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Abstract. We report on the findings from the radon monitoring in selected points of the IRT-Sofia nuclear site, which
is an important part of radiation surveillance activities during the operation and maintenance of the facilities at the
Nuclear Scientific Experimental and Educational Centre (NSEEC) of the Institute for Nuclear Research and Nuclear
Energy. Consideration is given to the evidence prior and during the dismantling activities related to the IRT research

reactor refurbishment project and after their accomplishment.
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1. INTRODUCTION

The professional experience of the employees of the
Nuclear Scientific Experimental and Educational
Center (NSEEC) at the Institute for Nuclear Research
and Nuclear Energy (INRNE) in the field of radiation
safety and protection has been addressed previously
[1]-[4]. Here we draw attention to some aspects of the
exposure to radon (Rn) and related occupational
implications for the NSEEC personnel and the public.

Radon isotopes 222, 220 and 219 are radioactive
gases produced by the disintegration of radium
isotopes 226, 224 and 223, which are decay products of
uranium-238, thorium-232 and uranium-235
respectively, and are found in the Earth’s crust. Radon
is an odourless and colourless radioactive gas that
occurs naturally in the environment as a result of the
decay of radium in soils, rocks and building materials.
It is a noble gas and does not form chemical
compounds. The 222Rn half-life of 3.8 days is long
enough for it to migrate from the rock producing it,
through the soil, to the air. The processes of radon
exhalation depend on a multitude of factors, including
among the others the content and distribution of
radium in the soil, the soil’s grain size, porosity, and
permeability, soil moisture content, the radon diffusion
coefficient through fractures and interstitial pores, and
environmental parameters (air and soil temperature,
barometric pressure, rainfall, snowfall) [5]. Once
detached from a geological or anthropogenic matrix,
radon mobility in the atmosphere is governed only by
diffusion and transport. For the theory of radon
geogenic potential, the basic transport pathways and
the definition of “radon-prone area”, see e.g. [6]. In
principle, maps of radon-prone areas are to be used as

planning aids for administration purposes to estimate
the necessary further efforts and preventive measures.
The exposure of man to this alpha-particle-emitting
gas is mainly to lung by inhalation. The indoor radon,
thoron and their decay products from geogenic and/or
anthropogenic origin are the main contributors of the
total inhalation dose which has long been recognized as
a potential radiological health hazard [7],[8]. The
potential effects of radon on human health lie in its
decay products rather than the gas itself. The risk of
radon exposure is associated with high levels of radon
concentration in confined environments and the
subsequent inhalation, increasing the risk of damaging
the organ cells where radon short-life products are
deposited. In houses, building characteristics and
lifestyle, i.e. often or forced ventilation, have a
significant impact on radon entry and dilution by fresh
atmospheric air. Generally, health effects of exposure
to radon in indoor environments (indoor air) depend
mainly on the concentration of inhaled radon, the
ventilation rate of the place, frequency and duration of
the exposure.

This work aimed to evaluate the equivalent dose
rates in different workplaces of buildings located
within the NSEEC protected site on the basis of
measured radon concentrations using active sampling
of indoor air. The main conclusions consider outdoor
data and indoor measurements carried out in the
bottom floors of buildings, which are in direct contact
with the ground.

2. NUCLEAR SITE DESCRIPTION

The nuclear site of the NSEEC comprises the
research reactor IRT-Sofia, presently shut down
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because of undergoing reconstruction, two
radiochemical workrooms, a ¢°Co gamma irradiator,
several radioactive waste (RAW) storages and a
number of research laboratories that use radiation
sources in their work. All the facilities and RAW
storages convey issues that are imposing requirements
for permanent dosimetric control and radiation
monitoring of environment, Fig. 1.

Figure 1. Radiation monitoring stations’ disposition at the site

The major buildings inspected in this survey were
the nuclear research reactor IRT-Sofia, where in its
basement the First Class Radiochemical Laboratory is
located (radiochemical niches, glove boxes etc. for
radiopharmaceuticals, as well as a technological
conveyor line passing through four hot cells for
treatment of high specific activity radioactive isotopes),
the building of the central alarm system and the
auxiliary building wherein the laundry facilities and the
60Co gamma irradiator GOU-1 are installed.

The stationary technological (gamma and neutron
detectors) and environmental (gamma and aerosol
detectors) monitoring systems (see Fig.2) are online 24
hours. Environmental monitoring via the automated
and integrated radiation monitoring system (ARMS)
involves: monitoring of gamma dose rate, alpha and
beta activity, radon activity, 2'8Po, 24Po and 22Po
activity, gamma control of wvehicles. Technological
control of gaseous effluents from the facilities includes
alpha beta particulate monitor, iodine monitor, noble
gases monitor and stack flow monitor.
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Figure 2. Schematic presentation of AMRS structure

The fully automated and integrated radiation
monitoring system allows for the implementation of
technological and environmental monitoring of all the
facilities on the site and ensures the early detection of
any abnormal radiological events. In addition, portable
devices for the measurement of equivalent dose rate
and surface activities are used regularly in time on a
planned basis for control. The automated radiation
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monitoring system is complemented by regular
analyses of environmental samples (aerosols, soils,
plants, underground water and rainfall) collected in the
protected area [1], [4].

The presence and operation of a modern automatic
radiation monitoring system allows for specialized
training so that trainees are able to acquire knowledge
and skills, and to prepare young professionals in the
field of nuclear science and applications. The reactor
IRT is visited by students in the field of nuclear
physics, nuclear energy, radiochemistry, dosimetry,
ecology etc. Professional retraining of specialists in the
field of nuclear applications are organized.

3. BULGARIAN AND INTERNATIONAL LEGISLATION

The indoor radon, thoron and their decay products
are the main contributors of the total inhalation dose
which has long been recognized as a potential
radiological health hazard [7], [8]. This led the
European Council to formulate new basic safety
standards for protection against ionizing radiation
which cover exposure to indoor radon at home and
work place as well [9]. In general, radon measurements
are conducted in support to operational and
radioactive contamination control goals set by the
management, as well as to meet the environmental
legislation and requirements of regulatory bodies.

In 2012, the International Organization for
Standardization (ISO) issued guidance for measuring
radon-222 and its short-lived decay products in air for
three categories of measurements: spot measurement
methods; continuous measurement and integrated
measurement methods, ISO 11665 (Part 1 to Part 8).

In Bulgaria, the monitoring of radon concentration
is not enforced yet, although there are buildings
constructed in granite areas and the geological and
radiological characteristics of most of these regions are
well-documented. Nevertheless, the general regulations
for indoor air quality were imposed by the Bulgarian
legislation [10] in line with ICRP 115 and EU directives.

A radon project to elucidate the situation in
kindergartens has been supported financially in 2011.
The recommendations of International Organization
for Standardization (ISO 11665-1:2012, Part 4) [11]
were followed and the evidence from a pilot survey of
indoor radon concentration in four provinces: Sofia
city, Sofia, Plovdiv and Varna is summarized in [12].

Beside national legislation [10, 13-20], the relevant
standards and recommendations of IAEA [21-23] are
also taken into account in solving problems at NSEEC
related to radiation protection.

4. INSTRUMENTS AND METHODS

An ABPM 201-L and an ABPM 203-M monitor
units were employed for this survey. Both units are
designed as computer software-aided alpha-beta-
gamma dosimeters. The portable computer is an
essential tool for the monitor. It is used to display
measurement values stored by the monitor as well as
local programming (measurement channel
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programming) to evaluate radon progeny using
specialized dedicated software. The measurement
could be compensated for naturally occurring
radioactivity (radon) and for externally induced y
fields. The volumetric activity is measured in units
selected by the operator and the unit generates visual
and audible alarms whenever the threshold levels are
exceeded. For calibration purposes of both monitor
units either a certified 204T] source (beta detection;
half-life 1380 days) with a nominal activity of 3000 B/s
or a certified 238Pu source (alpha detection; half-life
31755 days) with a nominal activity of 3 kBq are used.
These sources are used with a designated source fixture
providing fixed and repeatable geometric conditions
between the source and the respective detector.

The ABPM 201-L unit measures continuously the
volumetric activities of a and [ particulates in ambient
air, discharge stacks, ventilation ducts and buildings
containing radioactive material. The volumetric activity
is displayed in units such as Bq/m3, Ci/m3 or other
units (e.g. uCi/cms3) that can be chosen by the operator.
Visual and audible alarms are caused whenever pre-set
threshold levels are exceeded.

The measurement channel consists of a detection
assembly comprised of a pair of large-surface area (450
mm?) silicon detectors (PIPS detector) coupled with
preamplifiers placed in front of a filter which traps
particulates, a mass flowmeter for measuring the flow
rate, necessary for the processing algorithms, as well as
two pressure switches (Pmin and Pmax) which control the
filter status (torn, clogged etc.).

The mass flowmeter provides an analog signal
proportional to the flow rate value. This signal is
processed by a special algorithm called “Analog input”
to compute the flow rate measurement. The first Si
detector detects the alpha-beta-gamma radiation
emitted from the particulates deposited on the
advancing filter. The second Si detector is mounted
behind the first one and detects only the gamma
radiation emitted from the particulates deposited on
the filter as well as ambient gamma background. The
analog signals provided by the detection assembly are
transmitted to the associated Local Processing and
Display Unit LPDU/PIPS which generates the
measurement in the required unit after processing. For
this processing, it is important to note that the
LPDU/PIPS also uses the sampling rate value which is
transmitted by the mass flow. The LPDU/PIPS also
manages the filter advances.

The estimation of alpha volumetric activity could
take into account a dynamic compensation of
perturbation due to the presence of natural radio-
isotopes on the filter, alpha emitters and solid
daughters of 222Rn(radon) and 22°Rn(thoron). This
estimation could therefore be representative of the
artificial alpha volumetric activity.

Similarly, the estimation of beta volumetric activity
could be representative of the artificial beta volumetric
activity, as it could take into account dynamic gamma
compensation and a dynamic compensation of
perturbation due to the presence of natural
radioisotopes on the filter, beta emitters and solid
daughters of radon and thoron.

PIPS detector performance: a) energy range for a:
4.2 MeV < E < 5.5 MeV (U, Pu, U+Pu), for B: 80 keV <
E < 2 MeV, y -80 keV < E < 2 MeV; b) measurement
range for a: 102 to 104 Bq/m3 (2.7 103 to 2.7 107 Ci/
m3), for B: 1 to 10° Bq/m3 (2.7 10" to 2.7 104 Ci/ m3).

The ABPM 201-L unit uses a filter (millipore
FSLW) with efficiency (for 1m/s): > 99.59 % for
particles with an effective size (®) of 0.15 um, > 99.63
% for @ of 0.4um, > 99.99 % for ® of 4um. The
standard flow rate is 35 I/min.

The ABPM 203-M is an autonomous mobile and
portable unit for contamination surveillance in a broad
temperature range: -25°C to +55°C. It is equipped with
a special pump and serves to continuously monitor a
and P volumetric activity of airborne particulates in the
atmosphere of nuclear installations.

The pump is installed downstream of the detector
and it draws ambient air through the particulate filter
at a nominal flow rate of 35 1/min. This flow rate is
higher than the human respiratory rate. This means
that the response of the monitor to detect radiation is
fast enough to alert the operator of the presence of a
dangerous concentration of airborne radioactive
particulate. The sampled air is discharged downstream
of the pump. Radioactive particulates present in the air
are trapped on a cellulose fibrous filter placed inside
the CE200 detector. A large-area silicon detector
located in front of the filter detects a, f and y radiation
emitted by the deposited particulates. An identical
second detector, placed immediately behind the first,
detects only y radiation. The gamma measurement
enables dynamic background compensation to the net
particulate activity measurements. The data can also be
used to display the ambient dose rate referenced to
137Cs. In the alpha and beta measurement channel, the
detected pulse frequency is proportional to the activity
deposited on the filter. The pulse frequency of the y
channel is associated with the ambient dose rate.

The CE 200 detector consists of 2 units: the upper
unit contains 2 identical large area silicon detectors.
The first detector, located in front of the filter, detects
a, B and y activity emitted by the particulates deposited
on the filter. The second detector, placed immediately
behind the first, detects only y radiation. The gamma
measurement enables background compensation to the
actual particulate activity measurements. The data can
also be used to display the ambient dose rate
referenced to 137Cs. A rotary vane pump is installed
downstream of the sensor; it draws ambient air
through a particulate filter. The flow rate is measured
by a mass flow meter. It can be adjusted at a valve
situated at the pump intake piping. The flow rate is
displayed on the LPDU screen. The mass flow meter is
situated at the inlet of the pump air intake. It measures
the air flow rate passing through the filter and
transmits this information in the form of an analog
signal from 1 to 5 volts to the LPDU. This analog input
is converted by a specific algorithm into a flow rate
measurement. The flow rate is used by the LPDU
algorithms to calculate the volumetric activity of
radioactive particulates. The sampled air is discharged
downstream of the pump.

The airborne radioactive particulates are deposited
on the filter facing the Si detector which detects the
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charged particulates by generating pulses proportional
to the energy lost by the particulates. Specific
algorithms are used to estimate corresponding
volumetric activity.

Si detector performance: a) energy range for a: 2.0
MeV < E < 4.4 MeV, for : 80 keV < E < 420 keV, 80
keV < E < 420 keV; b) measurement range for a: 102 to
104 Bq/m3 (2.7 103 to 2.7 1077 uCi/ cm3), for f3: 1 to 10°
Bq/m3 (2.7 10 to 2.7 105 pCi/cms3-.

Minimum Detectable Activity (MDA at 2 sigma) for
B detection is as follows:

- With background compensation - Radon activity
of 10 Bq/ms3; environmental conditions (0.1 uGy/h):
1.95 Bq/m3 in 60 minutes

- With background compensation - Radon activity
of 1 Bq/m3; environmental conditions (0.1 pGy/h):
0.87 Bq/m3 in 60 minutes

Minimum Detectable Activity (MDA at 2 sigma) for
a detection is as follows:

- With background compensation - Radon activity
of 10 Bq/m3; environmental conditions (0.1 uGy/h):
MDA: 0.13 Bq/m3 in 60 minutes)

- With background compensation - Radon activity
of 1 Bq/m3; environmental conditions (0.1 uGy/h);
MDA: 0.071 Bq/m3 in 60 minutes.

The ABPM 203-M monitor was rapidly introduced
in each room or space subjected to radon control with a
hose height at approximately 100 cm above the floor:
breathing zone during the decontamination activities
related to the partial dismantling of the reactor [1], [2].

5. RESULTS AND DISCUSSION

The results for the gamma background levels of the
NSEEC site monitored continuously by the ARMS vary
in the limits 0.08 puSv h* — 0.13 puSv h* for time span of
more than 20 years. The average monthly values
measured at all six control points included in the
ARMS show minor seasonal variation. Gamma
background data recorded for the protected area since
1961, although with other means for control, are in the
same limits and indicate the quality of organization of
the radiation safety control at the IRT-Sofia site
throughout the time of active use of the research
reactor and the long period of time afterwards.

5.1 Radon concentration outdoor

The large number of measurements conducted
through many years with the ARMS system for
environmental monitoring defined relatively constant
levels of radon concentration in the supervised area of
NSEEC. Slight variations in different seasons were
observed in the vicinity of the research reactor but the
radon concentration levels generally remain relatively
constant. The measured radon concentration in the
supervised area is 0.28+0.18 Bq m3. Somewhat higher
levels of radon concentration were recorded mainly in
summer. It is to note that the height of ambient air
sampling nozzles of the 3 ABPM 201-L monitors in the
site is fixed at 1.70 m above the ground to favor
absorbed dose evaluation for public as well as to follow
the gaseous discharge of IRT reactor when operational.
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5.2. Radon concentration in the indoor air

In the IRT-Sofia building, ventilation systems
managed locally or centrally are used to maintain the
radioactivity levels within permitted limits as well as to
control the gaseous releases. Exceptions are the
auxiliary building hosting the laundry and the building
hosting the central alarm post.

Fig. 3 and Fig. 4 (continuation) show results from
the committed study aimed to track the build-up
pattern of radon concentration in the laundry premises
at minimal disturbance of radon atmosphere. A rapid
increase of radon activity was observed after closing of
the door, followed by a less pronounced radon curve; in
some two hours radon activity values of approximately
80 — 120 Bq m3 were already set. The dip in the curve
reflected the filter advancement and reset of counting.
The values continued increasing after an additional air-
tightening of the premises, Fig. 4 a. Opening of the
entrance door and windows has an immediate effect on
radon concentration, Fig. 4, c.
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Figure 4. Laundry: Before ventilation: a) 222Rn activity, b)
Effective dose rate; After ventilation: c) 222Rn activity

The radon activity curve in the Central Alarm Post
(CAP) behaves in a similar way, Fig. 5. Shortly after air
tightening of the premises, a radon activity plateau
approximately 80 Bq m-3 is observed.
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Figure 5. CAP: a) 222Rn activity; b) AEffective dose rate

Both effects on radon, fast slopes at the beginning
of detection and saturation in a short time, indicate
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that the radon atmosphere in the laundry and the CAP
was already near to its maximum saturation
concentration.

Many of the dismantling activities related to the
IRT research reactor refurbishment project were
carried out using the equipment located in the
premises of the First Class Radiochemistry Laboratory
(RCL-I class), presented schematically in Fig. 6 and in
the Reactor Hall, Fig. 12.

Figures 7, 8, 9 and 10 show the results from
measurements in room 049 (chemical laboratory),
room 065 (laboratory with glove boxes on first line),
room 018 (storage of environmental samples) and
room 043 (second line glove boxes).

Figure 6. Schematic layout of the Radiochemistry Laboratory-
I Class in IRT-Sofia basement
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Figure 7. Measurements in RCL, room 018: a) 222Rn activity;
b) Effective dose rate. The vertical line marks restart of
measurements after switching on the forced ventilation again
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Figure 8. Measurements in RCL, room 065:
a) 222Rn activity; b) Effective dose rate
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Figure 9. Measurements in RCL, room 049:
a) 222Rn activity; b) Effective dose rate

The dismantling of the research reactor facilities
and equipment was executed in two stages [2]. The first
stage comprised the dismantling of the equipment
inside the reactor pool and the block with shutters of
the thermal column. Fig. 11 illustrates some of the
activities executed in the second stage which included
dismantling of the piping and pumps in the primary
cooling loop (PCL) room and Fig. 13 shows results from
some measurements related to the dose burden of
personnel.
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Figure 10. Measurements in RCL, room 043:
a) 222Rn activity; b) Effective dose rate

Figure 11. Tracking and record-keeping: measurements of
surface contamination of the primary cooling loop premises

A simple, inexpensive and successful mitigation
action for the reactor hall (Fig. 12) was to open the big
entrance transport door not very far from Point 3,
keeping the mean radon concentration less than 200
Bq m3in the whole space.

In general, taking into account the high variability
of the radon concentration within the different
premises of the buildings, the room occupation factor
and correspondence with scheduled ventilation should
be considered for more accurate estimation of effective
dose accumulated.
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Figure 13. PCL room (Point 2):
a) 222Rn activity; b) Effective dose rate

6. CONCLUSIONS

The objectives of the monitoring program were to
determine the distribution of radon levels in the
buildings, to disclose areas where the risk of exposure
to radon exceeds the established radiation protection
safety threshold, to evaluate possible radon risk to the
public and workers, and to evaluate the effectiveness of
control measures on radon levels throughout individual
rooms and hallways in the IRT-Sofia building. The
proper work planning and implementation was
considered central to achieving the goals.

The long-term radiation measurements and site
monitoring at the NSEEC provide evidence that the
radon management, as developed and adopted, meets
all the requirements for radiation safety of personnel
and prevents any radiation consequences to the public.
The measures taken to keep the volumetric activity of
air in working areas and corridors well below the
reference level of 1000 Bq.m* for annual average
activity concentration of 222Rn in working places and
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300 Bq.m3 in multipurpose public edifices have
proved their efficiency.
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