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DETERMINATION OF 59Ni AND 55Fe
CONTENTS IN NPP STRUCTURAL ELEMENTS

The structural materials from the 2nd unit of the Chornobyl NPP were irradiated by bremss-
trahlung photons with an end-point energy of 37 MeV. From the measured 𝛾-spectra, using the
ratios among the 57Co, 54Mn, and 58Co activities, the concentrations of 58Ni and 56Fe isotopes
were determined in compare with the concentrations of 59Co. Using the obtained data and the
measured 60Co activity in the studied samples, we developed a method for determining the 59Ni
and 55Fe activities. Radiochemical validation of the created method was performed, and good
quantitative agreement of 59Ni and 55Fe activities obtained by spectroscopic and radiochemical
methods was found.
K e yw o r d s: flux-weighted average yields, photoactivation method, gamma-spectrometry,
nickel, ferrum.

1. Introduction

Currently, about 200 industrial and more than 500
research reactors have been stopped and either are
decommissioned or being decommissioned. This is
mainly associated with the fact that the first nuclear
power plants (NPPs) were designed for a service life of
30 years. However, after the reconstruction, the ser-
vice life of some of them was prolonged for another 5–
10 years. Although the design service life of modern
reactor installations comprises from 40 to 60 years,
the issue concerning their decommissioning still re-
mains challenging.

Decommissioning of NPPs after their expired life-
time is the necessary stage of their life cycle and
supposes the implementation of a set of measures
aimed at removing the nuclear fuel. During the re-
actor operation under neutron irradiation, its struc-
tural materials, thermal insulating shafts, and inner
specific layers become activated. Furthermore, the
radioactive corrosion and fission products can de-
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posit onto the surface of the equipment in technolog-
ical contours and blocking construction structures in
premises, where this technological equipment is ar-
ranged. The total waste amount of various materi-
als obtained when decommissioning any reactor can
reach hundreds of m3. The spent radionuclides start
to disintegrate immediately after the installation has
been switched off and have a wide range of half-life
periods 𝑇1/2.

Radioactive materials that are formed during the
regular reactor exploitation have some specific prop-
erties, namely, new mass and isotopic contents of ra-
dioactive materials, which arise owing to the activa-
tion of structural and building materials; the pres-
ence of radionuclides with very long half-life periods;
the presence of a substantial amount of 𝛽- and 𝛾-
ray emitters; and the presence of a huge amount of
materials that can be reused after the appropriate
recycling. Since the body of irradiated structural ma-
terials is huge, it is quite difficult to carry out a thor-
ough characterization and identification of radionu-
clides accumulated in them making use of only radio-
chemical methods.
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Besides iron, nickel is also widely used in stainless
steels and alloys in the structural materials of NPPs
[1, 2]. The nickel content in steels that are used in
the construction materials of reactor installations is,
on average, not lower than 8% of the total mass and
can reach a value of 20–30%. Against the background
of the total mass of structural materials of the power
unit, the nickel mass can amount to dozens of tons. In
the natural isotopic mixture of nickel, the content of
58Ni equals 68.1%. Therefore, the long-lived radioiso-
tope 59Ni (𝑇1/2 = 7.6 × 104 years) is accumulated
in the steel structural materials in the course of the
regular reactor exploitation. This radioisotope decays
via the electron capture accompanied by the charac-
teristic 𝛾-ray emission with very low energy, which
makes the determination of 59Ni activity in the struc-
tural materials of NPPs by means of standard gamma
spectrometry methods rather a complicated task.

At the same time, if the iron isotope 54Fe, the con-
tent of which in the natural mixture equals 5.8%, is
irradiated, the isotope 55Fe with 𝑇1/2 = 2.73 years, is
generated. This isotope also decays via the electron
capture, but the latter is accompanied only by the
characteristic radiation. Therefore, the development
of non-radiochemical methods for the determination
of the activity of long-lived radionuclides 55Fe and
59Ni is a challenging task, which is the aim of this
work.

2. Experimental Technique
and Results of Measurements

According to the developed procedure, we propose
to determine the activities of accumulated iron and
nickel radioisotopes in the structural materials of
NPPs on the basis of the activity of the isotope 60Co
with a half-life period of 5.27 years. Natural cobalt
consists of only 59Co and is inextricably associated
with nickel, because it is an impurity in nickel ores. In
steels used for the NPP structural materials, the
cobalt admixture should not exceed 0.5%. However,
as a result of the very large cross-section of thermal
neutron capture by 59Co nuclei, there emerges 60Co
whose activity can be easily identified according to
the presence of 1173-keV and 1333-keV 𝛾-lines in the
spectra of all irradiated structural materials.

Some series of calculations carried out for reactors
of various types [3] showed that most of the accumu-
lated products of the reactor activation are located

in the active zone vessel, and only a few radioiso-
topes give a dominant contribution to the total activ-
ity level. It was found that 60Co and 55Fe dominate
the total activity within a time interval from 5 to 20
years after the reactor shutdown. On the other hand,
60Co dominates gamma radiation for 100 years after
the shutdown. The nickel isotopes begin to dominate
the total activity in about 20 years. A similar picture
was also obtained for the reactor vessel walls, but
with lower values for the cobalt and nickel radioiso-
tope activities.

Hence, knowing the cobalt activity and the com-
position of structural materials with the cobalt ad-
mixture, it is possible to evaluate the amount of ra-
dioactive nuclides that are generated in the structural
materials due to the (n, 𝛾)-reaction in the course of
the reactor operation.

To calculate the activities in the NPP structural
materials, the following formula is used as a rule:

𝐴 = 𝑁A𝜎𝜙 [1− exp(−𝜆𝑡irr)] exp(−𝜆𝑡cool), (1)

where 𝑁A is the amount of corresponding atoms in
the NPP structural materials, 𝜎 the activation cross-
section by thermal neutrons, 𝜙 the average density
of the thermal neutron flux irradiating the structural
materials, 𝑡irr the total duration of the irradiation,
and 𝑡cool the time lag between the irradiation and
the measurement.

For 𝑡irr, the operation time in effective day units
is applied. This parameter is determined from the
known values of energy generation 𝐸 (MW×day). For
the time 𝑡cool, the values of the total reactor downti-
mes according to the existing load schedules of power
units, which are averaged over a year, are used. In
general, the flux density 𝜙 is measured at the main ir-
radiated nodes. However, it is evident that significant
variations of the flux magnitude are possible owing
to the neutron rescattering. The situation with the
masses of irradiated materials is even more compli-
cated. For cobalt, in particular, it is often assumed
that its mass should not exceed 0.5% of the total
mass. There are substantial difficulties with the eval-
uation of cross-sections for reactions with thermal
neutrons. In the reactor, there are “thermal” neu-
trons produced by the operating reactor, and their
energy is much higher than the energy of thermal
neutrons for which the (n, 𝛾)-cross-sections were mea-
sured. The energies of thermal neutrons vary from
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0.025 to 0.5 eV, whereas, in the reactor, those en-
ergies are about 2 eV (see the neutron spectrum for
RBMK-1000 in work [4]).

All the aforesaid results in that the activities calcu-
lated according to formula (1) differ from the experi-
mental values by 1 to 2 orders of magnitude. To solve
this problem, we have developed a calculation tech-
nique for determining the activity of the examined
nuclide with respect to the activity of 60Co. Know-
ing the activity of 60Co and the ratio of the researched
materials with respect to cobalt impurities, it is pos-
sible to calculate the activities of isotopes that are
generated in the (n, 𝛾)-reaction. In order to determine
the ratio of various elements in the structural mate-
rials, we suggest to apply the photoactivation tech-
nique [5].

To validate the obtained data, we analyzed the ele-
mental composition of samples taken at the 2nd unit
of the Chornobyl NPP. With the help of photoacti-
vation method, the amount of cobalt admixture in
comparison with nickel and iron was measured. In the
structural materials of NPPs, nickel and iron are al-
ways present together with cobalt. Therefore, in or-
der to avoid methodical errors, relative measurements
were carried out by comparing the yields of the 𝛾-lines
of 57,58Co and 54Mn. For this purpose, samples se-
lected at this unit in the region of high neutron back-
ground (RHNB), as well as in other places such as the
reactor vessel (Fe), pipelines, and MNZh tubes, were
irradiated on a LUE-40 accelerator at the Kharkiv
Institute of Physics and Technology of the National
Academy of Sciences of Ukraine [6] by a beam of
bremsstrahlung 𝛾-quanta with an end-point energy
of 37 MeV.

The 𝛾-spectrum of an irradiated iron sample is
shown in Fig. 1. In order to determine the nickel/co-
balt and iron/cobalt mass ratios, the correspond-
ing intensity ratios were measured for the 𝛾-lines
with energies of 𝛾136 keV (57Co, 𝑇1/2 = 272 days),
𝛾811 keV (58Co, 𝑇1/2 = 71 days), and 𝛾834 keV
(54Mn, 𝑇1/2 = 312.1 days) [7]. 57Co is mainly gener-
ated in the (𝛾,n)- and (𝛾,p)-reactions with the 58Ni
isotope, whereas 58Co mainly in the (𝛾,n)-reaction
with the 59Co monoisotope. At the same time, the re-
actions 56Fe(𝛾,pn)54Mn and 55Mn(𝛾,n)54Mn are used
for the identification of the 56Fe isotope. For irradia-
tion, samples 50 mg in mass were applied.

The known formulas of activation analysis bring
about the following ratios between the amounts of

Fig. 1. Fragment of the 𝛾-spectrum of activated iron (Fe)
target

58Ni and 59Co atoms and between the amounts of
56Fe and 59Co ones:

𝑚(Ni)

𝑚(Co)
=

𝑁(Ni)(1− 𝑒
−𝜆(Co)𝑡irr)(1− 𝑒

−𝜆(Co)𝑡meas)

𝑁(Co)(1− 𝑒
−𝜆(Ni)𝑡irr)(1− 𝑒

−𝜆(Ni)𝑡meas)
×

× 𝑒−𝜆(Co)𝑡cool𝑌 (Co)𝜆(Ni)

𝑒−𝜆(Ni)𝑡cool𝑌 (Ni)𝜆(Co)
, (2a)

𝑚(Fe)

𝑚(Co)
=

𝑁(Mn)(1− 𝑒
−𝜆(Co)𝑡irr)(1− 𝑒

−𝜆(Co)𝑡meas)

𝑁(Co)(1− 𝑒
−𝜆(Mn)𝑡irr)(1− 𝑒

−𝜆(Mn)𝑡meas)
×

× 𝑒−𝜆(Co)𝑡cool𝑌 (Co)𝜆(Mn)

𝑒−𝜆(Mn)𝑡cool𝑌 (Mn)𝜆(Co)
, (2b)

where 𝑚(Ni), 𝑚(Co), 𝑚(Fe) are the amounts of the
58Ni, 59Co, and 56Fe atoms, respectively; 𝜆(Co),
𝜆(Ni), and 𝜆(Mn) are the radioactive decay con-
stants for 58Co, 57Co, and 54Mn, respectively; 𝑌 (Ni),
𝑌 (Co), and 𝑌 (Mn) are the weighted average yields for
57Co, 58Co, and 54Mn, respectively; 𝑁(Ni), 𝑁(Co),
and 𝑁(Mn) are the amounts of radioactive nuclei
57Co, 58Co, and 54Mn , respectively; and 𝑡irr, 𝑡cool,
and 𝑡meas are the durations of the irradiation, cool-
ing, and measurement stages, respectively. The pre-
sented formulas take into account that the measure-
ments were performed a month after the irradiation,
so all 57Ni nuclei that had been formed in the (𝛾,n)-
reactions have already decayed via the electron cap-
ture by the 57Co nuclei.
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The half-life periods 𝑇1/2 of the 57Co, 58Co
and 54Mn isotopes are equal to 271.8, 70.8, and
312.1 days, respectively [7], whereas the samples
were irradiated for several hours (𝑡irr). Hence, for
the generated nuclides, 𝑇1/2 ≫ 𝑡irr. As a result,
the exponential functions 𝑒−𝜆𝑡irr can be expanded
in the corresponding Taylor series to obtain that
1− 𝑒−𝜆(Co)𝑡irr ≈ 𝜆(Co)𝑡irr, 1− 𝑒−𝜆(Ni)𝑡irr ≈ 𝜆(Ni)𝑡irr,
and 1 − 𝑒−𝜆(Mn)𝑡irr ≈ 𝜆(Mn)𝑡irr. Since 𝑇1/2 ≫ 𝑡meas

too, analogous approximations are also applicable to
the exponential functions 𝑒−𝜆𝑡meas : 1−𝑒−𝜆(Co)𝑡meas ≈
≈ 𝜆(Co)𝑡meas, 1 − 𝑒−𝜆(Ni)𝑡meas ≈ 𝜆(Ni)𝑡meas, and
1− 𝑒−𝜆(Mn)𝑡meas ≈ 𝜆(Mn)𝑡meas. Then, Eqs. (2) read

𝑚(Ni)

𝑚(Co)
≈𝑁(Ni)𝜆(Co)𝑒

−𝜆(Co)𝑡cool𝑌 (Co)

𝑁(Co)𝜆(Ni)𝑒
−𝜆(Ni)𝑡cool𝑌 (Ni)

, (3a)

𝑚(Fe)

𝑚(Co)
≈ 𝑁(Mn)𝜆(Co)𝑒

−𝜆(Co)𝑡cool𝑌 (Co)

𝑁(Co)𝜆(Mn)𝑒
−𝜆(Mn)𝑡cool𝑌 (Mn)

. (3b)

Thus, for NPPs operating in the normal regime, the
expressions for the 55Fe and 59Ni activity yields with
regard for the quantum yields of 100% for the 834.8-
keV 𝛾-line (54Mn), 10.68% for the 136-keV 𝛾-line
(57Co), and 99.45% for the 811-keV 𝛾-line (58Co) be-
come substantially simpler and look like

𝑚(Ni)

𝑚(Co)
= 9.3

𝑁𝛾(136 keV)𝜆(Co)𝑒
−𝜆(Co)𝑡cool𝑌 (Co)

𝑁𝛾(811 keV)𝜆(Ni)𝑒
−𝜆(Ni)𝑡cool𝑌 (Ni)

,

(4a)

𝑚(Fe)

𝑚(Co)
= 9.4

𝑁𝛾(136 keV)𝜆(Co)𝑒
−𝜆(Co)𝑡cool𝑌 (Co)

𝑁𝛾(835 keV)𝜆(Mn)𝑒
−𝜆(Mn)𝑡cool𝑌 (Mn)

,

(4b)

where the coefficients 9.3 and 9.4 are the values of
the quantum yield ratios between the 811-keV and
136-keV 𝛾-lines and between the 835-keV and 136-keV
𝛾-lines, respectively; 𝑁𝛾(136 keV) is the number of
counts in the peak with an energy of 136 keV account-
ing for the efficiency of the spectrometer registration
(18.4% in this case); 𝑁𝛾(811 keV) is the number of
counts in the total absorption peak at an energy of
811 keV with regard for the efficiency of the spectrom-
eter registration (5.2% in this case); and 𝑁𝛾(835 keV)
is the number of counts in the 835-keV peak taking
the efficiency of the spectrometer registration into ac-
count (5% in this case). Since the targets are thin, the
self-absorption of those 𝛾-quanta can be neglected.

As was discussed in Introduction, stainless steel in
the structural materials contains, as a rule, 70% of Fe,
10% of Ni, and no more than 0.5% of Co. From those
data, we can estimate that the activity of 55Fe does
not exceed 0.5× 𝐴(60Co), and the activity of 59Ni is
lower than 10−2 ×𝐴(60Co) at the normal NPP oper-
ation. Naturally, in such materials as surfacings and
thermal insulators, various activity reflection shields
can considerably vary, so it is necessary to perform ex-
perimental studies of the cobalt-nickel-iron ratio with
the help of photoactivation analysis. In such studies,
critical are the yields of the relevant reactions.

The weighted average yield of the reaction
58Ni(𝛾,n)57Ni was determined as a result of the con-
volution with an increment of 1 MeV according to the
formula

𝑌 =

∑︀𝑁
𝑖=1 𝜎𝑖𝜙𝑖∑︀𝑁
𝑖=1 𝜙𝑖

, (5)

where 𝜎𝑖 are the tabulated cross-section values for
the 58Ni(𝛾,n)57Ni reaction with monochromatic 𝛾-
quanta, and 𝜙𝑖 are the relative values of the flux for
the spectrum of bremsstrahlung 𝛾-quanta simulated
in Geant4 [8] for various event numbers, which are re-
duced to the end-point energy value for this reaction.

To calculate the weighted average yields, the data
for the reaction cross-sections were taken from two
sources: the tabulated experimental data and the re-
sults calculated with the help of the Talys-1.96 pro-
gram [9]. If the discrepancies between them exceeded
the experimental error limits, the experimental data
were used. The procedure of calculating yields for the
reactions 58Ni(𝛾,n)57Ni and 59Co(𝛾,n)58Cotot was
described in detail in work [10]. When determining
the amount of 56Fe nuclei, it is necessary to ob-
tain the weighted average yields of the reactions
56Fe(𝛾,pn)54Mn and 55Mn(𝛾,n)54Mn, because the ex-
amined samples contain manganese impurities. The
data for the experimental cross-sections for the former
reaction are absent from the EXFOR database [11];

Table 1. Weighted average
yields of analyzed reactions

Element
58Ni

(Talys)

58Ni
[13]

59Co
(Talys)

59Co
[14]

55Mn
(Talys)

55Mn
[12]

𝑌 (𝛾, 𝑛),
mbarn 10.1(7) 13.4(13) 24.2(17) 24.4(24) 22.0(16) 25.0(26)
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therefore, they were theoretically calculated by means
of the Talys-1.96 code (see Fig. 2).

For the reaction 55Mn(𝛾,n)54Mn, the cross-section
values for calculating the weighted average yield ac-
cording to formula (5) were taken from the experi-
mental work [12] (see Fig. 3).

Making use of those methods and formula (5), we
calculated the weighted average yields for various el-
ements that were contained in the irradiated sam-
ples. The obtained results are quoted in Table 1. As
one can see, the difference between the experimental
and theoretical results remains within the required
accuracy of the method for 59Co and 55Mn, being
slightly different for the reaction 58Ni(𝛾,n)57Ni. A
similar situation also takes place for the reaction
58Ni(𝛾,p)57Co. In our research, we used the experi-
mental data of other authors.

For the weighted average yields calculated us-
ing the data of the Talys-1.96 code, the error con-
sists of the error obtained while simulating the
bremsstrahlung spectrum in the Geant4 code, which
did not exceed 7%. In the case where the experimen-
tal data were applied, the total error was somewhat
higher, because the simulation error was summed
up with the rms error for the experimental cross-
section. For each cross-section, this error was taken
into account with its weighting factor, i.e., the
weighted average error was calculated. The corre-
sponding value was found to also equal 7–8%. The-
refore, the total determination error for the weighted
average yields used in the subsequent calculations was
within 10%.

The errors for the weighted average yields dominate
in the calculation of the required ratios following for-
mulas (4). In our case, the determination errors for
the quantum yields were less than 1%, because we
used the most intense 𝛾-lines. The total determina-
tion error for the registration efficiency varied within
an interval of 3–5% and consisted of both the deter-
mination error for the calibration source activity and
the errors for the intensities and quantum yields of
𝛾-lines of the calibration source. This error also in-
cluded an error given by the smoothing polynomials,
if the energy of a required 𝛾-quantum was in between
the peaks of calibration 𝛾-lines. Therefore, the total
error for the ratios calculated via formulas (4) was
within 11–12%.

The excitation functions for the generation of the
59Ni, 55Fe, and 60Co activities during the reactor op-

Fig. 2. Simulated excitation function for the reaction
56Fe(𝛾,pn)54Mn

Fig. 3. Excitation function for the reaction 55Mn(𝛾,n)54Mn
from work [12]

eration are shown in Figs. 4–6, respectively. The leg-
ends at the bottom of the plots contain information
about the libraries that were used for the calcula-
tion of excitation functions. The numbers of points
used in the calculation are indicated in the upper
right corners of the plots. The experimental measure-
ments were carried out at energy values of 0.0253 eV,
30 keV, and 14.5 MeV. (The latter only for the reac-
tion 59Co(n,𝛾)60Co. In this case (see Fig. 6), the dot-
ted curve illustrates the excitation function for the
reaction 59Co(n,𝛾)60Co𝑚.)

As one can see from Figs. 4–6, “thermal” neutrons
provide the main contribution to the activation of
cobalt, iron, and nickel. The capture cross-sections
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Fig. 4. Excitation function for the reaction 58Ni(n,𝛾)59Ni [15]

Fig. 5. Excitation function for the reaction 54Fe(n,𝛾)55Fe [15]

Fig. 6. Excitation function for the reaction 59Co(n,𝛾)60Co [15]
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of those neutrons are described by the formula

𝜎 ∼ 𝜎(𝐸 = 0.025 eV)× 𝑉 (𝐸 = 0.025 eV)

𝑉 (𝐸)
,

where 𝑉 (𝐸) is the velocity of neutrons. One can also
see that the data for a neutron energy of 0.025 eV can
be used for relative measurements. The contributions
from epithermal and fast neutrons can be neglected,
so the tabular cross-section values just for thermal
neutrons were used in further calculations. The ac-
tivity ratios between the 59Ni and 60Co isotopes and
between the 55Fe and 60Co ones were evaluated using
the following formulas:

𝐴(
59
Ni)

𝐴(
60
Co)

=

=
(1− 𝑒

−𝜆(59Ni)𝑡irr)𝑒
−𝜆(59Ni)𝑡coolΦ𝑛𝜎

𝑛
58Ni𝑁58Ni

(1− 𝑒
−𝜆(60Co)𝑡irr)𝑒

−𝜆(60Co)𝑡coolΦ𝑛𝜎𝑛
59Co𝑁59Co

=

=
(1− 𝑒

−𝜆(59Ni)𝑡irr)𝑒
−𝜆(59Ni)𝑡cool𝜎𝑛

58Ni𝑁58Ni

(1− 𝑒
−𝜆(60Co)𝑡irr)𝑒

−𝜆(60Co)𝑡cool𝜎𝑛
59Co𝑁59Co

, (6a)

𝐴(
55
Fe)

𝐴(
60
Co)

=

(1− 𝑒
−𝜆(55Fe)𝑡irr)𝑒

−𝜆(55Fe)𝑡coolΦ𝑛𝜎
𝑛
54Fe𝑁54Fe

(1− 𝑒
−𝜆(60Co)𝑡irr)𝑒

−𝜆(60Co)𝑡coolΦ𝑛𝜎𝑛
59Co𝑁59Co

=

=
(1− 𝑒

−𝜆(55Fe)𝑡irr)𝑒
−𝜆(55Fe)𝑡cool𝜎𝑛

54Fe𝑁54Fe

(1− 𝑒
−𝜆(60Co)𝑡irr)𝑒

−𝜆(60Co)𝑡cool𝜎𝑛
59Co𝑁59Co

, (6b)

where 𝐴(59Ni), 𝐴(55Fe), and 𝐴(60Co) are the activi-
ties of the 59Ni, 55Fe, and 60Co isotopes, respectively
(in Bq units); Φ𝑛 is the neutron flux in the reac-
tor (in neutron/s units); 𝜎𝑛

58Ni, 𝜎
𝑛
54Fe, and 𝜎𝑛

59Co are
the tabulated cross-section values for the reactions
58Ni(n,𝛾)59Ni, 54Fe(n,𝛾)55Fe, and 59Co(n,𝛾)60Co, re-
spectively (in barn units; they were taken from
work [7]); 𝜆(59Ni) = 0.693/𝑇1/2(

59Ni), 𝜆(55Fe) =
= 0.693/𝑇1/2(

55Fe), and 𝜆(60Co) = 0.693/𝑇1/2(
60Co)

are the radioactive decay constants for 59Ni, 55Fe,
and 60Co, respectively (in s−1 units); 𝑇1/2(

59Ni),
𝑇1/2(

55Fe), and 𝑇1/2(
60Co) are the half-lives of 59Ni,

55Fe, and 60Co, respectively (in s units); 𝑁58Ni/𝑁59Co

is the ratio between the amounts of 58Ni and 59Co
atoms, and 𝑁54Fe/𝑁59Co is the ratio between the
amounts of 54Fe and 59Co atoms (for a given sam-
ple, formulas (6) are obtained from formulas (4) for
the ratio between by the amounts of 56Fe and 59Co
atoms after accounting for the content of 54Fe in the

Table 2. Activities of studied
samples calculated by both methods

No.

59Ni, Bq/g 55Fe, Bq/g

Photoacti- Radio- Photoacti- Radio-
vation chemical vation chemical

1(Pipeline) 0,02(1) <0,05 0,8(2) <0.9
2(Tube) 0.02(1) <0.05 0.9(2) 1.0
3(Fe, vessel) 0.02(1) <0.05 0.6(2) <0.6
4(RENB) 0.52(8) 0.68(15) 6.5(10) 7.1(9)

natural mixture); and 𝑡irr, 𝑡cool, and 𝑡meas are the du-
ration times of irradiation, cooling, and measurement,
respectively.

The activities of 59Ni and 55Fe calculated via for-
mulas (6) are quoted in Table 2. We also calculated
the activities of analyzed samples using radiochemi-
cal methods, and the results of those calculations are
also presented in Table 2. As one can see, they are in
a good agreement.

The total error for the activities was obtained
as the square root of the summed up squared er-
rors for the ratios whose calculation was described
above, errors for the tabulated cross-sections of (n,𝛾)-
reactions, and errors for the quantum yields, registra-
tion efficiencies, and peak areas of 𝛾-quanta that ac-
company the decay of 60Co nuclei. The neutron flux
errors were not considered, because the fluxes are
absent from the formulas. The systematic error was
evaluated by performing measurements on another
spectrometer. It was found to be within an interval
of 1–2%. In Table 2, the large magnitudes of errors of
the photoactivation method, which substantially ex-
ceed 15%, stem from with a low statistical accuracy
of 𝛾-peaks.

3. Conclusions

The analysis of radionuclide yields demonstrates that
when samples 10–50 mg in mass are irradiated with
bremsstrahlung 𝛾-quanta with an end-point energy of
37 MeV, activities sufficient for measuring the spec-
tra of 𝛾-quanta are accumulated during 3–4 h. This
circumstance allows 100–200 samples to be irradiated
simultaneously.

The photoactivation method for determining the
activities of 59Ni and 55Fe makes it possible to signif-
icantly simplify their identification, control, and certi-
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fication in steel structural materials of nuclear power
plants and radioactive wastes of various types. The
proposed method is more effective as compared to
standard radiochemical methods owing to a large
mass of irradiated structural materials and radioac-
tive waste generated at NPPs, as well as the complex-
ity of radiochemical methods.
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В.О.Желтоножський, Д.Є.Мизнiков,
А.М.Саврасов, В.I. Слiсенко

ВИЗНАЧЕННЯ ВМIСТУ 59Ni ТА 55Fe
В КОНСТРУКЦIЙНИХ ЕЛЕМЕНТАХ АЕС

Проведено опромiнювання конструкцiйних матерiалiв 2-го
блока ЧАЕС гальмiвними 𝛾-квантами з граничною енергi-
єю 37 МеВ. З вимiряних 𝛾-спектрiв, використовуючи спiв-
вiдношення виходiв 57Co, 58Сo та 54Mn, ми визначили вiд-
ношення концентрацiй iзотопiв 58Ni та 56Fe до концентра-
цiї 59Co. Iз використанням отриманих даних та вимiряної
активностi 60Co в дослiджуваних зразках розроблено метод
визначення активностей 59Ni та 55Fe. Проведено радiохiмi-
чну валiдацiю створеного методу i отримано гарне кiлькiсне
узгодження активностей 59Ni та 55Fe, знайдених спектро-
скопiчним та радiохiмiчним методами.

Ключ о в i с л о в а: середньозваженi виходи, фотоактива-
цiйний метод, гамма-спектрометрiя, нiкель, залiзо.
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