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The process of radiological characterization involving all the systems, structures, equipment, and com-
ponents resulting from the decommissioning of the VVR-S nuclear research reactor at the Horia Hulubei
National Institute for Physics and Nuclear Engineering was a continuous journey marked by ongoing
research, specialized training, and the accumulation of invaluable experience. Recognizing the signi�-
cance of protecting the expertise gained during this e�ort, this paper aims to share several key insights
collected from the radiological characterization process. In particular, the focus is placed on elucidating
various methodologies and techniques utilized in gamma-ray spectrometry. The aim of delving into
these speci�c aspects is to o�er practical lessons that can serve as valuable guidance for future e�orts in
radiological characterization within similar contexts. Through the dissemination of these insights, it is
hoped that the collective knowledge and expertise amassed during the radiological characterization of
the VVR-S nuclear research reactor decommissioning can be e�ectively preserved and utilized for the
bene�t of future projects in the �eld.
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1. Introduction

Established in 2005 within the Reactor Decom-
missioning Department (DDR) at the Horia Hu-
lubei National Institute for Physics and Nuclear En-
gineering (IFIN-HH) in Magurele, near Bucharest,
Romania, the Radiological Characterization Labo-
ratory (LCR) emerged as a pivotal entity in the
Institute's operations. Led by a team comprising
a dosimetrist, three dedicated researchers, and the
laboratory's head, LCR swiftly became instrumen-
tal in driving forward the objectives of the decom-
missioning project [1]. The main objective was ra-
diological characterization � a process that was
of paramount importance in the decommissioning
project [1, 2]. Through meticulous analysis and
assessment, LCR played a critical role in iden-
tifying, quantifying, and characterizing radiation
levels within the facility and its surrounding envi-
ronment [3, 4]. This comprehensive approach not
only facilitated the e�ective management of result-
ing materials, but also served as a stepping stone
for addressing crucial considerations related to the
protection of workers, the general public, and the
environment [5]. By providing invaluable informa-
tion on the radiological landscape of the decom-
missioning site, LCR enabled informed decision-
making and strategic planning, ensuring that all
actions taken remained in strict compliance with

established safety protocols and regulatory stan-
dards. Thus, the establishment of LCR was proof
of IFIN-HH's commitment to excellence in nuclear
research and its unwavering dedication to the high-
est standards of safety and environmental manage-
ment.
In 2006, as part of a United States Depart-

ment of Energy (DOE) project, a thorough initial
characterization process [6] was conducted utilizing
equipment available at that time, which included
a NaI(Tl) detector and portable radiation moni-
tors. A pivotal aspect of this process was engag-
ing in discussions with both current and retired
personnel from the Reactor Decommissioning De-
partment (DDR) from IFIN-HH. These discussions
aimed to gain comprehensive insights into the op-
erational history, thereby facilitating a deeper un-
derstanding of past activities and their potential
implications. Throughout the subsequent decom-
missioning project, initiated in 2010 and success-
fully completed in 2020, the Radiological Charac-
terization Laboratory (LCR) conducted an e�ec-
tive and meticulous characterization process. This
process was critical in identifying the nature and
precise locations of contamination within the fa-
cility. By providing invaluable data, LCR's e�orts
played a crucial role in the planning, prepara-
tion, optimization, and ultimately the execution of
the installation's dismantling and decommissioning
phases. This comprehensive approach ensured that
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all necessary precautions were taken to safeguard
both workers and the environment while e�ciently
managing the project's scope and resources.
The main activities of the Radiological Charac-

terization Laboratory (LCR) included several crit-
ical tasks: (i) carrying out the radiological charac-
terization of the nuclear facility and the workspaces
associated with the VVR-S nuclear research reactor,
in strict compliance with the prede�ned radiologi-
cal characterization plans; (ii) expanding radiolog-
ical characterization e�orts to include all systems,
structures, equipment, and components (SSEC) re-
sulting from the decommissioning project; (iii) facil-
itating the free release of materials considered to be
within acceptable radiological limits; (iv) carrying
out the radiological characterization of the drums
with radioactive waste materials generated during
the decommissioning of the VVR-S nuclear research
reactor.
It is noteworthy that the LCR activities were car-

ried out in strict accordance with the established
system procedures and work instructions outlined
in the Integrated Management Manual of the Re-
actor Decommissioning Department. It is impor-
tant to emphasize that a signi�cant part of the
personnel involved in both the radiological char-
acterization and the decommissioning process had
never been engaged in such activities before. The
decommissioning of the VVR-S nuclear research re-
actor in Magurele marked a pioneering step in Ro-
mania. While the experience gained by personnel
throughout the operational lifetime of a nuclear fa-
cility has proven invaluable for both radiological
characterization and decommissioning processes, it
has become apparent that new skills are needed
to e�ectively and safely manage the decommission-
ing project. Therefore, despite the rich experience
gained from previous nuclear facility operations, the
unique challenges generated by the decommission-
ing process required the acquisition of additional
skills to ensure the safe and successful execution of
the project.

2. Radiological characterization

advancements

In 2006, during the initial stages of radiolog-
ical characterization, three types of in-situ mea-
surements were conducted: dose rate measurements,
contamination assessments, and gamma-ray spec-
trometry. Portable radiation monitors, in particular
the Eberline E-600, were used to measure both dose
rate and contamination. The following probes were
employed in conjunction with these monitors:

(i) SHP-380 AB probe � used for alpha/beta
surveys; this probe features detectors tailored
for speci�c purposes, i.e., ZnS(Ag) for alpha
detection and NE102 plastic scintillator for
beta detection;

(ii) SHP-360 probe � designed for al-
pha/beta/gamma surveys; this probe in-
cludes a Geiger�Müller detector with a mica
window;

(iii) SSPA-3 probe � employed for high sensitiv-
ity gamma measurements; this probe uses a
sodium iodide (NaI(Tl)) detector;

(iv) SHP-210 T probe � similar to the SHP-360;
this probe is suitable for alpha/beta/gamma
surveys and features a Geiger�Müller detector
with a mica window.

These instruments and probes facilitated com-
prehensive data collection, allowing for a thorough
assessment and characterization of radiation lev-
els and contamination within the research reactor.
Their deployment was essential to ensuring accu-
rate and detailed radiological assessments, which
were essential for e�ective planning and manage-
ment throughout the decommissioning process.
During that period, in-situ gamma-ray measure-

ments were conducted using a portable gamma-
ray spectrometry system manufactured by OR-
TEC [7�9]. This system comprised a ScintiPack
Photomultiplier Base with Preampli�er and High
Voltage Supply, type 296, along with a Digital
Portable Multichannel Analyzer, type digiDART.
Sampling and subsequent laboratory analyses were
employed to gather information regarding contami-
nation and activated materials. Since the laboratory
did not possess at that time high-resolution gamma-
ray spectrometry systems, samples were analysed in
laboratories at IFIN-HH accredited by Romanian
Association for Accreditation (RENAR) in accor-
dance with the standard SR EN ISO 17025.
The contamination observed in the VVR-S reac-

tor originated from various sources, including reac-
tor operations, radioisotope production in hot cells,
depleted uranium processing, and research activi-
ties. After the shutdown of the VVR-S reactor in
1997, only radionuclides with a half-life of more
than one year contributed signi�cantly to the in-
ventory of radionuclides made in 2006. In light of
these considerations, radionuclides were categorized
into three groups: beta/gamma emitters, alpha
emitters, and hard-to-detect radionuclides. Hard-
to-detect radionuclides presented unique challenges
in the VVR-S research reactor due to their low-
energy emissions, low abundance, or complex chem-
ical properties. These characteristics made their
detection and measurement di�cult. Examples in
the reactor context included 3H, a low-energy beta
emitter, 14C, and 63Ni. The majority of radioac-
tive contaminants generated by reactor operations
were classi�ed as beta/gamma emitters. These con-
taminants were relatively easy to measure using
techniques such as gross beta/gamma counting and
gamma-ray spectrometry. It's worth noting that
this classi�cation was essential for prioritizing mon-
itoring and decontamination e�orts, ensuring that
appropriate measures were taken to address the
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most prevalent and easily detectable contaminants.
By understanding the nature and distribution of ra-
dioactive materials within the reactor and its sur-
roundings, e�ective strategies could be implemented
to mitigate potential risks to personnel, the environ-
ment, and public health.
Due to the extensive use of gamma-ray spec-

trometry measurements in radiological characteri-
zation, signi�cant investments were made in subse-
quent years to improve capabilities. These actions
included:

(i) Acquisition in 2007 of a gamma-ray spectrom-
etry laboratory system comprising a HPGe
detector model GMX50P4;

(ii) Purchase of an ISOCART system, used for
measuring radioactive waste drums, with a
HPGe detector model GEM25P4;

(iii) Acquisition in 2009 of another gamma-ray
spectrometry laboratory system, equipped
with a HPGe detector model GEM60P4-95;

(iv) Addition of another ISOCART system in
2014, equipped with a HPGe detector model
GEM100P4-95-SMP.

The acquisitions signi�cantly enhanced the LCR
capabilities, enabling more accurate and compre-
hensive radiological characterization throughout
the decommissioning project. The radiological char-
acterization carried out by LCR, which included not
only the initial stages, but all the activities within
the decommissioning project, strictly followed the
stringent quality assurance requirements. These re-
quirements needed that personnel involved in the
characterization be properly quali�ed and trained,
ensuring competence in their roles. Furthermore,
expert input was sought to select appropriate mea-
surement tools, all of which were subjected to rigor-
ous testing and certi�cation prior to use. Sampling
and measurement procedures were meticulously fol-
lowed and data diligently recorded and archived for
future reference. By adhering to these rigorous qual-
ity assurance standards, LCR ensured the reliabil-
ity and accuracy of all radiological characterization
activities, thereby contributing to the successful ex-
ecution of the decommissioning project while meet-
ing the highest standards of safety and regulatory
compliance.
Taking into account all the factors mentioned

above, the sta� of the Radiological Characterization
Laboratory (LCR) remained actively involved in
a multitude of professional development activities.
These included regular participation in exchanges of
experience, scienti�c visits and events organized by
the International Atomic Energy Agency (IAEA).
In addition, sta� members bene�ted from various
training courses and undertook research projects.
Some even pursued higher education, obtaining
masters and doctorate degrees. This ongoing com-
mitment to professional growth and knowledge ac-
quisition signi�cantly advanced methods for the ra-
diological characterization of materials derived from

nuclear decommissioning. By keeping abreast of the
latest developments in the �eld and actively par-
ticipating in collaborative e�orts and educational
opportunities, LCR sta� played a crucial role in
increasing the e�ectiveness and e�ciency of radio-
logical characterization practices. Their dedication
not only contributed to the success of the decom-
missioning project, but also encouraged continuous
improvement in the broader �eld of nuclear decom-
missioning and environmental remediation.

3. Gamma-ray spectrometry experience

In the �eld of activity measurement by gamma-
ray spectrometry, obtaining accurate results relies
heavily on the knowledge of the maximum energy ef-
�ciency (photopeak) for the speci�c source�detector
con�guration used [10]. The quality and accuracy
of gamma-ray spectrometry measurements are di-
rectly in�uenced by the accuracy of the detection
e�ciency under speci�c measurement conditions.
Typically, calibration involves establishing a rela-
tionship between the detection e�ciency and the
energy of gamma rays emitted by various isotopes.
This calibration process often involves the use of a
range of gamma-ray energies relevant to the experi-
ment, allowing the construction of an experimental
e�ciency curve as a function of energy. National
standards laboratories play a crucial role in pro-
viding isotopes with accurate gamma-ray emission
rates, typically with an accuracy of 0.5% to 2.5%
for a 1σ standard deviation. Detector e�ciency cali-
bration is commonly performed using single sources
containing speci�c radionuclides, as these sources
emit well-known gamma-ray peaks whose areas can
be used for calibration purposes. However, if the en-
ergy scale of interest extends beyond the capabilities
of a single source, it may be necessary to use mul-
tiple sources. Despite these established methods,
challenges can arise when a suitable set of calibrated
sources is not available or fails to adequately rep-
resent the geometric conditions of the experiment.
In such cases, alternative calibration approaches or
adaptations may be necessary to ensure accurate
and reliable measurements with gamma-ray spec-
trometry.

3.1. LCR experience with NaI(Tl) detector

Although it is among the oldest and most practi-
cal detectors used for gamma-ray spectroscopy, the
NaI(Tl) detector remains the scintillation material
of choice for measuring gamma energies exceeding
several hundred keV. Its widespread use stems from
its e�ectiveness in identifying and quantifying nu-
clides during gamma-ray measurements. Typically,
NaI(Tl) detectors are used in various scenarios, in-
cluding the evaluation of individuals, soil samples,
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Fig. 1. Examples of in-situ measurements with NaI(Tl) detector.

containers (such as cans and boxes), and other ob-
jects. In radiological characterization works per-
formed by LCR, the NaI(Tl) detector served
primarily to evaluate surface activity and perform
in-situ measurements.
In Fig. 1, some examples of in-situ measurements

performed using the NaI(Tl) detector are presented,
showcasing practical applications of the device.
Radu and colleagues detailed in their papers [7�9]

an innovative method that combines e�ciency mea-
surements derived from point sources with theoreti-
cal calculations. This approach allowed them to de-
termine the peak e�ciency ε(E) for disk sources
measured using a NaI(Tl) detector. Subsequently,
these e�ciency curves found practical application
in the assessment of surface activity levels on ma-
terials resulting from the VVR-S nuclear reactor
decommissioning project, especially those undergo-
ing the non-restrictive release process. Their anal-
ysis assumed that the activity was uniformly dis-
tributed over the surface. Figure 2 provides a visual
representation of the surface contamination geom-
etry, providing insight into the spatial distribution
of detected activity.
The equation used to compute the surface activ-

ity Λs(i) for a given radionuclide i using the NaI(Tl)
detector is expressed as follows

Λs (i) =
Rnet (E)

Yi (E)

(
εi (E)

Fci (E)

)
S

. (1)

Here, Rnet(E) denotes the net count rate, Yi(E)
stands for the yield, Fci(E) is the coincidence cor-
rection factor, εi(E) is the e�ciency of the NaI(Tl)
detector evaluated for surface samples at energy E
emitted by the radionuclide i using ETNA (E�-
ciency Transfer for Nuclide Activity measurements)
software [11], and S represents the sample's area.
The coincidence correction factor Fci(E) was

determined using either the ETNA code or the
GESPECOR Monte Carlo simulation code [12].
These sophisticated computational tools enable ac-
curate calculation of the coincidence correction fac-
tor, ensuring precise adjustments to the measured
data for enhanced reliability in the assessment of
surface activity.
The e�ective surface area S [cm2] is de�ned as fol-

lows: (i) S = S0(1 +
d
4.4 ), if S > S0 (more precisely

R > R0 =
√

S0/π); (ii) S is equal to sample surface,

Fig. 2. Surface contamination geometry.

if S < S0 (more precisely R < R0 =
√
S0/π).

Now, R0 is the radius corresponding to S0 [cm2]
and S0(E) = 12E3 − 21E2 + 21E + 44 represents
the gamma-ray energy-dependent parameter de�n-
ing the sample's surface area, while d denotes the
distance from the collimator to the contaminated
surface. These equations account for variations in
surface area due to distance and energy-dependent
detector response.
In Fig. 3, the e�ective surface area S0(E) is shown

as a function of energy E. This visual representa-
tion elucidates the correlation between S0 and en-
ergy values across a speci�ed range. By graphically
plotting S0(E) against energy, observers can dis-
cern patterns and trends in the behavior of S0 as
energy varies. This graphical illustration facilitates
the interpretation and analysis of the function's
characteristics and its energy dependence. More-
over, Fig. 3 serves as a visual aid for researchers
and readers, enhancing their comprehension of the
S0 properties across di�erent energy values.
The e�ciency transfer method was not only ap-

plied to point sources but also extended to volume
sources. For assessing the e�ciency of small volume
sources, the ETNA software served as a valuable
tool. Within this evaluation process, the activity
was assumed to be uniformly distributed through-
out the volume, ensuring a comprehensive analy-
sis of the e�ciency transfer. Figure 4 illustrates the
volume contamination geometry, o�ering valuable
insights into the spatial distribution of detected
activity.
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Fig. 3. Behavior of S0 as a function of energy.

Fig. 4. Volume contamination geometry.

The equation used to calculate the speci�c ac-
tivity, denoted as Λm(i), for a given radionuclide i
using a NaI(Tl) is as follows

Λm (i) =
Rnet (E)

Yi (E)

(
εi (E)

Fci (E)

)
m

, (2)

where m is the product of the volume V and the
density ρ of the sample. The volume is calculated
as

V =
S0h

3

[
2 +

h

4.4
+

√
1+

h

4.4

]
, (3)

and h represents the height of the sample.
When conducting in-situ gamma spectrometry,

the accuracy of activity measurements can be sub-
stantially compromised by substantial interference
from high-energy external gamma radiation sources.
In cases where regions with elevated activity lev-
els exert a notable impact on measurements, it
becomes imperative to implement shielding mea-
sures. By identifying and e�ectively shielding areas
of heightened activity, the integrity and reliability of
the measurements can be preserved, ensuring more
accurate and trustworthy results.

The laboratory's extensive experience with the
NaI(Tl) detector rea�rms its enduring signi�cance
in gamma-ray spectroscopy. Despite its age, the de-
tector remains the material of choice for measuring
gamma energies exceeding several hundred keV, ow-
ing to its reliability and practicality. Through inno-
vative methodologies and the use of sophisticated
computational tools, LCR has demonstrated its
commitment to accuracy and reliability in surface
activity assessments in decommissioning project.
The laboratory's expertise in evaluating surface
contamination levels underscores the practical ap-
plications of the NaI(Tl) detector in radiological
characterization e�orts. By assuming uniform activ-
ity distribution over surfaces and employing robust
computational methods, the laboratory enhances
the accuracy and reliability of surface activity
assessments. Furthermore, the laboratory's pro�-
ciency in analysing various contamination geome-
tries, exempli�ed by the extension of the e�ciency
transfer method to volume sources, re�ects its depth
of expertise in gamma-ray spectroscopy. Overall,
the laboratory's experience serves as a testament
to the enduring signi�cance and practicality of
the NaI(Tl) detector in gamma-ray spectroscopy,
paving the way for advancements in radiological
characterization.

3.2. LCR experience with HPGe detectors

Due to their poor resolution, NaI(Tl) detec-
tors may not always be suitable for e�ectively
identifying complex mixtures of gamma-rays. In
such scenarios, detectors with higher resolution are
preferred for accurate identi�cation. Consequently,
the Laboratory of Radiological Characterization
(LCR) has explored the utilization of high-purity
germanium (HPGe) detectors to address these
challenges and enhance gamma-ray spectroscopy
capabilities.
In this section, the experiences gained by the

Laboratory of Radiological Characterization (LCR)
with high-purity germanium (HPGe) detectors is
explored. HPGe detectors o�er superior resolution
compared to NaI(Tl) detectors, making them well-
suited for discerning intricate gamma-ray spectra
and identifying nuances in complex mixtures. This
heightened resolution facilitated for more precise
identi�cation and quanti�cation of radionuclides
present in various samples, extending from environ-
mental matrices to industrial materials. The use of
HPGe detectors in LCR's analytical processes facili-
tated advancements in radiological characterization
e�orts. By harnessing the superior resolution capa-
bilities of HPGe detectors, LCR has been able to
achieve increased sensitivity and accuracy in identi-
fying trace contaminants and quantifying their con-
centrations. This is particularly crucial in scenarios
where precise identi�cation of radioactive isotopes is

169



D. Gurau

essential for assessing environmental contamination
levels or ensuring compliance with regulatory stan-
dards. Furthermore, experiences gained from the
use of HPGe detectors have provided valuable infor-
mation for optimizing measurement protocols and
data analysis techniques. LCR has developed tai-
lored methodologies to e�ectively leverage the ca-
pabilities of HPGe detectors, including calibration
procedures, spectral deconvolution algorithms, and
quality assurance protocols. These re�ned method-
ologies contribute to the reliability and validity
of gamma-ray spectroscopy results obtained using
HPGe detectors.
Drawing from experience, insight can be pro-

vided into the challenges encountered during radio-
logical characterization activities undertaken during
the dismantling and decommissioning of the 30 m3

bu�er tank [13] from the VVR-S nuclear research re-
actor. A noteworthy aspect of this undertaking was
the diverse range of samples measured by gamma-
ray spectrometry. One of the primary objectives
during radiological characterization of the bu�er
tank and its surroundings was to identify the ra-
dionuclide composition of the contamination. This
necessitated a multifaceted approach involving var-
ious types of measurements. Contamination mea-
surements were conducted to determine the surface
activity of potentially contaminated materials and
areas. Additionally, gamma-ray spectrometry anal-
yses were performed to further elucidate the ra-
dionuclide composition of the contamination. Sam-
ples, including smears and small pieces taken from
pipes or the tank itself, were collected for labo-
ratory measurement, providing valuable data for
analysis. This diversity underscores the complex-
ity of the radiological characterization process and
the need for versatile analytical techniques capable
of accommodating various sample types. Navigat-
ing through these challenges required a combination
of expertise, state-of-the-art instrumentation, and
methodological innovation. The experience gained
from addressing the complexities encountered dur-
ing the dismantling and decommissioning of the
bu�er tank has provided valuable insights into ef-
fective strategies for radiological characterization in
similar contexts.
Given the limited availability of point calibra-

tion sources and the need to address numerous
parameters such as coincidence-summing e�ects,
self-attenuation, and all the e�ects of photon inter-
actions in both the source and materials, the task
faced by the Laboratory of Radiological Charac-
terization (LCR) was de�nitely a challenging one.
To cope with these complexities, LCR commonly
used two software tools: ETNA (E�ciency Trans-
fer for Nuclide Activity) and GESPECOR. The
ETNA software [11] played a pivotal role in the
laboratory's operations by facilitating the compu-
tation of e�ciency transfer factors for a wide range
of counting geometries in routine measurements.
Speci�cally, it was used to calculate the e�ciency

of a high-purity germanium (HPGe) detector for
both point sources placed at di�erent distances
and volume sources with di�erent compositions and
densities. The analysis revealed that the ETNA
software accurately computed e�ciency transfer
factors from a point source to other geometries,
provided that all measurement details were accu-
rately known. Additionally, it helped to assess the
uncertainties associated with close-to-detector mea-
surement geometries, particularly when using high-
e�ciency detectors, by incorporating important co-
incidence summing e�ects into the measured data.
In conclusion, the ETNA software proved to be a
useful tool for routine gamma spectrometric mea-
surements, as its application for e�ciency computa-
tion saved time and eliminated the need for tedious
and expensive experimental calibration for di�erent
sample geometries [8�10].
The GESPECOR software [12], known for its

user-friendly interface, served as a robust Monte
Carlo tool within the laboratory's toolkit, sig-
ni�cantly contributing to gamma-ray spectrome-
try with HPGe detectors. It possesses the capa-
bility to compute e�ciency, matrix e�ects, and
coincidence summing corrections, thereby enhanc-
ing the accuracy and reliability of the analytical
process.
In LCR's gamma-ray spectrometry studies,

GESPECOR was used for various critical purposes.
Firstly, it played a pivotal role in computing e�-
ciency transfer factors, crucial for precise measure-
ments in routine laboratory settings. This included
analysing di�erent counting geometries to ensure
reliable computation of these factors, essential for
obtaining accurate peak e�ciencies. By utilizing
Monte Carlo simulations through GESPECOR, re-
searchers could assess the dependence of detector
e�ciency on speci�c geometries, providing valu-
able insights into performance changes. Moreover,
GESPECOR facilitated the correction of experi-
mental e�ciency values through Monte Carlo simu-
lations and analytical procedures. Researchers were
able to calculate correction factors to improve the
accuracy of peak e�ciency values. Additionally,
the software was instrumental in e�ciency calibra-
tion for high-resolution gamma-ray spectrometers
based on HPGe detectors. It provided procedures
for e�ciency calibration, enabling computations us-
ing either correction factors or direct calculations
based on complex detector models and physical pro-
cesses [14�16]. Furthermore, GESPECOR aided in
optimizing detector parameters to ensure optimal
correspondence between simulated and experimen-
tal outcomes, leading to adjustments in parameters
such as crystal length, radius, window thickness,
and crystal-window distance. Using GESPECOR,
researchers could accurately evaluate photon in-
teraction probabilities, thereby contributing to the
reliability of e�ciency calculations and enhanc-
ing the overall quality of gamma-ray spectrometry
analyses.
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Another challenge that LCR faced was the ra-
diological characterization of packages containing
radioactive waste. While gamma-ray spectrometry
measurements for such investigations are advanced
worldwide with various methods and technologies
being developed to measure large volumes of ra-
dioactive materials [17�19] intended for radioac-
tive waste management, the technology based on
the tomographic method has signi�cantly gath-
ered attention of researchers [20]. However, it is
worth noting that this method is associated with
high costs, which makes its application limited,
particularly for the characterization of �ssionable
materials, even in the wealthiest countries. De-
spite the potential bene�ts, the prohibitive ex-
pense associated with tomographic methods has
prevented their widespread adoption, thus necessi-
tating the exploration of more cost-e�ective alterna-
tives for the e�cient characterization of radioactive
waste.
The standard practice for radioactive waste assay

of 220-liter drums typically relies on the assumption
that both the drum matrix and radioactivity are
uniformly distributed within the container. To es-
tablish an accurate detection e�ciency calibration
curve, a computational procedure based on Monte
Carlo simulation is often employed for such sam-
ples. This approach involves accurately representing
both the geometry and characteristics of the sam-
ple, as well as any intermediate attenuating mate-
rials, within the simulation model. However, imple-
menting this procedure is not straightforward and
requires a lot of information. In response to this
challenge, several studies conducted by LCR have
deepened phenomena speci�c to gamma-ray spec-
trometry under various working conditions. By re-
searching these phenomena, the laboratory aimed
to improve their understanding of the complexities
involved and to re�ne the methodologies used in
the characterization of radioactive waste. Through
meticulous exploration and analysis of gamma-
ray spectrometry phenomena, LCR sought to op-
timize detection techniques and calibration proce-
dures for assessing the content of radioactive waste
in 220-liter drums. This proactive approach under-
scores the laboratory's commitment to advancing
methodologies in nuclear waste management and
ensuring the accuracy and reliability of radioac-
tive waste assessment practices. Some methodolo-
gies developed by LCR are presented in the next
paragraph.
A new model was developed for calculating the

peak e�ciency of unshielded HPGe detectors us-
ing a semi-empirical approach, which integrates the
virtual point detector model and the attenuation
factor concept to account for various factors in�u-
encing e�ciency [21]. The model incorporates vol-
ume sources, employing the integral of the product
of the e�ciency for a point source in a vacuum,
the attenuation factor, and the activity distribu-
tion function over the sample volume. Correction

factors for angular and axial dependence were deter-
mined through Monte Carlo simulations facilitated
by GESPECOR software. Additionally, a MATLAB
program was created to enable online numerical cal-
ibration of gamma waste systems. This program
was designed to compute peak e�ciency for rotat-
ing and �xed drums perpendicular to the detector
axis, accommodating photon energies ranging from
60 to 1500 keV and source-to-detector distances ex-
ceeding 10 cm.
Also, a novel approach to integral gamma scan-

ning of rotating waste drums was developed, aiming
to expand the utility of integral gamma scanning
to measure waste drums with relatively homoge-
neous matrices and heterogeneous activity distribu-
tions, even requiring multiple measurements [22].
A model for computing peak e�ciency was de-
veloped to discretize the �rst-kind Fredholm inte-
gral equation [23�25], resulting in an ill-conditioned
system of equations solved using Tikhonov regu-
larization [26�28] with non-negativity constraints.
Initially, the performance of the approach was
assessed using synthetic data, demonstrating accu-
rate results for waste drums with relatively homo-
geneous matrices and heterogeneous activity distri-
butions, particularly for nuclides emitting two or
more gamma rays. Taking into account that the nu-
merical experiments showed reasonable results for
multi-gamma emitters, even with highly heteroge-
neous mass distributions, the approach was applied
to measure the activity of a certi�ed linear 152Eu
source positioned at various radial positions within
a 220 liter drum �lled with cement, yielding accu-
rate results with only a few measurements for each
source position.
In other studies [22, 29, 30], a computational

technique was developed to facilitate the calibra-
tion and evaluation of radioactive waste measure-
ments using drum counting systems. Speci�cally, a
realistic Monte Carlo simulation program based on
the GEANT3.21 toolkit [31] was created to simulate
the response function of the ISOCART gamma-ray
spectrometry system for sources distributed over
several spatial domains, with the theoretical divi-
sion of the drum volume. This program was used to
generate expected spectra in the energy range from
50 to 2000 keV, along with the full energy peak and
total e�ciency. These calculations were performed
for scenarios where the source was distributed in a
single domain, and also when the source was uni-
formly distributed over the entire drum. It is worth
noting that while realistic Monte Carlo simulation
is commonly used to calculate the e�ciency of point
sources or volume-limited sources, such as those
encountered in environmental radioactivity moni-
toring, fully realistic Monte Carlo simulations for
the case of the 220 liter drum had not been re-
ported until the study carried out by the LCR re-
searchers. This was mainly attributed to the long
calculation time required to reach reasonable levels
of uncertainty.
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The study also aids in testing whether the spec-
tral shape correlates with the location and distri-
bution of the source and whether it can provide in-
sights into the e�ciency [32]. This is crucial due to a
speci�c challenge encountered in gamma-ray spec-
trometry measurements of large samples, such as
220 liter drums, namely the variability of source dis-
tribution within the volume. Because the e�ciency
varies signi�cantly depending on the source's po-
sition, the estimated activity may incur substan-
tial errors if the actual source distribution diverges
signi�cantly from the assumed distribution. There-
fore, any information regarding the source distribu-
tion proves valuable in assessing the activity of such
samples.
Through the strategic utilization of these so-

phisticated software solutions, LCR successfully
navigated the complexities inherent in gamma-ray
spectroscopy analysis. This approach allowed the
laboratory to obtain accurate and reliable measure-
ments despite the multifaceted nature of the task at
hand.

4. Conclusions

The experience gained from the radiological char-
acterization activities during the decommission-
ing of nuclear and radiological installations under-
scores the necessity of meticulous planning and
use of specialized resources. The lessons learned
from the application of gamma-ray spectrome-
try methodologies, particularly in the decommis-
sioning of the VVR-S nuclear research reactor,
highlight the importance of expertise, advanced
instrumentation, and adaptability in addressing
the complexities inherent in such projects. The
successful transfer of complex equipment and spe-
cialized personnel to the Radionuclide, Physico-
Chemical, Mechanical and Structural Characteri-
zation Laboratory (DMDR-Lab) from Radioactive
Waste Management Department (DMDR) from Ho-
ria Hulubei National Institute for Physics and Nu-
clear Engineering (IFIN-HH) after the completion
of the decommissioning project marks a strategic
move towards consolidating expertise and resources
for the national management of institutional ra-
dioactive waste. However, challenges persist, espe-
cially concerning the decommissioning of older in-
stallations lacking operational sta� and historical
data. The methods and equipment used for radi-
ological characterization must be tailored to the
speci�cities of each facility, emphasizing the need
for preserving and disseminating expertise acquired
through experience. The use of advanced instru-
mentation, such as HPGe detectors, has signi�-
cantly enhanced gamma-ray spectroscopy capabil-
ities, enabling more accurate and comprehensive
radiological characterization. This continuous pur-
suit of excellence in gamma-ray spectroscopy not

only contributes to environmental monitoring and
nuclear safety but also fosters progress in radiolog-
ical research.
Overall, lessons learned from radiological char-

acterization activities provide valuable insights into
the complexity of decommissioning projects and un-
derscore the importance of expertise, innovation,
and collaboration in ensuring the safe and e�ective
management of radioactive materials. Facing the
challenges of decommissioning aging facilities neces-
sitates leveraging technological advances and collec-
tive knowledge to successfully navigate these e�orts.
In addition, these perspectives emphasize the need
for further development and training of personnel in
radiological characterization techniques. Ensuring
that expertise is not only maintained but expanded
is crucial for future decommissioning projects. This
includes fostering partnerships between academic
institutions, industry and regulatory bodies to fa-
cilitate knowledge transfer and technological ad-
vances.
In conclusion, nuclear decommissioning involves

a complex range of challenges that require a well-
coordinated approach, leveraging advanced tech-
nologies and specialized expertise. By learning
from past experiences and continuously improving
methodologies and tools, the e�ciency and safety
of decommissioning processes can be improved. A
continued commitment to innovation and collabora-
tion will be essential in managing the safe disposal
of radioactive materials and addressing the evolving
challenges of the nuclear industry.
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