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Abstract

In this paper, a process of long-lived activity determination in research reactor concrete shielding is presented. The
described process is a combination of experiment and calculations. Samples of original heavy reactor concrete contain-
ing mineral barite were irradiated inside the reactor shielding to measure its long-lived induced radioactivity. The most
active long-lived (y emitting) radioactive nuclides in the concrete were found to be **Ba, °Co and '*?Eu. Neutron flux,
activation rates and concrete activity were calculated for actual shield geometry for different irradiation and cooling
times using TORT and ORIGEN codes. Experimental results of flux and activity measurements showed good agree-
ment with the results of calculations. Volume of activated concrete waste after reactor decommissioning was estimated
for particular case of Jozef Stefan Institute TRIGA reactor. It was observed that the clearance levels of some important
long-lived isotopes typical for barite concrete (e.g. **Ba, *!Ca) are not included in the IAEA and EU basic safety
standards.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction for research reactors. In addition the activation analyses

of the neutron shields are not interesting only for re-

Interest for studies of residual radioactivity in con-
crete shields is increasing as more and more research
and power reactors approach decommissioning and dis-
mantling. Until recently, there were practically no pub-
lished experimental data on activation of concrete
shields in research reactors. This is particularly true
for special concrete types containing heavy minerals
(e.g. barite BaSO,) which are frequently used as shields
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search reactors decommissioning planning, but also for
shielding new reactor concepts such as accelerator dri-
ven multiplying systems or in fusion reactors.

A method for determination of concrete activation
based on combination of experimental activation analy-
sis of the concrete samples and detailed calculations of
the activation distribution in the shield of TRIGA Mark
II research reactor is presented in this paper. Due to the
heterogeneity and geometrical complexity of the reactor
shield, the calculations are the only non-destructive
method for predicting the activation of all its parts.
The experimental determination of the reactor shield
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activation is used in complement to the calculations. The
need for supporting the calculations with experiment is
based on the fact, that long-lived activity in concrete is
mainly due to trace-elements (e.g. cobalt, europium,...)
[1]. They are natural constituents of basic concrete mate-
rials and their concentrations can vary from case to case.

The geometry of TRIGA research reactor at J. Stefan
Institute (JSI) in Ljubljana, Slovenia is schematically
presented in Fig. 1. It is typical for all TRIGA Mark
II reactors built by General Atomics. The reactor power
is 250kW. The core is placed at the bottom of the 2-m-
diameter open tank filled with water (detailed descrip-
tion of the core can be found in [2]). The water tank is
surrounded by biological shielding made of barite con-
crete (heavy concrete). Dimensions of the reactor struc-
tures are presented in Figs. 1 and 2. In radial direction
reactor geometry roughly consist of cylindrical core,
annular graphite reflector, annular region of water,
cylindrical aluminium reactor tank and thick radiologi-
cal shield made of barite concrete. The geometry of
the shield in axial direction is practically uniform. The
irregularities in the geometry are mainly due to horizon-
tal experimental channels in form of aluminium tubes of
~20-cm diameter passing through the radiological shield
and ending near or at the reactor core.

Experiments for verification of activation calcula-
tions inside the biological shield were performed in one
of the radial experimental channels, denoted as irradia-
tion channel number 4 in Fig. 1. The experimental envi-
ronment in the bulk concrete was reproduced as
accurately as possible, since the calculation analysis
showed that even small deviations from the actual irra-

diation environment significantly change the neutron
spectrum and the total flux. To reproduce the environ-
ment of the bulk concrete shielding a special sample-
holder, aluminium tube filled with cylindrical concrete
inserts, was designed to fit in irradiation channel number
4. Horizontal irradiation channel number 4 is a radial
tube that extends from the reflector assembly through
the water and concrete to the outer face of the shield
structure. The sample-holder (Fig. 2) is filled with
removable concrete inserts, which have prefabricated
holes for inserting samples, which are 1.2cm in diameter
and 2.0cm in length. All together there are eight sample
holes, evenly distributed along the sample-holder. Dur-
ing the irradiation, when the sample-holder is inserted
in the channel, the first sample hole is at the position
of the inner surface of the reactor shield, that is
98.4cm from the reactor core centre in radial direction.
The other sample positions are at depths of 5, 10, 20, 30,
40, 50 and 60cm from the concrete inner surface, as pre-
sented on vertical cross-section through sample-holder
in Fig. 2.

2. Description of the calculation model

The calculation of the activation rate of selected nuc-
lides anywhere in the biological shielding or in the irra-
diation channel is performed in two steps. In the first
step the neutron flux spatial and energy distribution in
the entire reactor body is calculated in multi-group
transport approximation. In the second step, the activa-
tion of selected nuclides is calculated. The main problem
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Fig. 1. Horizontal cross-section through TRIGA Mark II research reactor at core mid-plane.
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Fig. 2. Vertical cross-section through TRIGA Mark II research reactor in direction of horizontal irradiation channel number 4. The
irradiation channel number 4 is filled with sample-holder used for irradiation of samples and plugged with wooden plug. The air region
in front of sample-holder is either empty (filled with air) or filled with polyethylene (PE) insert.

in the first step is developing the physical model of the
reactor that is at least as accurate as the measurements
and at the same time practically feasible due to comput-
ing limitations. In the second step effective multi-group
neutron capture cross-sections for the nuclides typical
for the concrete are needed. Several precursors of
the long-lived activation products (e.g. *Co, '**Ba,
31Ey, . ..) are found in the concrete. They are not typical
reactor nuclides and for this reason they are not usually
included in the libraries routinely used with the trans-
port codes. The activation rates for nuclides present in
used transport library (e.g. '"®Au) were directly calcu-
lated together with the flux distribution. The activation
of other nuclides was calculated using the calculated flux
as input in a dedicated computer code for isotopic gen-
eration and depletion (ORIGEN-S [3]).

The flux distribution in the reactor core, in the tank
and in the biological shield was calculated in 47-group
three-dimensional neutron transport approximation.
Deterministic Sy transport code TORT [4] was used
with 47 neutron group cross-section library BUGLE-
96 [5]. Detailed reactor geometry was considered in r—
¢@—z geometry. The reactor body (the bulk radiological
shield), water tank and graphite reflector were repro-
duced in the calculation model in all details, in particular
taking into account irradiation channels and other cav-
ities, while the reactor core was treated as a homogene-
ous region. Composition of the materials used was
reproduced to the best of our knowledge. Detailed anal-
ysis of computational model optimisation and verifica-
tion is presented in separate report [6], where also
detailed description of used material and geometry data
can be found. Only final results of these computational
analyses are repeated here for completeness.

In the final model, the calculations were performed
using 177600 mesh points and Sy approximation. Typ-
ical running time on Pentium 3 computer is about 15h.
The discretization error of the model was estimated to
be less than 0.001 in total neutron flux and approxi-
mately 0.01 in the group flux. Uncertainties in material
data were also assessed, especially concrete density and
hydrogen content were subjected to additional analysis.
Parametric study of hydrogen concentration [6] showed
that 1% increase in concrete density or 2% increase in
water concentration in concrete increased the thermal
flux gradient trough the sample-holder for 3% (relative
increase in all cases).

The calculated total flux was normalised to experi-
mental value measured in the vertical irradiation chan-
nel at core mid-plane (denoted F19 in Fig. 2). The
irradiation channel F19 is located at the core boundary
situated 20cm from the reactor core centre. The experi-
mental value of total neutron flux in this channel at the
core mid-height and at nominal operating power 250kW
is 6.54 x 10'* (1 £ 0.03) cm~>s~! [7]. The normalised cal-
culated flux distribution along the axis of the experimen-
tal channel is presented in Fig. 3 for three cases. In the
first, the part of the channel near the core is assumed
to be empty (filled with air), in the second case, this part
is assumed to be filled with polyethylene insert. Both
cases were also realised during experimental irradiation.
In the third, hypothetical case, the whole section of this
channel in the reactor pool between concrete shielding
and graphite reflector is replaced with water. It can be
observed that the flux drops for two orders of magni-
tude, if the cavity in front of the sample-holder is filled
with water. The effect does not disappear with increasing
radial distance as could be expected due to relatively
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Fig. 3. The normalised calculated flux distribution along the
radial axis of the experimental channel 4 used for samples
irradiation. The part of the channel close to the core is modelled
with three different materials: air (upper curve), polyethylene
(middle curve), and filled with water (lower curve).

small transverse dimensions of the perturbation. This
can be explained by the fact that mainly uncollided neu-
trons contribute to the flux deep in the target. Even
small volume of strong fast neutron scatterer (water)
throws long and sharp neutron ‘shadow’ far into the
shield material. The analogue is true also for the empty
regions or regions filled with material with low scattering
cross-section for fast neutrons, e.g. aluminium. Neglect-
ing such details in the calculation model may result in
unacceptably high error in the calculated flux and conse-
quently, activation rate distribution.

3. Description of the experiment

In order to validate the calculations, the calculated
activation rates were compared to the experimental re-
sults measured in the irradiation channel in the reactor
shield. Two sets of experiments were performed using
the sample-holder in the channel 4. In the first experi-
ment, the flux was measured using two standard neutron
activation detectors (nickel and gold foils). The purpose
of this experiment was to evaluate the calculated flux
distributions. In the second experiment, the samples
taken from concrete reactor shield were irradiated. The
purpose of this experiment was to confirm and evaluate
the calculated activation rates for the most important
nuclides.

3.1. Flux measurement and comparison to flux
calculations

Gold foils used for the flux measurements were in the
form of pure gold thin discs (8mm in diameter and
50 pm thick) and 0.1% diluted gold wires (I mm in diam-

eter). Nickel wires were made of 99.982% pure nickel in
form of thin wires (0.75mm in diameter). For cadmium
ratio determination diluted gold wires were irradiated
inside cadmium tubes with 0.5mm thick walls. All foils
were irradiated for approximately one day at full reactor
power without interruptions. Measured reaction rates
for 7Au(n,v)!*8Au, **Ni(n,v)*Ni and **Ni(n, p)**Co
reactions in gold and nickel foils in eight different con-
crete depths and for two different irradiation conditions
(with and without polyethylene insert) are presented in
Table 1. Calculated and measured values of the '*®Au
reaction rates under the same irradiation conditions
are compared in Fig. 4.

The calculated neutron flux used for '*®Au reaction
rate calculation was normalised to measured value in
the irradiation channel F19, relatively far away from
the concrete shielding. Nevertheless, the calculated slope
of '®Au reaction rates in concrete approximately 1m
from core centre presented in Fig. 4 shows excellent
agreement with the measured results. The relative exper-
imental error was estimated to be in the order of 0.1 and
can be attributed mainly to the inaccuracy of reactor
power calibration and gamma spectroscopy method
used for measuring activity. The discrepancy between
the measured and calculated activities may be explained
by uncertainties in material composition (mainly con-
crete density and hydrogen content as already men-
tioned in description of calculations method),
simplified geometry in the model (planar surfaces
approximated by cylindrical finite differences) and by
rough neutron group structure applied in the calcula-
tions. Due to small number of thermal groups and
neglected up-scattering in the BUGLE-96 library [5],
the thermal reaction rates are underestimated in the cal-
culations. However the improvement of the calculation
model can be achieved only by using more detailed
cross-section library.

Measured cadmium ratio in sample-holder without
polyethylene insert for reaction rates on *®Au in four
different concrete depths are presented in Table 2. From
these results the shift towards harder spectrum with
increasing depth is evident.

3.2. Concrete activation measurement

The concrete samples were taken from barite con-
crete blocks made of the same materials and the same
time as the reactor body of TRIGA reactor at JSI. Sam-
ple chemical composition is presented in Table 3. The
values presented in the first column of this table were
taken from design reports on experimental concrete
composition found in reactor archives. Results of exper-
imental analyses performed recently using the chemical
analytical methods [8], neutron activation analysis
(NAA) [9] and the X-ray fluorescence analysis (XRFA)
[10] are presented in second column. We can see that
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Table 1

Measured saturated activity per one parent atom for gold and nickel foils irradiated in sample-holder with and without polyethylene

insert between core and biological shielding surface

Concrete depth (cm)

Without polyethylene insert (air only)

With polyethylene insert

"*Au (Bq) Ni (Bq) **Co (Bq) ""*Au (Bq) *Co (Bq)
0 (surface) 45%x10712 (1 £0.07) 58x 1071 1.4x10716 7.3% 1071 (1 £0.05) 44x10718
5 1.8 x 10712 (1 £ 0.06) 24x1071 7.9% 107" 5.0x 1071 (1 £0.06) 32x 10718
10 8.6x 10713 (1 £0.06) 1.3x1071 46x107" 3.0x 1071 (1 £0.09) 22x10718
20 1.7%x 107" (1 £ 0.05) 8.8x 1071 (1 £0.03)
30 3.9% 107" (1 £0.05) 2.9%107"% (1 £0.03)
40 1.1x 107" (1 £0.05) 1.1x 107" (1 £0.03)
50 3.1x 107" (1 £0.05) 42x1071 (1£0.03)
60 9.2x 1071 (1 £ 0.05) 1.5% 1071 (1 £ 0.03)

Table 3
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Fig. 4. Measured (dotted curves) and calculated (solid curves)
saturated activity per one parent atom for gold irradiated in
different depths of the sample-holder. The upper two curves
correspond to irradiation layout without polyethylene insert
(air only), the lower two curves correspond to irradiation of
samples behind PE insert.

Table 2
Measured cadmium ratio (Rcq) on diluted gold wires in sample-
holder without polyethylene insert

Concrete depth (cm) Rca = % {1%8Au(n, y)}

5.14 (1+0.14)

0 (surface)

5 527 (140.13)
10 5.05 (1% 0.13)
20 434 (1+0.12)

experimental results agree with the design data. The de-
sign data (presented in the first column of Table 3) was
assumed to be good representation of the average con-
crete composition in our reactor and as such used as in-
put data for flux and activation calculations. Data on
trace element concentrations for gamma emitting iso-
tope production (Co, Cs, Eu and Zn) were taken from
the second column of Table 3. Direct chemical measure-
ment of hydrogen in this concrete samples was not per-
formed, since hydrogen loss in this concrete is expected
to be very small. This is due to two factors: First, gamma

Composition of barite concrete samples

Element Design data (wt%) Experimental data (wt%)

Ba 48.1 44.3 (£3.0)

o) 324

S 11.4 7.5 (£2.0)

Ca 42 6.7 (£2.0)

Si 1.0 1.4 (£0.5)

Mg 0.7 1.9 (0.5)

C 0.6

Fe 0.6 0.68 (£0.05)

H 0.6

Al 0.4

Co 3.92E—04 (£1.6E—05)
Cs 1.23E—04 (£6E—06)
Eu 1.7E—05 (+2E—06)
Sm 7.6E—05 (+8E—06)
Th 1.18E—04 (+6E—06)
U 1.2E—04 (£+4E—05)
Zn 0.017 (+0.0008)

heating of concrete is very small in this low power re-
search reactor. Second, the whole concrete shield was
covered with special bitumen coating at the time of reac-
tor construction to prevent hydrogen loss from concrete.
This additional note on hydrogen concentration in con-
crete, which has strong influence on flux distributions in
reactor shield, was added in proof.

Concrete samples were homogenised and filled into
small cylindrical vials for irradiation. Outer dimensions
of the vial were 1.0cm in diameter and 1.2cm in height.
Concrete samples were irradiated for 100h at full reactor
power in order to achieve sufficient activation of long-
lived activation products for gamma spectroscopy meas-
urements. The 100h irradiation time was accumulated in
several intervals of 20-30h uninterrupted irradiation,
due to practical limitation on reactor operation. The
error due to interruptions in irradiation is calculated to
be smaller than 3% for long-lived nuclides with half-lives
about one year long. This contribution to experimental
error is evaluated for each nuclide separately (Ref. [11]
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or [12]) and is accounted for in reported experimental
results.

Before concrete sample activity measurements were
performed, the samples were cooled from four to eight
months to improve the accuracy of measured long-lived
nuclides activities. The gamma activity of the irradiated
concrete samples was measured using a Princeton Gam-
ma-Tech (PGT) HPGe detector type NIGC 26 with a
FWHM resolution of 2.00keV at 1.33MeV, connected
to a multi-channel pulse-height analyzer based on The
Nucleus Personal Computer Analyzer (PCA-II) card.
The minimum detectable gamma ray energy of our
detector configuration was 30keV. Natural gamma-ray
background of the detector was checked, and no special
gamma peaks were found. Radioisotopes were identified
from the pulse-height spectrum by their gamma photo-
peak energies and half-lifes. Their activities were deter-
mined from gamma photo-peak area and detection
efficiencies at the photo-peak energy. The accuracy of
the full-energy peak efficiency calibration for our con-
crete sample geometry was 5%. From the measured
photo peak count rate we calculated the saturated activ-
ity (A..) for the most important long-lived nuclides that
are found in research reactor shielding after some dec-
ades of reactor operation [1].

4. Comparison of concrete activation

Seven long-lived gamma emitting activation products
(>*Mn, %°Co, %Zn, '*3Ba, '**Cs, '?Eu and '"*Eu) found
in activated concrete were selected for further analysis
on the basis of previous studies [1]. They were selected
mainly due to their important contribution to the total
activity of activated concrete and due to their long decay
times. Radioactive isotopes of europium, cobalt, cae-
sium and zinc are produced in thermal and resonance
neutron absorption (n,y) reactions from trace elements
present in raw materials used in concrete production.
All these four trace elements can be found in almost
any type of concrete ([13] and [14]). On the other hand,
long-lived radioactive isotope of barium (}**Ba) is pro-
duced in neutron absorption (n,y) reaction in barium,
the most abundant chemical element in barite concrete.
Radioactive isotope of manganese >*Mn is primarily a
product of fast neutron reaction (n,p) on iron isotope
*Fe. Iron is also present in almost all concrete types.
Measured saturated activity density for these seven iso-
topes in concrete samples for eight different concrete
depths are presented in Fig. 5 together with calculated
values for the same isotopes. The activation rates of se-
lected nuclides presented in Fig. 5 were calculated using
ORIGEN-S code [3]. The neutron fluxes used for activa-
tion calculations were taken from appropriate results of
the TORT code [4]. Both codes are part of the SCALE
4.4a [15] computer program package. For the six iso-
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Fig. 5. Measured (dotted lines) and calculated (solid lines)
saturated activity density of long-lived nuclides in barite
concrete samples in different depths of the sample-holder.

topes (®°Co, %°Zn, '**Ba, 1**Cs, '?Eu and 154Eu) the
experimental activation is approximately two to five
times greater than calculated. The discrepancy for
>*Mn is something smaller.

Here we also mention few long-lived isotopes, which
do not emit any y rays with energies above 30keV, but
are produced by neutron irradiation of elements com-
monly found in natural materials. These elements have
a low radiological impact due to low radiation yields
[16], but should be listed for completeness. Among those
are o emitting 2>>Th and P emitters *H, *C, 3*Cl, >°Fe
and !'Sm. All these isotopes cannot be detected with
normal y spectroscopy. However, we know that meas-
ured vy activation of concrete is a good indicator of neu-
tron penetration depth. And so the activation depth
profiles of mentioned o and B emitters are the same as
activation depth of measured y emitting isotopes.

5. Time evaluation of concrete activation

The time evolution of concrete activation in reactor
body was calculated using ORIGEN-S code [3]. The
concrete activities in different depths in the reactor body
were calculated using calculated neutron flux at core
mid-plane (presented in Fig. 3). This calculation was re-
peated for different irradiation and cooling times. Activ-
ities were calculated for different uninterrupted
irradiation times from 1 to 40years and different decay
times from 1 to 100000 years.

The calculated total specific activities of barite con-
crete at depth of 4.1cm for different cooling times after
reactor shut down are presented in Fig. 6 for four differ-
ent irradiation times. In can be seen that for cooling
times shorter than 100years the total activity is almost
the same for all irradiation times longer than 10years.
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Fig. 6. Calculated time dependence of specific activity of barite
concrete after shutdown at depth 4.1cm for four different
uninterrupted irradiation times.

In this irradiation period all important long-lived nuc-
lides reach their saturated activities.

The contributions of particular isotopes to total
activity are presented in Fig. 7 as the function of cooling
time for the same time interval as in previous figure. Fig.
7 shows the isotopic composition of barite concrete at
4.1cm depth irradiated for 40years at the reactor core
mid-plane. Several short-lived products, which are not
presented in this figure, contribute to the total activity
immediately after irradiation. After a year of cooling
the total activity is dominated by the activity of '**Ba
at all concrete depths. Only after more than 100years
of cooling the total activity follows the decay shape of
41Ca. Half-life of '**Ba is 10.53years and decays with
electron capture emitting several y rays. Half-life of
“ICa, which emits no v rays, is 103000years. Both iso-
topes are generated mostly by neutron capture reactions
(n,y) from their parent isotopes '*’Ba and *“°Ca. The
natural abundance of '*’Ba in element barium is
0.101% and so the radioactive '**Ba can be found only
in activated barite concrete. On the other hand “°Ca is
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Fig. 7. Calculated isotopic specific activity versus decay time at
4.1cm concrete depth (core mid-plane) and 40years of irradi-
ation time.

the major natural isotope of calcium and is found in
all types of concrete.

It can be concluded that '**Ba and *'Ca determine
the quantity of activated heavy concrete for long term
disposal as nuclear waste after reactor dismantling.
The quantity of activated concrete that would have to
be treated as nuclear waste could be estimated if clear-
ance levels for unregulated disposal were known. How-
ever, neither the IAEA nor the EU basic standards
[16,17], do not include the clearance levels for unregu-
lated disposal for '**Ba or *'Ca. In our further analysis
we arbitrarily selected 1Bq/g as the ‘clearance level” for
both isotopes. The value was determined on the basis
of values for other similar isotopes (e.g. **Ca, *°Co,
131pg, 152Eu) included in [16,17]. However, it should
be stressed that the ‘clearance levels’ of 1Bq/g for
133Ba and *'Ca are employed only for the purpose of this
work and should be interpreted as physical parameters
and not in regulatory sense. The evaluation of the clear-
ance levels is far beyond the scope of this work.

Fig. 8 shows total activity of heavy concrete shield at
different radial distances from the core centre as a func-
tion of cooling time after irradiation at full power for
40years. These results were used for preliminary deter-
mination of activated concrete volume in shield of TRI-
GA Mark II research reactor at JSI. Using the limit of
1Bq/g as the ‘clearance level’, the reactor body should
be treated as radioactive waste to the depth of more than
Im in the core mid-plane (see Fig. 8) immediately after
reactor shut down. From the maximum depth of acti-
vated concrete in core mid-plane we can estimate its vol-
ume assuming simple and conservative spherical
symmetry of activation around the core. The activated
concrete volumes calculated this way are presented in
Table 4. This method gives the volume of 25m?® immedi-
ately after reactor shutdown. After one year of cooling
the total activity drops below 1Bg/g at 74cm, meaning
15m® of activated concrete. After 10years of cooling

CONCRETE DEPTH
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Fig. 8. Calculated total specific activity as a function of
concrete depth after 40years irradiation.
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Table 4
Estimated volumes of radioactive waste from activated barite
shielding of TRIGA Mark II research reactor at JSI

Cooling time (years) =~ Maximum activated ~ Volume
depth (cm) (m%)

0 100 25

1 74 15

10 64 12

100 ~5 <1

Volumes were calculated from maximum depth of activated
concrete, according to the ‘clearance level’ 1 Bq/g.

the activity drops below 1 Bq/g in depth of 64cm (12m°).
And after 100years of cooling even the activity of con-
crete in depth of 4cm is less than 2 Bq/g.

6. Conclusions

Our method for determining long-term activation of
the concrete based on the combination of detailed trans-
port calculations of neutron flux inside the shield and of
the experimental activation of the samples of the actual
concrete yields significantly more accurate estimates on
the specific activity and the volume of the activated mate-
rial as the methods based on the calculations alone. The
method is not sensitive to the uncertainties in the con-
crete composition that are main source of errors in the
methods relying exclusively on calculations. The method
is tested for the concrete shield of the TRIGA Mark 11
reactor in Ljubljana. Predominant long-lived isotope
determining the volume of waste heavy concrete between
1 and 100years of cooling is '**Ba. In this time interval
the waste volume halves in approximately 10years.

Application of this method to other research reactors
of similar design is straightforward. The research on the
samples of TRIGA Mark II reactor in Vienna is already
in progress and will be soon ready for publishing. Appli-
cation of the method to the reactor shields of signifi-
cantly different design (e.g. in power reactors) would
require new computer modelling of the shield and spec-
trum adjusting in the irradiation facility by selecting
appropriate inserts. The research in this direction has
started for the PWR concrete shield design taking the
Krsko NPP as practical example.

An unexpected by-product of our research is also
observation, that the clearance levels of the most impor-
tant isotopes '*>Ba and *'Ca for concrete radioactive
waste disposal are not included in the international
standards and regulations [16,17]. To facilitate disman-
tling and decommissioning process of research reactors
in several countries this regulatory gap should be filled
on international level as soon as possible.
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