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Neutron activation analysis is widely used for identification of elements and their quantities
even in trace amounts in the samples of almost any type. The challenges in detecting trace
amounts of particular elements are often associated with the neutron flux produced at the re-
search reactors. Low-flux neutron activation analysis usually presents the biggest challenge
when analyzing trace quantities of elements with lower magnitude of radiative capture
cross-sections.

In this paper, we present the methodology and the quantified uncertainties associated with
the detection of trace amounts of cobalt and europium, using as an example concrete aggre-
gates. Recent growing interest is in improving structural concrete (increasing its strength but
reducing its activation in nuclear power plant environments). Aside from buildings, struc-
tural concrete is also used as a biological shield in nuclear power plant that become radioactive
after exposure to neutron flux. Due to radiative capture interactions, artificial radionuclides
are generated to high enough concentrations that classify concrete as low-level radioactive
waste at the time of the plant's decommissioning. Disposal of this concrete adds to the expense
of nuclear power plant financing and its construction. Three radionuclides, °Co, 152Eu, and
154Eu, account for 99 % of total residual radioactivity of nuclear power plant decommis-
sioned concrete. IJAEA document RS-G-1.7, Application of the Concepts of Exclusion, Ex-
emption, and Clearance, specifies clearance levels of radionuclides specific activities: a specific
activity lower than 0.1 Bqg~! for °Co and 152Eu, and !54Eu allows for a concrete to be recy-
cled after decommissioning of the nuclear power plant. Therefore, low-flux neutron activa-
tion analysis is used to test the detection limits of trace elements in samples of cement, coarse,
and fine concrete aggregates. These samples are irradiated at the University of Utah's 100 kW
TRIGA Reactor at power levels of 10 kW, 30 kW, and 90 kW, with the corresponding thermal
neutron flux values of 1.5-108, 7.3-10%, and 3.76-10!! cm-2s-1.The samples are irradiated for
time periods of 1, 3, 30, 60, and 120 minutes. Different power levels and different irradiation
times are used to find if there is a threshold set of neutron activation analysis parameters in de-
tecting trace amounts of these isotopes. Each of the samples is counted on a Canberra BEGe
high purity germanium detector. Cement samples are concurrently irradiated with a National
Institute of Standards and Technology coal fly ash standard reference material and coarse and
fine aggregates with Montana soil standard reference material to accurately quantify the mass
concentration of the isotopes in concrete samples. Final results show that reactor power, irra-
diation, and detector measurement times are heavily correlated to finding the optimum com-
bination for a low-flux neutron activation analysis approach in detecting trace contents of ele-
ments, specifically cobalt and europium.

Key words: gamma detection, neutron activation analysis, concrete, research reactor, nuclear power
plant decommissioning, cobalt, europium

INTRODUCTION
Neutron activation analysis (NAA) is a non-de-
structive testing method developed following a dis-

covery of a neutron in 1932, and is to date used to de-
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termine the elemental composition of an unknown ma-
terial. A material sample is irradiated with neutrons of
preferably thermal range energies, and some of the el-
ements present are activated through neutron capture
interactions. Newly created isotopes are radioactive
with different decaying times and energies of the emit-
ted gamma rays that are used for identification of (par-
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ent) isotopes present in a material sample [1]. Differ-
ent modes of radioactive decay such as beta emission,
positron emission and isometric transition are often
accompanied by gamma rays. The energies of the
emitted gamma rays are, therefore, the signatures
uniquely attributed to isotopes by measuring their en-
ergies with gamma detectors. The process of NAA is
well described in literature [1].

There are different neutron sources used for
NAA, including spontaneous fission neutron sources,
D-D or D-T generators and, most commonly, research
reactors. The neutron fluxes therefore vary widely,
which also holds for various research reactors as they
are directly dependent on both power and reactor core
configuration. A comparison of neutron fluxes for
some of the research reactors is shown in fig. 1. For ex-
ample, the Massachusetts Institute of Technology
research reactor has a neutron flux on the order of
10'* em2s7!, while the PULSTAR reactor at North
Carolina State University has a lower neutron flux on
the order of 10'* cms~!. A similar neutron flux of the
same order of magnitude is found in Japan's JRR-4 re-
search reactor [2]. Smaller research reactors as, for ex-
ample, the University of Utah's 100 kW TRIGA Reac-
tor (UUTR), has a neutron flux in a designated thermal
NAA port of only 3.76-10'" cm2s~!. Other low-flux
neutron sources may be used such as 2>2Cf whose neu-
tron flux can be on the order of 107 cm2s~' [3]. The two
order of magnitude difference in the neutron flux be-
tween the UUTR and JRR-4 presents challenges when
detecting trace quantities. Elements such as sodium
are much easier to detect with a low-flux neutron
source due to its high natural abundance. Europium by
contrast exists in trace quantities and despite having a
cross section that is greater, necessitates therefore lon-
ger irradiation times in a low-neutron flux facility.

Due to recent growing interest in improving con-
crete in structures of nuclear power plant (NPP), we
opted for concrete aggregates to study the applicability
of low-flux NAA in detecting trace quantities of ele-
ments. For this study to have applicability in the nuclear
field, we selected to analyze concrete mixtures for its
key elements that classify concrete as low-level waste.
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Figure 1. Thermal neutron flux for irradiation ports in
research reactors with NAA facilities. (Neutron flux data
taken from the individual organizations' web sites)

Concrete is one of the most complex materials used in
industry and as such presents the most challenging mix-
ture to analyze for trace quantities of metals. There is a
tendency in defining different concrete mixtures assur-
ing its exposure to neutron radiation in NPP will not ac-
tivate the mixture above the IAEA limits. In its docu-
ment RS-G-1.7, Application of the Concepts of
Exclusion, Exemption, and Clearance, the IAEA has
defined specific limits for the disposal of artificially
created radionuclides. When a radionuclide is activated
at or above the specified limit, that material wherein it is
contained must be disposed of as low-level waste
(LLW). Factors affecting whether a material will be
classified as LLW include total neutron fluence ex-
posed to and the concentration of the radionuclide's par-
ent isotope. If an isotope is of sufficiently low concen-
tration, exposure to high neutron fluence may not
necessitate disposal as LLW.

The classification of a material as LLW is based
on comparing its specified clearance level from IAEA
document RS-G-1.7 to its measured activity using the
following expression

U@
2o ®

where C; is the concentration of the artificial
radionuclide [Bqg '], and CL is the IAEA clearance
level for the artificial radionuclide [Bqg']. If eq. (1)
results in a value less than or equal to one, then that ma-
terial is classified as normal waste; if above one, the
material is considered radioactive waste.

In this paper, we present a methodology for ana-
lyzing low-flux NAA in testing complex concrete
mixtures for trace quantities of particular elements. A
methodology of how to detect trace carriers for con-
crete activation is developed, along with established
thresholds in the measurement of samples using
low-flux NAA. Typically, structural concrete of NPP
contains metals and rare earth elements. Specifically,
the presence of three nuclides, °Co, '3'Eu, and '3*Eu,
almost always results in the classification of concrete
as low level radioactive waste because their neutron
heavier radioisotopes, ®°Co, **Eu, and '3?Eu, respec-
tively, (with half-lives of 5.27, 8.59, and 13.54 years),
accumulate the activities above the level of regular (re-
cyclable) waste. The clearance level for all three iso-
topesis 0.1 Bqg ™' [4]. Their activation is a result of ex-
posure to neutron radiation in nuclear power plants for
a period of 40 years or longer. Due to their long decay
times, it takes several decades to decay below the
clearance levels, accounting for almost 99 % of the re-
sidual radioactivity in NPP concrete shielding walls
[5]. The elimination of these target radionuclides from
concrete aggregates has never been considered in U. S.
nuclear power plant design technology. We have
started this research with two goals: firstly to define a
methodology that is accurate and proven yet applica-
ble to detection of trace quantities in general and, sec-
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ondly, to apply the methodology to develop new con-
crete chemical mixtures resistant to radiation levels
above clearance levels [6].

LOW-FLUX NAA METHODOLOGY
FOR IDENTIFICATION OF TRACE
QUANTITIES IN SOLID SAMPLES

Low-flux NAA at the University of
Utah nuclear engineering facility

At the Nuclear Engineering Program at the Uni-
versity of Utah we manage and operate a 100 kW TRIGA
Mark I reactor (UUTR). The reactor and the
state-of-the-art radiation counting instrumentations are
used in support of education, training, and research. The
UUTR is well analyzed and a number of papers report on
its flux evaluation and measurements [7-9].

NAA is a well established [1] and commonly used
technique at the UUTR facility [10]. The UUTR is
equipped with four different irradiation ports: thermal
irradiator (TI), fast neutron irradiation facility (FNIF),
pneumatic irradiator (PI), and a central irradiator (CI).
All NAA samples are irradiated in the TI or PI. Experi-
mental discrimination between thermal and fast neutrons
in the TI is obtained by measuring the cadmium ratio.
Cadmium ratio is defined as the ratio of the activity of a
bare gold foil to the activity of a cadmium-covered gold
foil. The cadmium-covered gold foil is activated with
mostly fast neutrons because nearly all neutrons below
the cadmium cutoff energy of 0.4-0.6 eV are absorbed by
the cadmium foil. The cadmium ratio in the UUTR TI
port is determined to be 4.140 £ 0.015, meaning there is
still a high number of fast neutrons in the TI port [9]. A
detailed MCNP6 model of the UUTR is always used to
determine the flux profile in the reactor core, as well as
the neutron flux in the irradiation ports of the reactor. The
neutron flux distribution as a function of neutron energy
inside of the CI, TI, and FNIF at 90 kW, is shown in fig.
2. Knowing the flux profile allows for determining the
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Figure 2. Neutron flux profile as a function of neutron
energy in the UUTR irradiation ports (calculated with
MCNP6); the UUTR has a maximum thermal neutron
flux of 3.76:10"" cm’s™ as shown in fig. 1

activities of isotopes activated during irradiation of sam-
ples. The TI of the UUTR at a power of 90 kW, has a
maximum thermal neutron flux of3.76-10" cms™!. For
example, as shown in fig. 1, in the JRR-4 of the Japan
Atomic Energy Research Institute, the maximum ther-
mal neutron flux is 7-10"3 cm™?s™' [2]. When using
low-flux NAA it is mandatory to develop a methodology
to detected trace quantities of particular elements and an-
alyze which of the parameters are most influential in
achieving the most accurate measurements: power
level, irradiation time, counting time, sample size and
similar.

Correlation between reactor power

(neutron flux), irradiation/cooling time and
detection limits in detecting trace quantities: an
example of 6°C0, 152Eu, and **Eu

In order to determine the NAA conditional pa-
rameters for detection of trace elements, three reactor
power levels (neutron flux) were selected: 10 kW and
30 kW with a thermal neutron flux of 1.5-10% and
7.3-10° ecm™?s7!, respectively, selected to test if this
would result in minimal activation to detect trace
amounts of Co and Eu, and 90 kW with a thermal neu-
tron flux of 3.76-10'" cm™s™! that still represents an
overall low power level compared to other research re-
actors (as shown in fig. 1). In addition to irradiation
time, the cooling time of samples (after irradiation in
the reactor) is also a variable parameter that requires
optimization. Elements with short half-lives such as
Na may activate to a sufficiently high level to interfere
in the detection of other trace elements requiring lon-
ger irradiation times. Finally, counting time requires to
be optimized also. A short counting time is preferred
as samples can be analyzed more efficiently. However,
trace elements may necessitate importantly longer
counting times.

Three white cement, quartzite coarse aggregate,
and silica sand fine aggregate are selected based on
their wide availability. Five samples with a mass of ap-
proximately 1g are irradiated for 1, 3, 30, 60, and 120
minutes and at three different power levels using the
following method:

— Cement is a finely ground homogenous mixture.
Approximately 1 g of cement is collected and
sealed in a polyvinyl bag for each irradiation time.
Five samples are irradiated at each power level to-
taling 15 cement samples.

— Aggregate samples have a larger particle size and
are very heterogeneous. Coarse aggregate is
therefore nicely crushed to a fine particle size us-
ing a pestle and mortar. The crushed sample is then
mixed to create a semi-homogenous sample from
which smaller 1 g samples are created. Five 1 g
samples are sealed in polyvinyl bags for irradia-
tion at each power level thus totaling 15 samples.
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This same process is used for the fine aggregate
samples.

— TIrradiated alongside each cement sample is NIST
standard reference material, 1633¢c coal fly ash
and 2710a Montana soil with each coarse and fine
aggregate sample [11, 12].

After irradiation, all samples but cement-based
ones are kept for 1-2 weeks before counting on gamma
spectroscopy equipment. Cement samples are kept for
24 weeks before counting to reduce dead time on the de-
tector, as well as to reduce interfering signals of
short-lived isotopes with high intensity gamma rays
such as ?*Na and **Mn. The samples are counted for
three (3) hours in point source geometry by raising them
24 cm off the face of the detector. The reason for raising
the samples 24 cm off the face of the detector is due to
the high activity of these samples with only a few
weeks' time for the short-lived radionuclides to decay
away. The high activity of the samples creates as much
as 50 % dead time on the detector. The dead time can be
significantly reduced, to less than 1 %, by raising the
sample off the face of the detector (using a spacer). The
use of a spacer, however, has the negative effect of re-
ducing the intrinsic efficiency of the detector (number
of pulses recorded divided by the number of gamma
rays incident on the detector), [13]. As the samples are
allowed more time for short-lived radionuclides to de-
cay away, they can eventually be moved directly onto
the face of the detector without creating dead time and
increase the intrinsic efficiency. In each sample mea-
surement, the activities of all three isotopes are too low
to be detected in the aforementioned geometry. A mini-
mum detectable activity (MDA) analysis is therefore
applied to each of the counts. The average MDA for
each of the three isotopes is summarized in tab. 1 and
calculated using the Canberra Genie-2000 software
which utilizes the methods developed by Currie [14].
This software calculates the MDA for each gamma ray
of an isotope and uses the smallest calculated value. For
example, ®*Co has two gamma rays with an intensity
greater than 99 %. Genie-2000 would calculate the
MDA for each gamma ray and then assign the smallest
value calculated as the MDA for °Co. The following
equation is used to calculate the MDA for each of the
radionuclides [15]

MDA = Lo

Te'yVK K K ,CU;

2

where Lp is the detection limit in counts, 7 — the col-
lection live time in seconds, &' — the attenuation cor-

Table 1. Average MDA for “Co, '*Eu, and **Eu for 3
hours of counting in point source geometry

Tsotope MDA in unk1_107\ivn MDA in st{mdard ?ef]erence
sample [uCig '] material [uCig ]
%Co 2.0-10* 2.3.10"
"’Eu 4.0-10* 4210
Eu 3.4-107 3.6:10"

rected efficiency, y — the branching ratio of gamma en-
ergy under consideration, /' — the mass or volume of
sample, K. —the correction factor for the nuclide decay
counting, K,, — the correction factor for nuclide decay
from the time the sample was obtained to collection
time, K, —the optional correction factor for air samples
or irradiated samples and 1 for all other samples, C;—
the sample mass conversion factor to translate calcu-
lated activity values to the original sample mass, and
Ur — the unit conversion factor from Bq to desired ac-
tivity units.

One of the factors affecting the MDA is the count-
ing time (7). With three (3) hours of counting time per
each of the samples, the MDA can easily be decreased by
increasing the counting time to 12 or 24 hours.

ANALYSIS OF ELEMENTAL
MASS CONCENTRATIONS

To determine the mass concentration, the sample
of unknown concentration is compared to a Standard
Reference Material (SRM). The unknown sample can
be compared directly to a known sample with known
concentrations of the isotopes of interest using the fol-
lowing correlation

Ak _ Mk © ") i 3)
Astd Myq (eimd )std

where A, is the activity of isotope of interest in the
unknown sample, Ay — the activity of isotope of inter-
est in the standard, m,,, — the mass of isotope of inter-
est in the unknown sample, mg, — the mass of isotope
of interest in the standard, and ¢, — the decay time from
the end of irradiation to the start of counting.

The certified mass concentration values for each
SRM used are given in tab. 2.

As previously shown, the MDA of an isotope can
be improved by increasing the counting time. The in-
trinsic efficiency or number of detected counts divided
by the number of gamma rays incident on the detector
can also be improved by moving the sample closer to
the face of the detector. An improvement of the intrin-
sic efficiency and MDA allows for detection of iso-
topes in trace quantities with low activity.

The samples of cement, fine, and coarse aggre-
gate irradiated for 120 minutes at 10 kW, 30 kW, and
90 kW are further studied since they would have the
highest activities of any of the other samples. This is
because the samples are exposed to the highest neutron

Table 2. Certified mass concentrations of Co and Eu in
each NIST standard reference material

1633c coal fly ash 2710a Montana soil
Mass concentration Mass concentration
Element *
[ppm*] [ppm]
Cobalt 429+£3.5 5.99£0.14
Europium 4.67+£3.5 0.82 +£0.01

* 1 ppm=10"°
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fluence (120 minutes). To improve the MDA, the sam-
ples are counted for 24 hours, while intrinsic effi-
ciency is improved by placing the samples directly on
the face of the detector along with their respective
standard reference materials. In each instance, the ac-
tivity of the samples is measured to be above the calcu-
lated MDA of the Co and Eu isotopes. This allows for a
direct calculation of Co and Eu activities in the sam-
plesusing eq. (3), the results of which are summarized
in fig. 3 and tab. 3. In each instance, the concentrations
were calculated to fall within IAEA established clear-
ance levels. The largest uncertainty occurs in coarse
aggregate samples irradiated at 10 kW and 30 kW and
the fine aggregate irradiated at 120 kW. The larger un-
certainty in these samples is a result of the low neutron
flux. This results in a lower activity to measure and
therefore greater uncertainty. The uncertainty ob-
tained is 3 sigma or 99.7 % confidence interval. It is
calculated using the following error propagation
formulas

- CJ(U (2] (%)

where o is the uncertainty of the activity, C —the mea-
sured activity, o — the uncertainty in the peak area, S —

ﬂoz— . T i T M | r T e e
— Cement
g_ Y 4120 min at 10 kW
g1 r 120 min at 30 kW
= ®120 min at 90 kW
S 10°L Coarse aggregate..
8 4120 min at 10 kW
-1 o #120 min at 30 kW
107+ o 120 min at 90 kW -
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Figure 3. Calculated trace concentrations of Co and Eu
in white cement, coarse, and fine aggregates using stan-
dard reference material 1333¢ Coal fly ash for white ce-
ment and 2710a Montana soil for coarse and fine
aggregates. Samples enclosed in green represent samples
that fall below IAEA established clearance levels for
LLW

Table 3. Summary of calculated trace concentrations of Co
and Eu in white cement, coarse, and fine aggregates (fig. 3)

Material Power level [kW] |Cobalt [ppm]Eu [ppm]
Cement 10 0.008 0.059
Coarse aggregate 10 0.001 0.006
Fine aggregate 10 0.002 0.018
Cement 30 0.005 0.040
Coarse aggregate 30 0.001 0.010
Fine aggregate 30 0.007 0.124
Cement 90 0.011 0.076
Coarse aggregate 90 0.017 0.124
Fine aggregate 90 0.023 0.169

the peak area, o, — uncertainty in the sample quantity,
V' —sample quantity, 6. =uncertainty of the efficiency,
and €' — efficiency

Sample quantity and uncertainty are a result of
the balance used to measure the mass. The activity and
efficiency uncertainty are determined from the detec-
tors' calibration. In every instance, the uncertainty of
the samples still falls below IAEA clearance levels.
Cement samples have the smallest standard deviation
in their calculated mass concentrations of each of the
three samples. The standard deviation is separate from
mass uncertainty and is used only to compare the cal-
culated mass concentration between the same materi-
als to determine sameness. The standard deviations are
0.018 and 0.0025 for Co, and Eu, respectively. Stan-
dard deviations for the coarse aggregate are 0.067 and
0.0092 for Co and Eu, respectively. Standard devia-
tions for the fine aggregate are 0.079 and 0.011 for Co
and Eu, respectively. Compared to cement, standard
deviations are larger for aggregates because of their
more heterogeneous nature. While steps were taken to
ensure a more homogenous mixture of coarse and fine
aggregates, a much larger sample size would be re-
quired to decrease the standard deviation between the
samples.

These experiments indicate that an optimal set of
parameters is to irradiate for 120 minutes at a power
level of 90 kW. Although Co and Eu are detected at
lower power levels, the uncertainties are signifantly
larger than when irradiated at a higher power level.
Additionally, the samples must be counted for almost
24 hours and directly on the face of the detector to
maximize intrinsic efficiency.

CONCLUSIONS

Neutron activation analysis is a common and
well-established tool for identification and quantifica-
tion of elements in trace quantities. Several types of
neutron sources can be used to perform NAA, includ-
ing spontaneous fission sources, neutron generators
and research reactors. Since the UUTR is a low power
— low-flux research reactor, it is required to establish a
methodology when quantifying the trace quantities of
certain elements. Specific elements of interest are co-
balt and europium present in raw concrete materials.
The reason we have selected concrete as a material to
test low-flux NAA at our facility is the recent growing
interest in improving the quality and characteristics of
concrete in NPP. Structural concrete is used as a bio-
logical shield in NPP and as such becomes radioactive
due to exposure to neutrons. IAEA standards outlined
in document RS-G-1.7 define the specific activities of
artificially created radionuclides that allow for a mate-
rial to be disposed of as normal waste or classified as
radioactive waste. The defined specific activities are
known as isotope clearance levels and defined at
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0.1 Bqg ™! for ®°Co, '*?Eu, and **Eu, daughter prod-
ucts for naturally occurring Co and Eu. These three
isotopes account for over 99 % of the residual radioac-
tivity in NPP decommissioned concrete and therefore
present a critical element to determine their presence
in trace quantities in a given sample. Low-flux NAA at
the UUTR is therefore optimized for the detection of
these trace elements. Samples of cement along with
coarse and fine aggregate are irradiated at three differ-
ent power levels (of 10 kW, 30 kW, and 90 kW, with
corresponding neutron flux values of 1.5-10%, 7.3-10°,
and 3.76-10"" cm2s7!, respectively) to understand the
lowest power level required when combined with the
duration of exposure for a period of 1, 3, 30, 60, and
120 minutes at each power level. The different power
levels and irradiation times provided a threshold set of
NAA parameters where trace elements of an isotope
may be detected with acceptable uncertainties. An ex-
act threshold or minimum value for reactor power
level is not strictly recommended as Co and Eu were
detected in each instance. However, at lower power
levels the largest uncertainty in measuring trace quan-
tities suggests that in the case of the UUTR the recom-
mended power level is to be 90 kW. Additionally, the
experiments point at 120 minutes of irradiation time
and 24 hours of counting as the best combination in de-
tecting trace quantities of Co and Eu with low uncer-
tainty. It is important that all samples are irradiated
concurrently with NIST standard reference material in
order to calculate the mass concentrations of Co and
Eu. Coal fly ash was used with cement samples and
Montana soil with coarse and fine aggregate samples.
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HECUT'YPHOCT Y MEPEBY TPATOBA KOBAIITA U EYPOIIMJYMA
HEYTPOHCKOM AKTUBAIIMOHOM AHAJIU30M CA HUCKHUM ®JIYKCOM

HeyTponcka akTHBanoHa aHaIM3a MIMPOKO Ce KOPHUCTH 32 UICHTU(DUKALIH]Y elIeMEeHaTa 1 IbUXOBHX

KOJIMYMHA, YaK U Y TparoBuMa, y y30pLuMa CKOpO cBake BpcTe. 113a30BH y OTKpHBamby Tparosa IOjeJUHUX
eJieMeHaTa 4eCTO Cy MOBE3aHU Ca HEYTPOHCKUM (PIYKCOM NPOU3BEICHUM Yy MCTPaXKMBAYKUM peaKTopHUMa.
HuckodnykcHa HeyTpOHCKa aKTUBAIMOHA aHAlIM3a OOMYHO MPEfICTaBiba HajBehn n3a30B Kajia ce aHaM3upajy
TParoBH eJIeMeHAaTa ca HIDKAM BPETHOCTAMA TIpeceKa 3a PajiijalioH 3aXBar.
Y oBOM pajy mpriKa3ana je MeTOf0IIOTHja M KBAaHTH(PUKOBAHE Cy MEPHE HECUTYPHOCTH TIOBE3aHE €a IS TEKIIjOM
TparoBa KoOainTa M eypomnujyma, kopucrehum kao npumep arperare OeToHa. Y MOCIE[HEe BpeMe pacre
MHTEPECOBALE 3a MOOOJbINAKE KOHCTPYKTUBHOT OeTOHA (3a oBehamhe IeroBe UBPCTUHE Y3 CMAKCIHE HhETOBE
aKTHUBAlUje OKPYKeba HyKiieapHe esiekrpane ). [Topen ynorpe6e y 3rpagama, KOHCTPYKTUBHI O TOH KOPUCTH Ce
Kao OMOJOLIKM IUTUT HYKJIEApHUX €JIEeKTpaHa, KOju I0CTaje PafiMOaKTUBAaH HAKOH H3/aramba HEYTPOHCKOM
aykey. Yenen uHTEpakiyje pajijalioOHOr 3aXBaTa, BEIITAaYKU PAfMOHYKJIMIM FeHEPUCAHU CYy Ca IOBOJHHO
BUCOKHMM KOHIICHTpaljamMa Jia ce MPUIMKOM JIEKOMHCH]e elleKTpaHe OeTOH KiIacu(uKyje Kao pauoaKTHBHU
oTnaj HUCKOr HuMBoa. Opmarame oBor GeToHa yBehaBa TpOIIKOBE Ha TepeT (pMHAHCHMpPama U U3IPAHHe
HyKJIeapHe enekTpae. Tpu pamuonykmuga, ®Co, Eu m *Eu, umne 99 % o yKynmHe pesujyaiHe
PagroOaKTUBHOCTH OETOHA IIPH IEKOMUCH]H elekTpaHe. [JokymMmeHT MebyHapojiHe areH1uje 3a aTOMCKy EHEprujy
PC-T'-1.7 “IIpumeHa KOHI[eNITa UCKIbYUeHa, U3y3eha u ocnobabama o peryaaTopHe KOHTpole”, ofipebyje HuBoe
ocnobabarba 3a paoHyKIMjIe OipeheHNX aKTHMBHOCTH: Crieliudry akTuBHOCTH Marby oft 0.1 Bqg™ 3a °Co un
I32Ey, a 3a Eu pomymra na GeToH Oyfe pelMKIMpaH MO AEKOMHCHj HykieapHe eekTpane. Crora ce
HUCKO(IIYKCHA HEYTPOHCKA aKTHBALMOHA aHalu3a KOPHUCTU 3a TECTUpale IpaHulla AETEeKUHje Tparoba
eJleMeHaTa y y30opluMa LeMeHTa, rpyonx U (PMHUX KOMIIOHEeHTH O6eToHa. OBuU y30puu o3paueHu cy y Tpura
peaktopy cHare 100 kW na Yuusepautety y JyTu, mpu Husonma cHare of1 10 kW, 30 kW 1 90 kW, ca oproBapajyhum
BpefHocTHMA (hiyKca TepMUUKUX HeyTpoHa off 1.5:108 em s, 7.3-10° em s ™! u 3.76-10" em s, Y30puu cy
3padyeHy TOKOM BpeMeHcKor niepuofa of 1, 3, 30, 60 u 120 munyTa. Pa3znuuuTy HUBOU CHare U pa3inyuTa BpeMeHa
03paunBam-a MOCIY KWK Cy fla ce MpoHabe [ja I MOCTOj! Npar cKyma IapaMerapa HeyTPOHCKE aKTHBalOHE
aHaM3e y OTKpHBamy Tparopa oBuX m3oromna. CBaku off y3opaka MepeH je Canberra BEGe repmaHujymMcKuM
[IETEKTOPOM BHUCOKE 4YKCTOhe. ¥Y30pIH eMEHTa UCTOBPEMEHO Cy O3pauiBaHK ca CTaHAAPAHUM peepeHTHIM
MarepurjaarMa HarponamHor HHCTUTYTA 3a CTaHIApyie ¥ TeXHOMOorHjy (J1eteher nenena yripa v rpyonx 1 (huHIX
arperata 3emsbuinra m3 MoHTaHe), pagyu Npelu3He KBaHTH(DHUKAIMje MAaceHe KOHICHTpAlMje HW30TOma Y
y3opimma 6etoHa. KoHaunm pesysiraTé MOKasyjy fa Cy cHara peakTopa, BpeMe O3paunBama M AeTEKIHje y
BEJIMKO] MEpH KOpEJIHWpaHW Ca MPOHAIAKEHEM ONTMMAallHEe KOMOWHAnuje 3a HUCKO(IYKCHY HEYTPOHCKY
AKTUBALMOHY aHAJIN3Y y OTKPUBAaky TPAaropa ejieMeHaTa, IoceOHO KobasTa U eypormjyma.

Kmwyune peuu: zama oeiliekyuja, HeyipoHCKa AKIHUBAUUOHA AHAAU3A, OETHOH, UCTAPAXCUBAYKU PEAKTLOP,
OeKoMUCUja HYKAeapHe eaeKTpare, KoOaait, eypouujym




