. 
                                                                         DwH RTRT

R
,∑=  

The weighting factor is introduced to weight the absorbed dose for biological 

effectiveness of the ionising particles. In the case of photons, wR=1. The unit of HT is 

sievert (Sv) and is defined as 1 Sv=1 J/kg. 

  

2.4.1.2 Effective dose  

 
The effective dose E is the sum of all weighted equivalent doses in all organs and 

tissues according to following equation: 
                                            DwwHwE RT

R
R

T
T

T
TT ,∑∑∑ ==  

                                                               
where wT is a tissue-weighting factor for organ or tissue T, which reflects the total 

detriment to health. In similarity to HT the unit of E is sievert(Sv). 

 

2.4.2 Operational quantities for radiation protection 

 

The International Commission on Radiation Units (ICRU) has defined operational 

quantities for practical measurements of external radiation, both for area and individual 

monitoring. Measurements using area monitors are mostly performed free in air. As a 

consequence, the radiation field seen by an area monitor differs from that seen by an 

individual monitor worn on a body where the radiation field is strongly influenced by 

backscatter and absorption in the body. Therefore different operational quantities are 

used for area and individual monitoring (ICRU 1993). For area monitoring the 

operational quantities are the ambient dose equivalent, H*(d), as well as the directional 

dose equivalent, H’(d,Ω), while for individual monitoring the operational quantity is the 

personal dose equivalent, Hp(d). 
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2.4.2.1 Ambient dose equivalent  

 
The ambient dose equivalent, H*(d), at a point, is the dose equivalent that would be 

produced by the corresponding expanded and aligned field, in the ICRU sphere(1) 

(ICRU 1980) at a depth d in millimetres on the radius opposing the direction of the 

aligned field. For measurement of strongly penetrating radiation such as photons with 

energies above 15 keV, the reference depth used is 10 mm and the quantity denoted 

H*(10). For weakly penetrating radiation, a depth of 0.07 mm for the skin and 3 mm for 

the eye are employed. The unit is J kg-1and the special name for the unit of ambient dose 

equivalent is sievert (Sv). 

 

2.4.2.2 Directional dose equivalent  

 
The directional dose equivalent H’(d,Ω), at a point, is the dose equivalent that would be 

produced by the corresponding expanded field in the ICRU sphere at a depth d on a 

radius in a specified direction Ω. Directional dose equivalent is of particular use in the 

assessment of dose to the skin or eye lens, i.e. for weakly penetrating radiation. The unit 

is J kg-1 and the special name for the unit of directional dose equivalent is sievert (Sv). 

 

2.4.2.3 Personal dose equivalent  

 
The personal dose equivalent, Hp(d), is the dose equivalent in soft tissue at an 

appropriate depth, d, below a specified point on the surface of the body. Hp(d) can be 

measured with a detector which is worn at the surface of the body and covered with an 

appropriate thickness of tissue-equivalent material. The unit is J kg-1 and the special 

name for the unit of personal dose equivalent is sievert (Sv). 

 

 

 

ICRU sphere(1): the ICRU sphere is a tissue-equivalent spherical phantom with (diameter: 30 cm, density: 1 g cm-3, 

mass composition: 76.2% oxygen, 11.1% carbon, 10.1% hydrogen and 2.6% nitrogen), which adequately 

approximates the human body as regards the scattering and attenuation of radiation fields under consideration. 
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2.5 Thermoluminescent dosimeters   
 

The sensitive volume of a thermoluminescent dosimeter (TLD) consists of a small mass 

of crystalline dielectric material containing suitable activators to make it perform as a 

thermoluminescent phosphor. The activators provide two kinds of centers: trap centers 

for electrons and holes and the other types of centers are luminance centers, located at 

either the electron traps or the hole traps, which emit light when the electrons and holes 

are permitted to recombine at such a center. 

 

If TL dosimeters are exposed to ionising radiation, electrons will be excited to higher 

energy levels and trapped in trap centers within the band gap between the valence and 

the conduction bands. The created holes in the valence band will migrate to hole traps. 

Fig 2.2 illustrates the thermoluminescent process.    

 

As long as the trap centers are deep enough in terms of potential energy, the probability 

is small that thermal excitation (at room temperature) will excite the electron out of the 

trap and back into the conduction band. Thus, exposure of the material to ionising 

radiation does not produce significant scintillation light but instead leads to a 

progressive build-up of trapped electrons. Thermoluminescent material therefore 

function as integrating dosimeters.  

 

Subsequent heating of the TL dosimeters to temperature of 250-400ºC in TL reader will 

release the electrons from their traps, causing emission of light. The intensity of emitted 

light as a function of temperature is known as a glow curve, which usually has more 

than one peak due to the presence of more than one trap depth. The amount of light 

emitted during the heating (the readout process) is dependent on the number of electrons 

originally trapped and therefore a measure of the dose received by the dosimeter.  

 

The TLD signal is received during a heating process by applying a defined temperature 

profile. The photomultiplier in TL reader converts the light accumulated to a current 

that is translated to radiation dose according to calibration parameters. 
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Fig. 2.2: The thermoluminescence process: (A) ionisation by radiation, and trapping of 
electrons and holes, (B) heating to release electrons, allowing luminescence production  
(Attix 1986).  
 

2.5.1 Advantages of TLDs 

 

The advantages of TLDs are wide useful dose range, dose-rate independence, small 

size, passive energy storage, accuracy, precision, readout convenience and reusability.  

 

2.5.2 Disadvantages of TLDs 

 

One disadvantage of TLDs is the lack of uniformity for different dosimeters made from 

a given batch of phosphors. To avoid this problem calibration of the batch is necessary 

to achieve accuracy and precision. Another disadvantage is the storage instability. TLD 

sensitivity can vary with time before irradiation in some phosphors due to the migration 

of trapping centres in the crystals at room temperature. However, annealing of the TLDs 

can usually restore them to some reference condition again. Another disadvantage is 

fading of the TLD, which means that the irradiated dosimeters do not permanently 

retain 100% of their trapped charge carriers, and this results in a gradual loss of latent 

TLD signal with time. 
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3. MATERIALS AND METHODS 

 
3.1 Determination of lead equivalence  

3.1.1 Radioactive source method 

 

The lead equivalence of materials (walls, doors, protective glasses of manoeuvre rooms 

and cupboards) in x-ray labs may be assessed using x-ray equipment. However, this 

method is time consuming, inflexible and requires a radiation detector with good 

dynamic range. 

 

An alternative method is the radioactive source method (Hewitt 1982; Sutton and 

Williams 2000), which enables to check that the protection is adequate as well as there 

are no gaps in the shielding materials. It is a simple and practical method using a 

radioactive source and a radiation detector. The relevant investigated material is 

exposed to a beam of photons from a radioactive point source and the attenuated beam 

is measured on the other side of the investigated material. The thickness of the lead 

equivalence of the material can be obtained by applying the following equation: 

 

                       eNN x.0 μ−=                                                  (3.1)                                                   

where 0N  and N are the incident and attenuated beam respectively, measured at fixed 

source-detector distances, χ is the thickness of the attenuating material and µ is the 

linear attenuation coefficient of the material, which mainly depends on photon energy 

and the nature of the medium (atomic number and density).  

 

Equation (3.1) is valid only if the attenuation coefficient is actually a constant and this 

is only true if the photons in the incident beam all have the same energy (a 

monoenergetic beam) and if the beam is narrow (“narrow beam geometry”). 

 

If the beam is broad a correction for build-up factor should be applied to get the 

accurate thickness: 
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                         ezghvxBUNN x.
0 ),,,( μ−=                     (3.2)    

 
where BU is a photon fluence build-up factor that takes into account the photons 

scattered by the attenuator. The variables inside the parentheses indicate the dependence 

on the thickness of the attenuator (x), the energy of the photons (hv), the geometry (g) 

and the attenuating materials (atomic number (z)), respectively. 

 

3.1.2 Radiation source 99mTc 

 
A radionuclide source is used instead of an x-ray equipment to determine the amount of 

radiation shielding of x-ray labs in terms of lead equivalence. The most suitable type of 

radionuclide is a sealed source of 241Am (Hewitt 1982), as the main γ-ray has an energy 

of 60 keV, which corresponds to a mean energy of an x-ray beam in the range of 100-

140 kVp. This source was not available. An alternative is 99mTc (Sutton and Williams 

2000), which is almost monoenergetic ≈ 141 keV, readily available in the Department 

of Nuclear Medicine. The potential hazard with 99mTc is low because of its short half-

life. Moreover it is inexpensive. 

 

3.1.3 Gamma-Analyzer LB 125 

 
The Gamma-Analyzer LB 125 is a portable gamma-spectrometer from Berthold 

technologies. This detector consists of a Sodium Iodide (NaI) crystal and a 

photomultiplier tube (PMT) to convert the light pulses, induced by scintillation, to 

electronic pulses. The electronic pulses are sorted according to pulse height using a 

multichannel analyser with 512 channels. A pulse that represents full energy deposition 

by a gamma ray in the detector falls into a region of the distribution of pulses called the 

photopeak region and can be associated with a specific gamma ray energy. The energy 

range of the Gamma-Analyzer LB125 is 25-2000 keV and the calibration of this 

detector is done with a 137Cs source every time the detector is switched on. 

 

The spectrum obtained during measurements is saved and analysed. The information in 

a specific energy interval known as the Region Of Interest (ROI) is utilised to determine 
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the number of pulses obtained by photons within the specific energy interval during a 

specific time of measurement.  In this study the width of the ROI was chosen to span 

130-151 keV and the measurement time was 1 minute. 

 

3.1.4 Lead equivalence measurements 

 
A source of 99mTc with high activity of about 2 GBq was prepared in the 

radiopharmaceutical lab at the Department of Nuclear Medicine at Karolinska 

University Hospital Huddinge. The radionuclide took the form of 2.3 ml of liquid in a 

small glass vial. Due to its small volume the source could be regarded as a point source. 

During measurements the detector LB 125 and radiation source were placed on two 

separate tables of the same height.  

 

In order to observe the effect of the narrow/broad beam geometry in the determination 

of lead equivalence, two geometries were utilised. To obtain narrow beam geometry the 

approximate point source and the detector were placed as far from the scattering 

medium as practically possible so that the incident and detected beam could be 

considered as a parallel beam (see fig. 3.3 A). The distance between the source and 

detector was chosen to approximately 2 m. A broad beam geometry was obtained by a 

short distance between source and detector (see fig. 3.3 B).  

 

 
   Fig. 3.3: A) The ideal narrow beam geometry and B) the broad beam geometry.  
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The unattenuated beam was measured at a distance 2 m from the source and the 

reference beam, N0, was thereafter obtained by correcting for natural background 

radiation level and distance (1 m). In order to make a shielding assessment in materials 

of x-ray labs it is necessary to know the thickness of these materials, so that the 

separation of the source and detector can be set. The variation of the above mentioned 

reference beam due to the distance between the radiation source and detector, including 

the thickness of the materials, was taken into account as well as the difference in the 

time(1) between original and actual measurement of , N0, before using in the calculation 

of the transmission represented in table 4.6.   

 

The total mass attenuation coefficient including coherent scattering, μ/ρ, at 141 keV for 

lead was obtained from NIST database (Berger, et al. 1998). Using this value and the 

known density of lead (11.35 gcm-3), μ at 141 keV was calculated to be 2.67 mm-1. 

Thus the lead equivalence of the investigated materials was determined by applying 

equation (3.1) that concerns the narrow beam geometry. The uncertainties(2) in the 

measurements were taken into account, accordingly the maximum and minimum lead 

equivalence were determined.         

                                                                                                                                                                         

3.2 Environmental monitoring of the Department of Radiology 
3.2.1 Diagnostic x-ray labs 

 
The Department of Radiology at Karolinska University Hospital Huddinge consists of 

22 x-ray labs with fixed imaging systems. The labs and type of examinations performed 

in these labs are illustrated in appendix A. All these labs should have a protective 

shielding of 2 mm lead equivalence, (see table 2.1). Corresponding to current legislation 

(SSI FS 1991:1), the same protective shielding should also be provided in cupboards 

inserted in the walls of x-ray labs. These cupboards, which are used for textile materials, 

have doors on two sides, both to the corridor and to the x-ray lab. Mostly only the doors 

to the corridor carry lead shielding. 
 

difference in time(1): correction for the time due to the physical half time of the 99mTc.  

The uncertainties(2): the uncertainty in the obtained transmission was estimated by square-root of quadratic sum of uncertainty in the 

distance between the source and the detector on the other side of the investigated material, the statistical errors of N0
1/2 and N1/2, and 

was evaluated to be ±0.001. 
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The x-ray labs belong to different sections; emergency, gastrointestinal, orthopaedic, 

angiography, coronary angiography, paediatric and computed tomography (CT). More 

details about these labs are listed in appendix A. 

 

In fluoroscopy, CT and in the majority of all radiographic examinations, the primary 

beam is collimated so that the entire beam interacts with the patient and, as a 

consequence, only scattered radiation is incident on walls. Exceptions include extremity 

radiography, some chest and skull examinations where there are possibilities for 

primary radiation on walls. 

 

Since the exposure levels are low in the surrounding areas of shielded x-ray labs, long 

exposure times are required. The use of integrating dosimeters, such as TLDs, provides 

long-term measurements. 

 

3.2.2 The TLD system 

3.2.2.1 The thermoluminescent dosimeters 

 

Thermoluminescent dosimeters composed of Lithium Fluoride crystals doped with Mg 

and Ti (LiF:Mg:Ti), also known as TLD-100, were used to carry out the environmental 

monitoring. They are shaped as pellets of diameter 4.5 mm and thickness 0.9 mm. Some 

properties of the TLD-100 are high sensitivity to radiation, ability to withstand 

environmental conditions, tissue equivalence and high measurement range between 15 

µGy to 10 Gy (Wedholm Medical AB).  

 

Because of the short duration and low doses of each x-ray examination, the TLDs 

needed to register the total dose accumulated over a period of eight weeks. It was found 

that the prolongation of monitoring time interval in the low dose range applications 

leads to reduction of the dose detection limit of TLD and consequently improve the 

sensitivity of it, the increase of monitoring time from 30 to 180 days leads to reduction 

of annual detection limit for TLD-100 from 0.3±0.1 mGy to 0.1±0.03 mGy (Traino, et 

al. 1998). 
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LiF:Mg:Ti is widely used in the environmental monitoring (Ranogajec-Komor 2002; 

Delgado, et al. 1992; McKeever, et al. 1995) . The dose response of LiF:Mg:Ti is linear 

up to 1 Gy (McKeever, et al. 1995). The energy response of TLD is also of practical 

importance since the radiation in the environment has a broad spectrum of energies 

(Prokic 1996). In the range of 30 keV to 1.3 MeV the photon energy dependence of 

LiF:Mg:Ti is less than 30% (Wedholm Medical AB). Environmental factors such as 

temperature, humidity and exposure to normal ambient levels of ultraviolet and visible 

light may induce fading in the TLD signal. It is important to mention that the effects of 

ultraviolet and visible light may also induce a TLD signal, but with regard to LiF:Mg:Ti 

the sensitivity to light exposure is low (European Commission Community 2000). The 

reported fading data in the literature for LiF:Mg:Ti is between 10% in one month to 1% 

in one year (McKeever, et al. 1995).  

 

3.2.2.2 The TLD reader 
 

The readout process is based on the heating of the TLDs from ambient temperature up 

to 300 ºC, while the emitted light is collected and measured quantitatively. 

 

The Harshaw Model 5500 Automatic TLD reader was used to read out the TLDs.  This 

reader is capable of reading 50 dosimeters per loading. It operates on Windows 

Radiation Evaluation and Management System (WinREMS) software resident on a PC, 

which is connected to the reader via a serial communication port. The reader uses 

nitrogen gas heating with a closed loop feedback system that produces ramped 

temperatures accurate within ±1 ºC up to 300 ºC (Harshaw 2002). 

 

As the reader generates TLD data, the computer stores it until a reading is completed.  

Then it transmits the data to WinREMS in the form of 200 response points forming a 

glow curve, which represents the intensity of emitted light as a function of the 

temperature. 

 

The glow curve of LiF:Mg:Ti has at least six glow peaks between room temperature and 

300 ºC (McKinlay 1981), the fifth peak is the one normally used for practical dosimetry 
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due to its low fading rate at room temperature. Preheating of the TLD in the reader 

reduces the erroneous reading due to fading of low temperature peaks. The glow curve 

has a characteristic shape and the signal is obtained by integration over the curve. 

 

3.2.2.3 Calibration of TLDs 
 
The purpose of individual calibration of TLDs is to ensure that all dosimeters in a 

system will give essentially the same response to a given radiation exposure, because of 

natural variations in TLD material response and in the physical mass of manufactured 

TLD chips.  

 

In this study, the TLDs were first annealed at 400 ºC and then left to cool down on a 

heat sink for 30 minutes before they were calibrated in the x-ray field in the x-ray lab at 

the Department of Diagnostic Hospital Physics according to an accredited method 

(RTG3.TL-dosimeters 2005). The purpose of this calibration was to obtain an individual 

calibration factor for each chip in a batch (series), and to confirm that the deviations of 

individual calibration factors were within the range of  ±10%.  

 

A Victoreen ionisation chamber connected to a Victoreen electrometer was used to 

determine the air kerma. The ionisation chamber and the electrometer are reference 

instruments that are traceable to a secondary standard dosimetry laboratory at the 

Swedish Radiation Protection Institute. The ionisation chamber is calibrated free in air 

in several radiation qualities, which are standard according to the International Standard 

Organisation (ISO).  

 

Every series of TLDs was treated separately. The TLDs were placed on a polymethyl 

methacrylate (PMMA) phantom block (25×25×7 cm3) around the ionisation chamber, 

which was placed in a specifically hollowed out cavity in the phantom. The distance 

between the focal spot of the x-ray tube and the phantom surface was 1 meter and the x-

ray field was covering the whole phantom surface.  

Irradiation of the TLDs was performed at tube voltage 81 kV and tube charge 125 mAs. 

The pressure and temperature in the lab were registered. After irradiation, the TLDs 
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were placed in the Harshaw 5500 TLD reader for read out. The Kair registered by the 

ionisation chamber, corresponds to the absorbed dose DTLD of the TLDs and was 

calculated by: 

 

                  DPNMK TLDTPknnair ≈××=                                               (3.3)                                         

where Mn is the chamber reading from the electrometer (nC), Nkn is the air kerma 

calibration factor (mGy/nC) from the laboratory of SSI and PTP is the correction of the 

deviation in temperature and pressure between the calibration of TLDs and the 

calibration of the ionisation chamber. Then, a specific calibration factor, CTLD 

(mGy/nC), for each TLD was calculated according to: 

                  
M
KC

TLD

air
TLD =                                                                 (3.4) 

where MTLD is the signal from TLD in nC obtained from TLD reader. 

   
The quantity Kair in equation (3.3) is in reality the air kerma at the surface of the 

phantom. Since the TLDs are placed on the phantom the backscatter from the phantom 

is automatically included in the calculated Kair. According to an internal report from the 

Department of Diagnostic Hospital Physics the backscatter coefficient B from the above 

mentioned phantom (25×25×7 cm3) is defined as the ratio between the air kerma at the 

surface of the phantom and the air kerma free in air. B is estimated to be 1.47±0.1 

(Strindberg 2006). Therefore the quantity Kair was divided by B to obtain the air kerma 

free in air. Once this quantity is available, a specific conversion coefficient hpk(10;N,α) 

for narrow beam (N) at 80 kV and incident angle (α) 0º can be employed to convert air 

kerma free in air to personal dose equivalent Hp(10) (Table 30, SS-ISO 4037-3).  
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where CTLD is the individual calibration factor of the TLD obtained from equation (3.4), 

B is the backscatter coefficient equal to 1.47 and hpk(10;N,α) is the maximum 

conversion coefficient, which is equal to 1.88 mSv/mGy with uncertainty of 2% (1SD), 

thus the obtained calibration factor, CPers, is in terms of personal dose equivalent 
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(mSv/nC) with a total uncertainty(1) of 18% (2 SD). The purpose of choosing the 

maximum value of the conversion coefficient is to avoid underestimation in expected 

doses received by the general public. 

 

3.2.3 Performance of the environmental monitoring 

 

Environmental monitoring was performed to assess the contribution of medical 

diagnostic x-rays to surrounding areas of x-ray labs and to verify the dose limitation of 

0.1 mSv/year to the general public from facility operations. 

 

Monitoring of the Department of Radiology was performed by using three series of 

TLDs with a total numbers of 74 TLDs. Each series was handled separately, calibrated 

(see section 3.2.2.3) and annealed one hour at 4000C before being used for monitoring. 

33 bags with two TLDs per bag, for averaging purposes, were placed at different 

positions at the chest level of a standing or sitting person, outside of protected areas (see 

figure 3.4). The remaining eight TLDs were stored in an office of the Department of 

Diagnostic Hospital Physics at Karolinska University Hospital Huddinge in a 

temperature of about 23 ºC to measure the natural background radiation level. After 

eight weeks the TLDs were removed from all positions and were read out to obtain the 

integrated radiation exposure during this period of time.  Table 3.2 illustrates detailed 

information on TLDs used for environmental monitoring. 

 

 

 

 

 

 

 

 

total uncertainty(1): the uncertainty  9% (1 SD) was estimated by square-root of quadratic sum of uncertainty in the 

Nkn=1.2%, combined uncertainty of ionisation chamber + TLD=5%, the uncertainty of backscatter coefficient B=7% 

and the uncertainty of the conversion coefficient hpk(10;N,α) =2%.  The total uncertainty 18% (2 SD) was obtained by 

(2×9%). 
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Table 3.2: Detailed information on measurements with TLDs. 

 Used series Series 6, 8 and 9 

Number of positions  33 

Number of TLDs used for monitoring 66, 2 per position 

Number of  TLDs used for measuring of natural background level 2-3 in each series 

TLDs placing date 2006-01-03 

TLDs removal date 2006-03-02 

The height of TLDs from the floor  123 cm or 75 cm  

Calibration and annealing date of TLDs 2005-12-31 

Duration of monitoring (days) 58 

Readout and calibration date of TLDs  2006-03-02 

 

 

The personal dose equivalent was obtained by applying the following equation: 

 

               Hp(10)=Cpers× TLDsignal                                            (3.6) 

where Hp(10) is the personal dose equivalent in mSv at depth 10 mm, CPers is obtained 

by applying equation (3.5) and TLDSignal is the TLD signal in nC.  

 

The average dose for each position was divided by 58 days to obtain the dose rate. The 

dose rates were then corrected for natural background radiation level and multiplied by 

365 days to obtain the annual personal doses in mSv/year.  



 25

           



 26

3.2.4 Risk assessment of the general public  

 
To perform a complete risk analysis of the general public, the following questions were 

given to x-ray technicians in charge at the different sections of the Department of 

Radiology: 

1. What is the daily number of patients per lab and what are their average ages? 

2. How long time does a patient spend in waiting rooms and what is the duration of the 

examination? 

3. How often does a patient undergo several examinations in the same year? 

4. If there is a probability that relatives (adult, children) follow the patient, where do 

they stay during the patient’s examination? 

5. Other than patients and relatives, who else is staying outside the protected area? 

 

The answers to these questions are demonstrated in appendix B, arranged according to 

section and type of examination in the relevant labs as well as positions of the labs at 

the Department of Radiology. 

 

3.3 Environmental monitoring of rooms housing mobile c-arm equipment 

3.3.1 Rooms housing mobile c-arm equipment  

 

Mobile c-arm fluoroscopic equipment are often used outside the Department of 

Radiology in cardiac procedures such as pacemaker implantation and in various 

examinations performed in operating theatres, as well as in pain clinics and orthopaedic 

suites. Table 3.3 summarises the rooms at Karolinska University Hospital Huddinge, 

which were involved in the verification of the dose limitation. 

 

In these rooms the only significant source of radiation is scatter from the patient, since 

the primary beam falls entirely within the area of the image intensifier face and its 

surroundings. 

 

In most cases the rooms housing mobile c-arm equipment are not shielded (SSI 

FS1991:1). Due to the infrequent use of x-ray equipment in these rooms, the estimation 
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of radiation exposure in surrounding areas of these rooms was based on simulation of a 

patient by using a phantom and monitoring the radiation by using area monitor 

instruments. 

 

Table 3.3: The clinics where mobile c-arms are used and where environmental 
monitoring was performed. 

Clinic Type of mobile c-arm Number of 

patients in the 

year 2005 

Workload 

in the year 

2005 (min) 

Mean exposure 

time per patient

(min) 

Lung KBC K-82 Stenoscope 9600 43 2.71  0.06  

Physiology lab C1-88 GE OEC 9800 70 351.4  5.02  

Daytime surgical-61 Ziehm Exposcope8000 132 183.23  1.45  

Daytime surgical-62 Ziehm Exposcope8000 132 183.23  1.45  

Daytime surgical-72 Ziehm Exposcope8000 132 183.23  1.45  

Gastrointestinal-K61 Ziehm Exposcope8000 162 390.56 2.41  

Gastrointestinal-K51 Ziehm Exposcope8000 26 62.66 2.41  

Urologic K62-room 1 Storz c-arm C MX 555 2307.5 4.84  

Urologic K62-room 2 Storz c-arm C MX 555 2307.5 4.84  

 

 

3.3.2 Proportional Counters for area monitoring 

 
Two gas-filled proportional counters of cylindrical shape were utilised in the area 

monitoring. Both of them are manufactured by Berthold technologies and they are used 

as radiation protection instruments for detection of photon radiation. 

 

In the proportional region of operation of a gas filled detector there is an amplification 

of the charge represented by the original ion pairs created within the gas by the 

radiation. The amount of charge collected from each interaction is proportional to the 

amount of energy deposited in the gas of the counter. Therefore these types of detectors 

are sensitive and suitable in low intensity radiation fields and it is recommended for 

detection of low x-ray energies (Knoll 2000).  
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The purpose of using two instruments was to obtain accurate measurements. One of the 

detectors has a digital output which is easy to read out. However, this detector is less 

sensitive than the other which has analogue output and thereby less accurate to read out.  

 

3.3.2.1 Radiation protection instrument UMo LB 123   
 

Portable Universal Monitor UMo LB 123 is a versatile instrument used in radiation 

protection for contamination measurements, dose rate measurements and activity 

measurements. LB 123 is connected to the proportional counter gamma dose rate probe 

LB 1236 to be used as a dose rate meter for measuring of equivalent dose rates with a 

µSv/h digital output. The photon energy, which can be detected by this detector, is 

ranging from 30 keV to 1200 keV and the dose rate is ranging from 0.05 µSv/h to 10 

mSv/h. The energy dependence of this probe is ±30% relative to the 137Cs source. 

 

The highest sensitivity of the counter tube is vertical to the longitudinal axis. A red ring 

on the detector housing (see fig. 3.5) marks the center of the active volume. Due to this 

vertical sensitivity the counter tube should always be held vertical to the incident 

radiation (Berthold technologies 2001). 

                               

3.3.2.2 Radiation protection instrument LB 133   
 

The portable dose rate meter LB133 is a handy instrument with a µGy/h analogue 

output (see fig. 3.5). It consists of a proportional counter tube, which combines the 

advantage of low energy dependence with high sensitivity of counter tube instrument. 

The energy range of photons is from 30 keV to 1300 keV and the dose rate range is 

from 0.1 µGy/h to 30 mGy/h. The energy dependence of this detector is ±30% referred 

to the 137Cs source. Since the highest sensitivity of this counter is vertical to the 

longitudinal axis, therefore it should always be held vertical to the incident radiation. 

 

 



 29

            
Fig. 3.5: UMo LB123 connected to the probe LB 1236 to the left and LB 133 to the 
right. 
 

 3.3.3 Calibration of the area monitors 

  

Both dose rate meters LB133 and LB123 were calibrated in a scattered radiation field 

against a Victoreen ionisation chamber, which was mentioned in section 3.2.2.3. The 

calibration was performed in the x-ray lab at the Department of Diagnostic Hospital 

Physics at Karolinska University Hospital Huddinge. A tissue equivalent phantom of 

size (30×30×20 cm3) was utilised. The distance between the detector and the side of the 

phantom was 20 cm. The distance from the floor to the middle of the phantom was 94 

cm. The operation parameters tube voltage, tube current, and exposure time were 82 

kVp, 4 mA and 30 sec, respectively. The type of equipment used was a c-arm GE 

Medical System Stenoscope-9000.  

 

The ionisation chamber does not directly indicate the ambient dose equivalent that is 

required for calibration of area monitors (ICRU 1992). It measures air kerma free in air 

for photon radiation, and the ambient dose equivalent H*(10) is then determined by 

using appropriate conversion coefficient, which is theoretically available as h*K (10;N) 

(table 11, SS-ISO 4037-3). 

 

             KNhH airK ×= );10(*)10(*                                               (3.7)             

where 

                     

 PMNK PTknair ××=
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The quantity Kair is the measured air kerma free in air, Nkn is the calibration factor of the 

ionisation chamber, M is the reading from the electrometer and PPT is the correction for 

temperature and pressure at different measurement occasions. The conversion 

coefficient h*K (10;N) from air kerma, ka, to ambient dose equivalent, H*(10) was 

chosen for radiation quality N-80 for narrow spectrum series (N) at 80 kV to 1.73 

mSv/mGy with uncertainty of 2% (1 SD), it is the maximum value of h*K (10;N) in the 

above mentioned table. By using the maximum value of h*K (10;N) the expected doses 

received by the general public will not be underestimated. 

 

Then the calibration factor for the dose rate meter in terms of the ambient dose 

equivalent N(H*) was determined from equation (3.8) 

 

            
R

H
HN

cal

)10(*
)*( =                                                           (3.8)     

       

where H*(10) was obtained from equation (3.7) and Rcal is the reading from the dose 

rate meter that was being calibrated.  

 

It is important to mention that the ionisation chamber is calibrated in air for the range of 

reference radiation qualities defined by the International Organisation for 

Standardisation (ISO). The same reference qualities should ideally be used for the 

calibration of radiation protection monitoring instruments. However, in our case the 

calibration was performed in scattered radiation and not in the reference qualities. The 

aim was to get a more realistic set-up for calibration of the instruments. Furthermore, 

heavy filtration was required if reference qualities were to be utilised in order to get the 

low dose rates of interest in these measurements with dose rate meters LB123 and 

LB133.   
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3.3.4 Performance of the environmental monitoring 

 
To assess the contribution of radiation from the rooms housing mobile c-arm 

fluoroscopic equipment to surrounding areas and to verify the dose limitation of the 

general public does not exceed 0.1 mSv/year, the mentioned phantom in section 3.3.3 

was used to simulate a patient. The experimental set-up simulated a clinical situation 

where the x-ray tube was located below and relatively far from the phantom. The x-ray 

beam was directed upward towards a patient table, the phantom and the image 

intensifier, which was located relatively close to the phantom (see fig. 3.6). Automatic 

Exposure Control (AEC) and the logbook, which contains operation parameters for 

every examination, were employed to provide appropriate kVp and mA to the relevant 

system. Furthermore the maximum field size of the image intensifier (23 cm) was 

utilised in all measurements to get as much scattered radiation as possible. 

 

 
Fig. 3.6: The experimental set-up geometry. Room K2-5147 at Karolinska University 
Hospital Huddinge. 
 

Both LB 123 and LB 133 were used. Several points around rooms equipped with c-arms 

were chosen as measurement points. The annual effective dose in the terms of ambient 

dose equivalent was determined according to the following equation: 
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.                   (3.9)  

 

where )10(*
.

H  is the annual ambient dose equivalent at depth 10 mm, R  is the reading 

from the instrument while simulating the clinical situation with the x-ray beam turned 

on, BG is the background reading with no x-ray beam turned on, N(H*) is the 

calibration factor (eq. 3.8) and the last two terms are the mean exposure time per patient 

and the number of patients per year, respectively, for the relevant room (see table 3.3). 

 

3.3.5 Risk assessment of the general public   
 

Risk assessment was based on several factors such as the workload, which is the 

average time the fluoroscopy radiation beam is actually on per week, the distance 

between fluoroscopic c-arm equipment and the adjacent areas, the occupancy of 

adjacent areas and the energy of the x-ray beam. Such information was received from 

technicians in charge and from the logbook, which contains information for a relevant c-

arm such as workload, rooms where the c-arm is used, number of patients per year and 

mean exposure time per patient.     

                                                                                                                                                                         

3.4 Environmental monitoring of the Department of Nuclear Medicine 

3.4.1 Labs and activities at the Department of Nuclear Medicine 

 

The Department of Nuclear Medicine at Karolinska University Hospital Huddinge has 4 

gamma camera labs, a radiopharmaceutical lab, a hot lab and an iodine treatment 

therapy room in additional to mobile PET bus activity every other Wednesday. The 

radionuclides, which are used at the department, are presented in table 3.4. The main 

source of ionising radiation is the patient herself/himself who constitutes a risk for 

exposure to individuals in surrounding areas. 
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Table 3.4: The radionuclides and their maximum administrated activity, which are used 
at the Department of Nuclear Medicine at Karolinska University Hospital Huddinge.  
Radionuclide Half life  Principal photons used  

             

      Maximum  

administrated  activity  

Fluorine 18 (18F) 110 min 511 (keV) 350 MBq 

Technetium 99m (99mTc) 6.02 h 140.5 (keV) 1000 MBq 

Samarium 153 (153 Sm) 1.93 d 103 (keV) 4000 MBq 

Iodine 131 (131I) 8.02 d 284 (keV) 1000 MBq 

Phosphorus 32 (32P) 14.26 d None  300 MBq 

Iodine 123 (123I) 13.2 h 159 (keV) 185 MBq 

 

 

3.4.2 The TLD system 

 

The TLD system mentioned in section 3.2.2 was employed to carry out radiation 

monitoring of the Department of Nuclear Medicine.  

 

It is necessary to point out that the TLDs used for monitoring of the Department of 

Nuclear Medicine were calibrated in an x-ray field and the maximum conversion 

coefficient, hpk (10;E,0°), which is equal to 1.90 mSv/mGy for the mono-energetic 

photon energy 80 keV and incident angle 0° was employed to convert air kerma to 

personal dose equivalent, Hp(10), (table 27, SS-ISO 4037-3). The aim of using this 

conversion coefficient was to avoid underestimation of expected doses received by the 

general public.  
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3.4.3 Performance of the environmental monitoring 

 
TLDs were distributed throughout the Department of Nuclear Medicine at Karolinska 

University Hospital Huddinge to assess the contribution of the radiation sources (man-

made sources) to the surrounding areas and to verify the dose limitation 0.1 mSv/year to 

individuals of the general public in these areas.  

 

The TLDs were placed at 23 locations (see figure 3.7). The same procedure as in section 

3.2.3 was employed in handling of the TLDs. Table 3.5 illustrates detailed information 

about the TLDs used for environmental monitoring.  

 

Table 3.5: Detailed information on measurements with TLDs. 

 Used series  Series 10 

Number of positions  23 

Number of TLDs used for environmental monitoring 46, 2 per position 

Number of TLDs used for measuring of natural background level 4 

TLDs placed date 2006-01-30 

TLDs removal date 2006-03-24 

The height of the TLDs from the floor  123 cm or 75 cm 

Calibration and annealing date of TLDs  2006-01-27 

Duration of monitoring (days) 53 

Readout and calibration date of TLDs 2006-03-24 
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3.4.4 Risk assessment of the general public  

  

Once a radiopharmaceutical has been administered, the radiation emitted from the 

patient acts as a potential mobile source of ionising radiation exposure to other 

individuals. Critical groups of the general public who could be at risk within the 

department are relatives to the patients, visitors and members of staff who are not 

employed at the Department of Nuclear Medicine, such as cleaners, and also individuals 

who stay in surrounding areas of the Department of Nuclear Medicine.  

 

Patients undergoing diagnostic examinations will be waiting in the waiting room until 

the uptake of the radiopharmaceutical in the specific organ occurs. Patients who have 

received radiopharmaceuticals for therapeutic purposes will also be waiting in the 

waiting room until they feel well enough and ready to leave the hospital. Therefore the 

most critical area of the Department of Nuclear Medicine is the waiting room.  

 

Risk analysis was based on the following questions: 

 

1. How long is the waiting time and how often does a patient undergo several 

examinations or treatments in the same year? 

 

2. Do relatives follow the patient to the department and are they conscious about the 

risk for exposure to ionising radiation? 

 

3. What is the occupancy factor(1) for individuals in surrounding areas of the  

Department of Nuclear Medicine?  

 

The answers to these questions were received from technicians in charge (Lewander and 

Frank) at the Department of Nuclear Medicine and surrounding areas, and they are 

analysed in section 4.4.  

 

occupancy factor(1): the occupancy factor is defined as the time an area is normally occupied, expressed as a fraction 

of the working time per week. 
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4. RESULTS   

 
4.1 Determination of lead equivalence  
 
 
The x-ray labs at the Department of Radiology at Karolinska University Hospital 

Huddinge as well as the investigated materials, which were included in the 

determination of lead equivalence, are illustrated in figure 4.8. The letters A-F represent 

the investigated materials: walls, doors, protective glass of manoeuvre room and 

cupboard.  

 

 Fig 4.8: The x-ray labs where the letters A-F represent the materials, which were  
 included in the determination of lead equivalence. 
 

 

The results of this investigation are demonstrated in table 4.6, where the numbers with 

bold type represent narrow beam geometry. As mentioned in section 3.1.4, the reference 

beam, N0, was obtained after correction for background (10 pulses per minute) and 

distance, and was found to be 25564 pulses per minute in the ROI at distance (1 m). The 

Ncorr. is the number of pulses per minute in the ROI registered by the detector behind the 

investigated material, Ncorr. is corrected for background (10 pulses per minute). As 

mentioned previously the variation of the reference beam, N0, with the time and distance 
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between the source and detector including the thickness of the investigated material was 

taken into account. The Distance 1 and Distance 2 in table 4.6 refer to the distance 

between the source and the investigated material and between the investigated material 

and the detector, respectively.  

 

Table 4.6: Results of the determination of lead equivalence.  

LAB 
 
 
 

 
Investigated 

material 
 

 

Distance 1 
(cm) 

 
 

Distance 2
(cm) 

 
 

Thickness of 
the 

investigated 
material (cm)

 

Ncorr.
 

 

 

 

Transmission 
±0.001 

 
 

Pb 
Value 
(mm) 
 

Pb 
Min 

(mm) 
 

Pb 
Max
(mm)

 
B10 Wall A 100 84 15.8  25 0.004 2.06 1.98 2.18

  8 11 15.8 590 0.003 2.12 2.07 2.33
 Door B 100 96 4 36 0.006 1.92 1.86 1.98
  10 5 4 3010 0.005 1.95 1.92 2.07
          
 Glass C 13 20 0.6 1418 0.008 1.80 1.76 1.86
          

B09 Cupboard D  6 19 1.85 2351 0.008 1.81 1.76 1.86
          

B12 Wall E 100 85 15.8 19 0.003 2.15 2.07 2.33
  2 1.5 15.8 1169 0.002 2.36 2.18 2.59
 Door F 100 96 4 33 0.006 1.93 1.86 1.98
  10 1 4 4906 0.005 1.99 1.92 2.07

 
 
 
The results in table 4.6 confirm the existence of shielding in the investigated materials 

of x-ray labs. The reference beam is substantially attenuated in walls, doors, protective 

glass of manoeuvre room and cupboard. As observed in table 4.6 the amount of 

shielding is in the range of 2 mm lead equivalence.  
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4.2 Environmental monitoring of the Department of Radiology 
 
Before the measurement of environmental monitoring started, the deviations of the 

individual calibration factors were confirmed to be within the range of  ±10%. The 

results of the environmental monitoring are summarised in tables 4.7-4.9, which show 

the final data expressed in annual personal dose equivalent per position. The detailed 

calculation of personal dose equivalent was explained in section 3.2.3 (eq. 3.6). The 

results were divided into three tables according to TLD series. 

 

The data obtained in column three of tables 4.7-4.9 were used to estimate the annual 

effective dose. The annual effective doses received by individuals of the general public 

staying in these locations for a given time are demonstrated in column 4. The dashes in 

this column represent areas with very low occupancy. The category of the general 

public is given by column 5. According to the risk analysis (see appendix B), the 

individuals of the general public other than patients who stay outside the protected areas 

are in most cases domestic personnel (1). These individuals stay in unprotected areas 

only for a few minutes every day or every other day.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

domestic personnel (1): personnel who are responsible for cleaning and restocking of textile materials. These groups 

belong to two different staffs therefore they will be referred as cleaners and textile personnel in the whole study. 
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Table 4.7: Results of the environmental monitoring performed by TLDs in series 9.  

Annual personal dose 
equivalent 

 
Position 

 
 
 
 
 

Location of TLDs 
 
 
 

 
 

 
Annual dose 
per position 

 
(mSv/year) 

Annual  dose 
based on risk 

analysis 
 

(µSv/year) 
 

 
 

General public

1 

 
Stairs 

Wall against G28 1.82 

 
 

---------- 

 
 

---------- 

2 

 
Corridor 

Wall against G28 0.73 

 
 

---------- 

 
 

---------- 

3 

 
Corridor 

Wall with window opposite G28 1.00 

 
 

---------- 

 
 

---------- 

4 

 
Waiting room 

Wall opposite G29 1.20 

 
 
3 

 
 

Cleaners 

5 

 
Corridor/beds for patients 
Wall near G28 and G29 0.67 

 
 
2 

 
 

Cleaners 

6 
Waiting room 

Wall against G29 1.45 

 
 
3 

 
Textile 

personnel 

7 

 
Waiting room 

Wall opposite G33 1.01 

 
 
2 

 
 

Cleaners 

8 

 
Toilet (WC) 

Wall opposite G33 0.96 

 
 
2 

 
 

Cleaners 

9 

 
Behind toys at wall 
Wall against G33 1.20 

 
 

----------- 

 
 

----------- 

10 

 
Main corridor 

Wall against G34 1.06 

 
 

----------- 

 
 

----------- 

11 

 
Behind aquarium 

Wall opposite G34 1.18 

 
 

----------- 

 
 

----------- 
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  Table 4.8: Results of the environmental monitoring performed by TLDs in series 8. 

Annual personal dose 
equivalent 

 
Position 

 
 
 
 
 

Location of TLDs 
 
 
 
 
 

 
Annual dose 
per position 

 
(mSv/year) 

 

Annual  dose
based on risk 

analysis 
 

(µSv/year) 
 

 
 
 

General public 

12 

 
Next to picture at wall 

Wall against B12 1.04 

 
 

---------- 

 
 

---------- 

13 

 
Behind chairs 
Wall near B12 2.02 

 
 

---------- 

 
 

---------- 

14 

 
Toilet (WC) 

Wall opposite B10 0.89 

 
 
2 

 
 

Cleaners 

15 

 
Corridor/beds for patients 

Wall between B10 and B09 0.87 

 
 
2 

 
Cleaners and 

textile personnel 

16 

 
Waiting room 

Wall between B09 and B08 1.00 

 
 

0.1 

 
 

Patients 

17 

 
Corridor/beds for patients 

Wall opposite B07 0.82 

 
 
2 

 
Cleaners and 

textile personnel 

18 

 
Corridor/beds for patients 

Wall opposite B04 1.27 

 
 
3 

 
Cleaners and 

textile personnel 

19 

 
  Corridor/beds for patients 
Wall opposite B04 and B03 0.61 

 
 
1 

 
Cleaners and 

textile personnel 

20 

 
 Corridor/beds for patients 

Wall opposite B03 1.12 

 
 
2 

 
Cleaners and 

textile personnel 

21 

 
  Corridor/beds for patients 

Wall opposite B02 0.85 

 
 
2 

 
Cleaners and 

textile personnel 

22 

 
Corridor/beds for patients 

Wall opposite B01 0.65 

 
 
1 

 
Cleaners and 

textile personnel 
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Table 4.9: Results of the environmental monitoring performed by TLDs in series 6. 

Annual personal dose 
equivalent 

 
Position 

 
 
 
 
 

Location of TLDs 
 
 
 
 
 

 
Annual dose 
per position

 
(mSv/year) 

 

Annual  dose
based on risk 

analysis 
 

(µSv/year) 
 

 
 

General public

23 
 

Waiting room opposite B01 1.41 

 
 
3 

 
 

Cleaners 

24 

 
Reception 

Desk between B01 and G20 1.88 

 
 

378 

 
 

Personnel (1) 

25 

 
Elevator 

Wall opposite G20 Disappeared

 
 

---------- 

 
 

---------- 

26 

 
Chairs 

Wall against G20 1.17 

 
 
1 

 
 

Patients 

27 

 
Coffee place 

Wall near G21 1.51 

 
 

--------- 

 
 

--------- 

28 

 
Corridor/beds for patients 

Wall opposite G21 1.26 

 
 
3 

 
 

Cleaners 

29 

 
Behind chairs 

Wall opposite G23 1.44 

 
 

--------- 

 
 

--------- 

30 

 
Corridor 

Wall with window opposite G25 1.95 

 
 

-------- 

 
 

---------- 

31 

 
Waiting room 

Wall opposite G25 2.24 

 
 
5 

 
 

Textile personnel

32 

 
Corridor/beds for patients 

Wall opposite G26 1.32 

 
 
3 

 
 
Textile personnel

33 

 
Corridor/beds for patients 

Wall near to G27 1.35 

 
 
3 

 
 
Textile personnel

 

 

Personnel (1): members of radiology staff, who are not considered as general public. 
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As seen from the results in tables 4.7-4.9 the maximum dose a member of textile 

personnel might receive is approximately 5 µSv/year at position 31 if he/she provides 

the cupboard inserted in the wall of lab G25 for 5 minutes per day, 220 days per year.  If 

the same member of textile personnel is responsible to provide all cupboards in the 22 

labs taking into account the worst case that he/she will receive the maximum dose 5 

µSv/year from each lab, the expected annual effective dose is approximately 110 

µSv/year. It is important to mention that the textile personnel might receive higher 

doses than expected due to the fact that most cupboards that are inserted in the walls of 

x-ray labs are shielded only on the corridor side. If a member of textile personnel opens 

a cupboard during an examination, he/she might be exposed to scattered radiation. The 

shielding of these cupboards was investigated by transmission measurements through 

the doors of these cupboards, as well as checking the weight of the doors to the lab and 

to the corridor, respectively. In most cases the doors to the corridor were heavier than 

those to the labs.   

 

The maximum dose, which a member of cleaning staff might receive, is approximately 

3 µSv/year at position 23, if she/he is there for five minutes per day, 220 days per year. 

If the worst case is taken into account that the same cleaner will receive such a dose 

from 22 labs, the estimated dose will be approximately 66 µSv/year.   

 

The expected doses received by patients staying in the waiting room for a given time are 

extremely low even if the worst case is taken into account. The estimated dose for a 

patient sitting at position 16 is about 0.1 µSv/year if he/she is present for 10 minutes per 

day and 4 times per year. The estimated dose for a patient at the emergency section  

(position 26) is about 1 µSv/year if he/she is present for 1 hour per day and 5 times per 

year. 

 

Despite overestimation of effective doses by assuming the worst case for above 

mentioned categories of the general public, the doses are below the stated limit of 0.1 

mSv/year. 
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4.3 Environmental monitoring of rooms housing mobile c-arm equipment 
 

 The final data of radiation monitoring is illustrated in tables 4.10-4.13. The annual 

effective doses in terms of ambient dose equivalent were obtained as explained in 

section 3.3.4 (eq. 3.9). A map for the relevant room and surrounding areas was drawn to 

illustrate the measurement points, which are represented by yellow circles. The numbers 

of the circles correspond to the numbers of positions in the relevant table. The room 

housing the c-arm equipment is marked with yellow colour. The natural background 

radiation level in surrounding areas of these rooms was in the range of 0.07-0.25 µSv/h. 

For the purpose of risk analysis some positions with a considerable occupancy factor 

were chosen to estimate the effective doses for persons staying at these positions.   

 

4.3.1 Room K2-6117 for gastrointestinal examinations 

 
Radiation monitoring around treatment room K2-6117, with a mobile c-arm in use, 

indicates dose rates higher than natural background radiation level at all measurement 

points (see fig. 4.9 and table 4.10). This room is neither shielded nor large enough to 

reduce the scattered radiation to natural background radiation level.  

 
  Fig. 4.9: Measurement points around treatment room K2-6117. 
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Table 4.10: Results of the environmental monitoring performed around room K2-6117.  
BG refers to the natural background radiation level.   

Position Location of measurement points/room 
LB 133 

(µSv/year) 
LB 123 

(µSv/year) 

1 
  
Behind door and shield/small room 5 5 

1 
 
Behind door without shield/small room 99 99 

1 
 
Open door and without shield/small room  115 114 

2 
 
Behind the wall next to treatment room/wash room 1 BG  

3 
 
Behind the wall next to treatment room/patient room 7 1 

4 
 
Desk (left)/secretary room 1 BG 

5 
 
Desk (corner)/secretary room 12 6 

6 
 
Desk (right)/secretary room 5 5 

        

However, there is no hazard for patients staying in the patient room next to the 

treatment room, since the annual radiation level at position 3 is very low behind the wall 

of the treatment room.  

 

The annual effective dose does not exceed 0.1 mSv/year for individuals sitting in the 

secretary room (represented by positions 4-6). According to the risk analysis a person is 

sitting in this room for 2 hours per day and the number of patients in the adjacent room 

is about 1 to 2 per day. If the worst case is considered, the same person will be at 

position 5 every time the fluoroscopy is running in the adjacent room. The expected 

annual effective dose received by the person at position 5 is about 1 µSv/year.  

 

Although a corridor may have low occupancy, an office across the corridor may be 

occupied on a full time basis. Therefore, some measurements were performed at 

position 1 to estimate the radiation level and the contribution to the corridor. As 

measurements indicate that the doses immediately behind the door of the treatment 

room are low, a person sitting in an office across the corridor on a full-time basis will 

not receive doses exceeding 0.1 mSv/year. 
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The radiation level from the room K2-6117 to surrounding areas was also measured 

without a shield that is placed in front of the door of this room and with an open door. 

The measurements indicate a high radiation level (see table 4.10, position 1). However, 

these values are not realistic due to the awareness of personnel to always use the shield 

during c-arm examinations. 

  

4.3.2 Room K2-5147 for gastrointestinal examinations  

 

The walls of treatment room K2-5147 are shielded but not the doors. These results were 

verified by measurements (see fig. 4.10 and table 4.11). 

 

 

 

 
Fig. 4.10: Measurement points around treatment room K2-5147. 
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Table 4.11: Results of the environmental monitoring performed around room K2-5147.   
BG refers to the natural background radiation level.    

Position Location of measurement point/ room 
LB133    

 (µSv/year) 
LB123 

(µSv/year)

1 
 
Behind wall of treatment room/storage 

 
BG 

 
BG 

2 
 
Right side of treatment room/patient room 

 
BG 

 
BG 

3 
 
Behind the door of treatment room/corridor (right side)  

 
13 

 
10 

4 
 
At window in the door of treatment room/corridor (right side) 

 
26 

 
14 

5 
 
Behind the wall of treatment room/corridor (right side) 

 
BG 

 
BG 

6 
 
On the left side of treatment room/office room  

 
BG 

 
BG 

7 
 
Behind the wall of the treatment room/main corridor 

 
BG 

 
BG 

8 Behind the door of treatment room/main corridor 
 

21 
 

18 
 

All measurements behind the walls of the treatment room (positions 1,2,5 and 7) 

indicated radiation levels more or less equal to the natural background radiation level.  

 

The radiation levels behind the doors of the treatment room were higher than 

background. Regarding the positions 3 and 4 (door with window), some personnel stay 

behind this door and look through the window during x-ray examinations. However, the 

dose rates are low and constitute no hazard for these personnel. The radiation level 

behind the main door (position 8) is also low enough to reject the risk of exceeding 0.1 

mSv/year for offices with high occupancy factor across the main corridor.   
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4.3.3 Theatres at the daytime surgical ward 

 

There are several theatres at the daytime surgical ward housing c-arms, as for example 

theatres 61, 62 and 72. Radiation monitoring was carried out in the surrounding areas of 

these theatres (see fig. 4.11 and table 4.12).   

 

 

Fig.  4.11: Measurement points around theatres at daytime surgical ward. 
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Table 4.12: Results of the environmental monitoring performed around theatres at the 
daytime surgical ward. BG refers to the natural background radiation level. 

Position Location of measurement point 
LB133 

(µSv/year) 
LB123 

(µSv/year) 

1 
 
Behind door on the right side of theatre-72  44 41 

2 
 
Behind main door of theatre-72 55 47 

3 
 
Behind wall of theatre-72 against main corridor 49 37 

4 
 
Behind door on the of left side of theatre-72  394 347 

5 
 
Sterile room against theatre-72 BG BG 

6 
 
Opposite side door of theatre-72 (right) 4 1 

7 
 
Behind wall against theatre-61 BG BG 

8 
 
Behind door of preparation room  BG BG 

9 
 
Behind door of theatre-61 38 31 

10 
 
Wall against theatre-61 BG BG 

11 
 
Wall against theatre-61 BG BG 

12 
 
Wall against theatre-61 BG BG 

13 
 
Wall against theatre-62 BG BG 

     14 
 
Wall against theatre-62 BG BG 

15 
 
Wall against theatre-62 and theatre-66 BG BG 

16 
 
Wall against theatre-62 BG BG 

17 
 
Behind door of theatre-62 30 21 

18 
 
Behind door of theatre-62 BG BG 

 

 

The radiation survey of areas around theatre 61 and theatre 62, apart from positions 9 

and 17, indicates only natural background radiation levels. These theatres are spacious 

enough to reduce scattered radiation from the patient to the surrounding areas according 

to the inverse square law. But by the doors of both theatre 61 and theatre 62 there are 

narrow gaps and therefore measurements at positions 9 and 17 indicate higher dose rates 
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than the natural background radiation levels. However these dose rates are very low and 

constitute no hazard of exceeding 0.1 mSv/year for personnel without lead apron who 

will be at these positions while the c-arm equipment is used. Regarding theatre 72, the 

room is small and therefore giving rise to dose rates higher than natural background 

radiation levels in surrounding areas. The most critical group in the vicinity of this 

theatre is support personnel but they are present only short periods of time, in the order 

of minutes. As a result there is no risk of receiving radiation doses exceeding 0.1 

mSv/year. If a member of support personnel will be at position 4 for 5 minutes per day, 

220 days per year, he/she will receive about 1 µSv/year. 

 

4.3.4 Rooms for urologic examinations  

 

Both rooms housing c-arm equipment at the urologic clinic are shielded which was 

verified by measurements at different points surrounding these rooms (see fig.  4.12). 

All measurements indicate natural background radiation levels. The rooms are shielded 

due to the high workload. 

 

Fig. 4.12: Measurement points around rooms with c-arm in use at urologic clinic. 
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4.3.5 Physiology lab  
 

The physiology lab has two rooms housing c-arm equipment. The c-arm is mobile in 

one of the rooms while fixed in the other room. Both of the rooms are adequately 

shielded which was verified by measurements in surrounding areas of these rooms (see 

fig. 4.13). The measurements indicate only natural background radiation levels.  

Fig. 4.13: Measurement points around rooms with c-arm in use at physiology lab. 
 
 

4.3.6 Room for lung examinations 

 

In measurements at the lung section the logbook was utilised instead of the AEC for 

choosing a suitable tube voltage kV, and the tube current mA. Due to the large variation 

in these values between different examination occasions, the highest value of kV and 

mA were chosen. The experimental set-up was different from previous cases, due to the 

positioning of the patient during the lung examination, the patient lies on his/her side. 

Measurement points and results are shown in fig. 4.14 and table 4.13, respectively. 
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  Fig. 4.14: Measurement points around room with c-arm in use at the lung section. 
 

Table 4.13: Results of the environmental monitoring performed at the lung section. BG 
refers to the natural background radiation level. 

Position Location of measurement point  
LB133 

(µSv/year) 
LB123 

(µSv/year) 

1 
 
Behind the door of the room with c-arm equipment 12 11 

2 
 
Behind the wall of the room with c-arm equipment 1 1 

3 
 
Behind the wall of the room with c-arm equipment BG BG 

4 
 
Behind the wall of sterile room BG BG 

5 
 
Behind the wall of the room with c-arm equipment 2 2 

6 
 
Opposite the wall of the room with c-arm equipment 1 1 

7 
 
WC BG BG 

 

 

The measurements indicate that some radiation scatters from the treatment room to the 

surrounding areas. However, the workload is very low so there is no risk for patients in 

the rehabilitation room (positions 5 and 6) to receive doses exceeding 0.1 mSv/year. 

Regarding position 1, staff without lead aprons leaves the treatment room and stay here 

while the c-arm equipment is used. The radiation level is very low at this position and as 

a result there is no risk of exceeding 0.1 mSv/year for these personnel.    
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4.4 Environmental monitoring of the Department of Nuclear Medicine  
 
The results of environmental monitoring of the Department of Nuclear Medicine are 

summarised in tables 4.13 and 4.14, respectively. The third column in these tables 

demonstrates the final data expressed in terms of annual personal dose equivalent. The 

fourth and fifth columns demonstrate the expected effective dose received by an 

individual of the general public and the category of the general public, respectively, 

based on risk analysis. Observe that the dashes in column four represent areas with very 

low occupancy factor.   
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Table 4.13: Results of environmental monitoring of the Department of Nuclear Medicine. 

Annual personal dose 
equivalent 

Position 
 
 
 
 

Location 
 
 
 
 

 
Annual dose 
per position

 
(mSv/year) 

 

Annual dose 
based on risk 

analysis 
 

(µSv/year) 
 

 
 
General public 

1 

 
 

Elevator Disappeared

 
 

---------- 

 
 

---------- 

2 

 
Main corridor 

Wall against resting room 1 6.68 

 
 

14 

 
 

Cleaner(2) 

3 

 
Main corridor 

Wall against resting room 2 5.05 

 
 

11 

 
 

Cleaner(2) 

4 

 
Office corridor 

Wall against resting room 2 2.98 

 
 

---------- 

 
 

--------- 

5 

 
Corridor next to waiting room 
Wall against resting room 1 4.29 

 
 
 
9 

 
 
 

Cleaner 

6 

 
Main corridor 

Behind couch on the right side 5.73 

 
 

24 

 
 

Cleaner 

7 

 
Main corridor 

Behind couch on the left side 4.32 

 
 

---------- 

 
 

--------- 

8 

 
Waiting room 

Middle of the room 4.87 

 
 

15 

 
 

Relative 

9 

 
Waiting room 

In the corner of the room 3.13 

 
 

10 

 
 

Relative 

10 

 
Lab corridor 

WC on the left side 3.82 

 
 
8 

 
 

Cleaner 

11 

 
Lab corridor 

Wall against gamma camera lab 3.91 

 
 

16 

 
 

Cleaner 

12 

 
Office room 

Opposite gamma camera lab 3.07 

 
 

335 

 
Nuclear 

medicine staff 
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Table 4.14: Results of environmental monitoring of the Department of Nuclear Medicine. 

Annual personal 
dose equivalent 

Position 
 
 
 
 

Location 
 
 
 
 

 
Annual 
dose per 
position 

 
(mSv/year)

 

Annual dose 
 based on 
risk analysis 

 
(µSv/year) 

 

 
 

General public 
 

 

13 

 
Functional lab 

Wall against gamma camera lab 4.07 

 
 

126 

 
 

Employee in lab

14 

 
Functional lab 

Wall against gamma camera lab 3.63 

 
 

115 

 
 

Employee in lab

15 

 
Office room(1) 

Wall against the hot lab 4.56 

 
 

----------- 

 
 

---------- 

16 

 
Office room(1) 

Desk/left side near the hot lab 2.90 

 
 

292 

 
Nuclear 

medicine staff 

17 

 
Office room(1) 
Desk/right side 5.01 

 
 

503 

 
Nuclear 

medicine staff 

18 

 
Office room(1) 

Wall against injection room 3.29 

 
 

---------- 

 
 

----------- 

19 

 
Lab corridor 

Glass door  (exit door) 2.50 

 
 

---------- 

 
 

---------- 

20 

 
Main corridor 

Wall against waste room 5.84 

 
 

12 

 
 

Cleaner(2) 

21 

 
Main corridor 

Window opposite waste room 3.40 

 
 
7 

 
 

Cleaner(2) 

22 
                 Coffee room 

Exit door 

 
 

2.84 

 
 

71 

 
Nuclear 

medicine staff 

23 
 

Coffee room/behind bookshelves 1.07 

 
 

---------- 

 
 

--------- 
 

Office room(1): is a room which is surrounded by a hot lab, a radiopharmaceutical lab and an injection room. 

Cleaner(2): is a cleaner, who is responsible for cleaning of  hospital's corridors. 
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The most significant doses were obtained in areas surrounding the resting rooms 

(positions 2-5). These rooms are used by patients who have been administered with 
99mTc to undergo gamma camera examinations as well as patients who have been 

administered with 18F to undergo PET examinations. The areas surrounding the resting 

rooms consist of corridors of which the occupancy factor is low enough to ensure a dose 

less than 0.1 mSv/year to a member of the general public. 

 

At position 6 and 7, there are couches that are placed outside the Department of Nuclear 

Medicine. Some patients are sitting here when the waiting room is full. Therefore the 

doses are relatively high at these positions.  There is also a probability of individuals of 

the general public to sit at these positions for a certain amount of time. Such individuals 

are not included in risk analysis.     

 

As mentioned in section 3.4.4, the most critical part of the Department of Nuclear 

Medicine is the waiting room, since the patients and their relatives can be there for 

several hours. According to the risk analysis the patients will sit in the waiting room for 

several hours and most of them undergo more than one examination in the same year. 

Relatives who follow patients to the department are usually aware of the risk for 

exposure to ionising radiation through an informative letter received by the patients to 

get the appointment for the examination. It states that the patient will be administrated 

with a radioactive substance. Despite the high radiation level in the waiting room  

(positions 8 and 9), the relatives to patients will receive effective doses well below the 

stated limit 0.1 mSv/year. The effective dose received by a relative to a patient who sits 

in the middle of waiting room (position 8) for three hours, three times during the same 

year is approximately 15 µSv/year. 

 

Another individual who might be at risk is the cleaner at the Department of Nuclear 

Medicine. If she/he works for about 2 hours every day in 220 days a year and will be at 

different positions for a given time, the total effective dose, which she/he might receive 

if she/he will be at positions 5, 6, 10 and 11 for 5, 10, 5 and 10 minutes, respectively, is 

approximately 57 µSv/year. 
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Position 12 is inside a staff room and this room is occupied full time, i.e. 8 hours every 

day, 220 days per year. The expected dose to a member of the nuclear medicine staff, 

staying in this room is approximately 335 µSv/year.  

 

Monitoring of the functional lab, which belongs to another department than that of 

Nuclear Medicine is performed in positions 13 and 14. The location of this lab is next to 

one of the gamma camera labs. The estimated dose for an employee at this lab will 

exceed 0.1 mSv/year if this lab is occupied for 1 hour/day as seen in table 4.14.  

Fortunately the lab is occupied less than 1 hour/day and consequently the expected 

annual dose will not exceed 0.1 mSv/year. However, if the circumstances change and 

the lab will be occupied several hours per day, preventive measures should be taken to 

keep the doses for individuals in this lab below stated limit 0.1 mSv/year. 

 

Positions 15-18 were chosen to monitor radiation doses to members of nuclear medicine 

staff present during a given amount of time. These positions represent a wall, computer 

desks and shelves in a room, which is surrounded by a hot lab, a radiopharmaceutical 

lab and a preparation room (injection room). The occupancy of this room is variable 

between minutes and hours. If a member of the nuclear medicine staff is present in this 

room at position 17, 4 hours every day in 220 days per year she/he will probably receive 

about 503 µSv/year.  

 

Position 19 represents a door of glass at the end of the gamma camera lab corridor. This 

position was chosen to assess the risk for radiation exposure to an individual using this 

door to look through the glass. Accordingly, positions 20 and 21 were chosen to 

estimate the contribution to the main corridor outside the Department of Nuclear 

Medicine from the waste room of radioactive materials. If a cleaner who is responsible 

to clean the hospital's corridors will be at positions 2, 3, 20 and 21 for five minutes per 

position and per day during 220 days, she/he will probably receive 44 µSv/year. 

 

Positions 22 and 23 were chosen to monitor the radiation level in the coffee room at the  

Department of Nuclear Medicine. Only nuclear medicine staff and physicists have 

access to this room. If the maximum radiation level of this room is 2.84 mSv/year 
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(position 22), the estimated dose for a person who is sitting in this room for 60 minutes 

every day, 220 days per year is about 71 µSv/year.     

                                       

5. DISCUSSION 

 
5.1 Determination of lead equivalence  
 
The disadvantage of using 99mTc within this study is that the γ-rays have energies of 141 

keV, which is significantly higher than the photon energies in most diagnostic x-ray 

beams. As a result, the relative attenuation of different shielding materials employed in 

the walls such as lead and concrete is not the same for 99mTc γ-rays as for diagnostic x-

rays. The beam of 99mTc γ-rays can be used to determine the lead protection, since the 

attenuation by lead is high because the K absorption edge for lead is 88 keV, but is 

rarely fully adequate for assessing other types of shielding materials. An attempt to 

compare the difference in attenuation between diagnostic x-rays from a c-arm 

equipment and γ-rays from 99mTc through a shielded wall failed, due to the weak dose 

rate produced by the c-arm equipment.  

 

However, knowledge of shielding materials employed can be of interest for 

interpretation of the results. Information about shielding materials employed in x-ray 

labs at Karolinska University Hospital Huddinge was not available. 

     

The results from the shielding investigation presented in table 4.6, indicate that walls, 

doors, protective glasses of manoeuvre rooms and cupboards of x-ray labs are shielded 

and that the lead equivalence measured was approximately 2 mm. Consequently, the 

demand from SSI concerning radiation shielding of diagnostic x-ray rooms, legislation 

(SSI FS 1991:1) is met.  

 

The uncertainty in the estimated lead equivalence depends on several factors such as 

difficulties to obtain ideal narrow beam geometry, difficulties to perfectly align the 

source and detector on each side of the investigated material and inability to measure 

the separation of the source and detector with high accuracy. As seen from the results in 

table 4.6 the beam geometry has an effect on the estimation of lead equivalence. 
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However, the effect is not substantial, since only the pulses within the ROI were 

included in the measurements. Only broad beam geometry was chosen to determine the 

lead equivalence of the protective glass of manoeuvre room and cupboard since many 

objects obstructed the measurements in an inconvenient way.   

 

The amount of lead equivalence in ceilings and floors of x-ray labs has not been 

measured, since the thickness of floors and ceilings are often estimated to be more than 

16 cm concrete, which corresponds to 2 mm lead (FS SSI 1991:1). 

 

 
5.2 Environmental monitoring of the Department of Radiology  
 
 
Environmental monitoring was used to estimate the doses to the general public. The 

operative quantity personal dose equivalent, Hp(10), was utilised to estimate the 

effective dose. There is no general relation between effective dose and personal dose 

equivalent since the later is a quantity which is affected by the person who wears the 

dosimeter and how the dosimeter is worn. However, this quantity usually overestimates 

the effective dose at different radiation geometries (Lindborg 1997).  

 

There are several factors affecting estimation of the annual effective dose for 

individuals of the general public who stay outside protected areas. The main factor is 

that the TLDs were placed on walls instead of humans. This gives rise to an error in the 

backscatter factor since backscatter in walls differs from that in humans’ bodies. 

Another factor is that the probability that a person is sitting or standing in the place that 

the dosimeter was placed is low. To reach high accuracy in such measurements the 

TLDs should preferably have been placed free in air and the operative quantity ambient 

dose equivalent should have been utilised. However, this was not practically possible.  

 

As mentioned in section 4.2, the most critical group of the general public who stays 

outside protected areas are textile personnel. There is a risk for this group to be exposed 

to more ionisation radiation while providing cupboards with materials, than was 

established here (see section 4.2). To avoid risk for exposure to ionisation radiation, 
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both for textile personnel and other individuals who stay in the vicinity, the support of 

cupboards should preferably be done when the x-ray labs are not in use.  

   

It is important to mention that the glow curve of the radiation exposed LiF:Mg:Ti 

(TLD-100) crystal has a well-known and defined shape. This type of shape was 

obtained for all TLDs, when they were calibrated in primary radiation before and after 

the environmental monitoring. The glow curves obtained from environmental 

monitoring were more or less distorted but not the glow curves of the TLDs used for 

measuring the natural background radiation level (see appendix C).      

 

For low levels of doses, the major sources of uncertainty in the measurement of 

radiation doses are the presence of signals, which are non-radiation related (Osorio 

Piniella, el al. 2001). There are several effects which contribute to non-radiation related 

signals in TLDs and which result in a distorted shape of the glow curves (German and 

Weinstein 2002). These effects can be due to the TLD reader system itself or effects in 

the TL crystal. The main contributions from the reader are dark current and electronic 

spikes. The main contributions originating from the TL crystal are due to mechanical 

and chemical responses as well as stimulation by visible or UV light.  

 

To investigate the distorted shape of glow curves in our measurements, it was necessary 

to go through the above mentioned effects to analyse the results. Effects due to the 

reader system can be excluded since such effects could not be visualized neither during 

reading process of calibrated TLDs nor during reading of the TLDs used for measuring 

background radiation level. Contributions from the TL crystal due to mechanical 

responses, also known as triboluminescence and external contamination, can also be 

excluded because care was taken when handling all TLD chips. Moreover such effects 

can be removed by N2 gas during the TLD reading process (Attix 1986). The sensitivity 

of LiF:Mg:Ti (TLD 100) to light can be neglected (European Commission Community 

2000). The chemical response remains. Oxidation or other chemical reactions at the 

crystal surface may produce high signals in the TLDs. Since the TLDs used for 

measuring natural background radiation level placed in a box, and the TLDs used for 

environmental monitoring placed, in plastic bags, showed different outcome concerning 
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the shape of the glow curves (see appendix C). Therefore, it seems possible that there is 

some type of chemical reaction between the TL crystal and the plastic bag, which was 

investigated further by storing TLDs in a drawer at the Department of Diagnostic 

Hospital Physics, placing some of the TLDs in plastic bags and some in a box for 5 

weeks.  The results showed that the signals from TLDs placed in plastic bags had 

distorted shape of glow curves compared with TLDs placed in the box.  However, this 

problem should be investigated in more details.  

  

Due to the distorted glow curves of several TLDs it is difficult to confirm that the doses 

registered during environmental monitoring were totally radiation related, since the 

distorted glow curves give more signals than normal glow curves (see appendix C) and 

this was observed by investigation of all glow curves. On the other hand the low levels 

of doses in environmental dosimetry can also be a reason for uncertainty in 

measurements and the distorted shape of the glow curves. It has shown that TLD-100 

can be used for environmental and individual monitoring with high certainty for doses 

higher than 0.2 mGy but measurements of very low levels of doses, mainly at 0.01 

mGy, are not recommended with the use of TLD-100 (da Rosa, et al. 1999).   

                                                                                                                                                                         

Despite the above mentioned problem, which results in higher doses than expected, the 

overestimation in doses by utilising personal dose equivalent and assuming worst cases, 

the estimated effective doses which an individual of the general public may receive is 

below stated limit 0.1 mSv/year throughout the Department of Radiology at Karolinska 

University Hospital Huddinge. However, further investigation should be carried out to 

ensure the safety of the textile personnel. 
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5.3 Environmental monitoring of rooms housing mobile c-arm equipment 
 

The amount of scattered radiation depends on patient size, scattering materials in the 

room, area irradiated, energy of primary beam and the scattering angle.  In our case the 

patient was simulated by a phantom of thickness 20 cm. The maximum field size of the 

image intensifier (23 cm) was employed in all rooms, Automatic Exposure Control 

(AEC) adjusted the primary beam energy to the thickness of phantom and the room in 

which the c-arm was used contained one person only. Normally several staff members 

are present during x-ray examinations and act as barriers for radiation. 

                

There are many sources of errors and uncertainties in the estimation of effective dose, 

based on area monitoring measurements: the difference in location of the c-arm 

equipment and exposed individuals, operation parameters (kV, mA, s) and patient size 

between the simulation with phantom and actual x-ray examination with patients.  

 

However, the measurements attempted to reflect reality as accurate as possible. 

According to these measurements the contribution from the rooms to radiation levels in 

surrounding areas constitutes no hazard of exceeding the dose limit since all 

measurements in section 4.3 indicate very low radiation levels. As a consequence, the 

radiation exposure to the general public outside these rooms (protected areas) is well 

below stated limit 0.1 mSv/year. Therefore no additional recommendation concerning 

radiation protection is needed. 
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5.4 Environmental monitoring of the Department of Nuclear Medicine 
 

As previously discussed, the most critical part of the Department of Nuclear Medicine is 

the waiting room because of the patients administrated with radiopharmaceuticals 

staying there together with relatives. However, according to risk analysis, the risk is 

extremely low for the relatives to receive doses exceeding 0.1 mSv/year during their 

short stays.          

 

The cleaner at the Department of Nuclear Medicine is the most critical individual 

because she/he will perform her/his work within areas of high activity for about 2 hours 

per day, 5 days per week. It is suitable to provide her/him with a dosimeter to monitor 

her/him and to control that she/he will not exceed the dose limit 0.1 mSv/year. A change 

in work hours could ensure the safety of the cleaner. A suitable time for the cleaner to 

work is in the morning when radiation levels are at their lowest. 

 

It is important to call attention to the same problem with glow curves of TLDs used to 

monitor the Department of Radiology was obtained when monitoring the Department of 

Nuclear Medicine (see section 5.2). Despite this problem, which results in high doses 

and overestimation of doses by utilising maximum personal dose equivalent quantities 

and assuming worst cases, the expected doses for individuals of the general public are 

below stated limit 0.1 mSv/year.  
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6. CONCLUSION 

 
The amount of shielding in materials of x-ray labs was estimated using a beam of 99mTc 

γ-rays (141 keV) instead of an x-ray beam. The lead equivalence of the investigated 

materials was evaluated to approximately 2 mm, which is adequate according to SSI 

FS1991:1.  

 
To assess the ionisation radiation exposure to the general public from practices using 

ionising radiation at Karolinska University Hospital Huddinge, environmental 

monitoring was performed at these practices. Although environmental measurements 

only provide indirect information on what individuals may be exposed to, and a series 

of assumptions are needed to link the environmental measurements to the dose, this 

method involves a large area with a large number of members of the general public in a 

radiation monitoring study. The dose limitation 0.1 mSv/year of the general public was 

verified by the risk analysis. However, further investigation should be done to ensure 

the safety of the textile personnel at the Department of Radiology and the cleaner at the  

Department of Nuclear Medicine. It is important to call attention to that if the 

circumstances change in the way that the occupancy factor for some personnel in 

surrounding areas of these practices will be higher, preventive measures should be taken 

to keep the doses for individuals of the general public below stated limit 0.1 mSv/year. 
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APPENDIX A 

 
 
Lab Section Type of examination 

B01 Emergency Lung examinations  

B02 Emergency  Skeletal and abdominal examinations 

B03 Emergency  Skeletal examinations 

B04 Emergency  Skeletal and abdominal examinations 

B05 Gastrointestinal GI examinations 

B06 Gastrointestinal GI examinations 

B07 Gastrointestinal  GI examinations 

B08 Orthopaedic Skeletal examinations 

B09 Orthopaedic Skeletal examinations 

B10 Orthopaedic Skeletal examinations 

B11 Orthopaedic Skeletal examinations 

B12 Orthopaedic Skeletal examinations 

G20 Computed Tomography CT examinations 

G21 Computed Tomography CT examinations 

G23 Emergency  Lung examinations 

G25 Angiography  Examinations of arteries 

G26 Coronary angiography Cardiac catheterisation 

G27 Coronary angiography Cardiac catheterisation 

G28 Computed Tomography CT examinations 

G29 Computed Tomography CT examinations 

G33 Paediatric Skeletal, abdominal and lung examinations 

G34 Paediatric GI examinations 
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APPENDIX B 

 
 
Section/Labs No. of question Answer to question 

1. 50 patients/lab, most of them adults sometimes children.  
2. Waiting and investigation time are 0.5-1 hour. 
3. Worst case one time a month. 
4. 80% of the patients are accompanied by relatives. If the 

relatives are children, they stay in the manoeuvre room.  

Emergency care/ 

B01-B02-B03- B04 

5. Janitor who transport patients, personnel from other 
departments, textile personnel and cleaners. All of them stay 
during short periods of time. 

1. 10 patients/lab, 20-90 years, average age is 35-40 years. 
2. Waiting and investigation time are 10-30 min. 
3. Occasional. 
4. Occasional. 

Gastrointestinal/ 

B05-B06- B07 

5. Textile personnel, service personnel and cleaners. 
1. 60-80 patients/lab (emergency), average age is 0-100 years. 
2. Waiting time is one hour (worst case/contrast) and 

investigation time is 5-35 sec. 
3. 5 times/year (worst case). 
4. Relative (interpreter), relative to children in the lab, ordinary 

interpreter in manoeuvre room. 

CT/(Emergency care) 

G20-G21 

CT/(ordinary time) 

G28  

 

 
5. Cleaners and textile personnel. 

1. 10 patients/lab, 0-16 years, average age is 7-8 years. 
2. Waiting time is short and investigation time is 15-30 min. 
3. One time a year (yearly control). 
4. In most cases relatives follow children. Adult with children 

under examination but siblings in manoeuvre room.  

Paediatric/  

G33-G34 

5. Textile personal, 1minute a day and cleaners, five minutes a 
day. 

1. 10 patients/day, average age is 35-90 years. 
2. No waiting time, investigation time is 5 min – 1 hour. 
3. Many times. 
4. Ordinary interpreter wearing lead apron. 

Coronary angiography/ 

 

G26-G27 

  5. Textile personnel 5 min/day. 
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Section/Labs No. of question Answer to question 

1. 5 patients/day, most of them adults. 

2. In most cases no waiting time, otherwise half an hour. 
Investigation time varies according to type of investigation, 
worst case 4-5 hours. 

3. In most cases more than one time, worst cases one time 
every three months. 

4. No relatives. 

Angiography/ 

G25 

5. Cleaners before operating hours of the lab, textile personnel 
for short periods of time and technique personnel. 

1. 25-27 patients/day, ages between 10- 80 years in B09 and 15 
years and older in B10. 

2. Waiting time is less than 10 minutes and the investigation 
time varies from minutes to 1 hour.  

3. Occasional, worst case 4 times in a year. 
4. In most cases relatives follow children, they are in the lab 

and they get dressed in lead aprons.  

Orthopaedic/ 

B08-B09-B10-B11-B12 

B08 and B12 are rarely 

used and B11 is used by 

gastrointestinal 

5. Cleaners, textile personnel and technique personnel during 
short periods of time. 
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APPENDIX C 

 
1) Glow curve of TLD number 14 in series 8 after calibration (ideal shape).  
 

 
 
 

2) Glow curve of TLD number 14 in series 8 after monitoring (distorted shape of 
glow curve). The signal is 10.07 nC. 
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3) Glow curve of TLD number 13 in series 8 after monitoring, TLD number 13 and 
14 were in the same bag and represented the same position (normal shape of 
glow curve). The signal is 6.473 nC. 

 

 
 

4) Glow curve of TLD number 24 in series 8 used to measure natural background 
radiation level (normal shape of glow curve). 
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