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RADIOACTIVE MATERIALS

A photoactivation method for determining the produced activities of °Zr and **Mo isotopes
has been developed. The method consists of irradiating the metals and sorbents of radioactive
materials produced at the Zaporizhzhya NPP with bremsstrahlung ~v-quanta with an end-point
energy of 18.5 MeV. From the measured ~y-spectra and using the yield ratios for *°Mo, 58Co,
and 8°Zr isotopes, the “*Mo/°Co and °*Zr/*°Co concentration ratios were determined. From
the obtained data and the measured produced activity of °°Co isotopes in the studied specimens,
the overall activities of *3Zr and %*Mo isotopes are calculated.
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1. Introduction

During the entire exploitation period of a nuclear re-
actor, a huge amount of structural materials is ex-
posed to ionizing radiation of various types, which
leads to the appearance of the induced activity in
all objects located around the active zone of the
reactor [1]. The main source of the induced activ-
ity is the flux of thermal neutrons. Under their in-
fluence, neutron activation reactions take place in
the structural materials. The most common among
them is the reaction of neutron capture followed
by the emission of a gamma quantum, the (n,~)-
reaction. As a result of such reactions, stable nu-
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clei can be transformed into long-lived radionu-
clides [1].

During the dismantling of the reactor, these ra-
dionuclides provide a high radioactive background
from hundreds of tons of structural materials, which
differ strongly by their composition and, therefore, by
the activity level and the radiation character [1|. For
the further disposal or burial of such radioactive
waste, it is necessary to evaluate the isotopic compo-
sition of all those materials in order to take all nec-
essary measures to prevent the radiation pollution of
the environment.

One of the challenging tasks associated with the
exploitation of nuclear power plants (NPPs) is the
evaluation of the activities of long-lived radionuclides,
which decay without emitting gamma quanta [1]. One
of those radionuclides is “*Mo nucleus. ?*Mo nu-
clei are formed in the (n,~)-reaction on Mo nu-
clei. When the fuel elements in the reactor are ac-
tivated, the formation of ?3Zr, which decays into
93mND, is also possible. The decay of all those ra-

625



V.O. Zheltonozhsky, D.E. Myznikov, A.M. Savrasov et al.

dionuclides is accompanied by the emission of elec-
trons and characteristic radiation.

Radiochemical methods that are standard for de-
termining the activity of such radionuclides cannot be
used when dealing with hundreds of tons of structural
materials because of their complexity and costs. In
comparison with radiochemical methods, the photo-
activation method [2] allows specimens of larger mas-
ses to be studied and requires lower resource costs.
It makes it possible to determine the activity of an
isotope in a specimen by analyzing the activity of a
daughter isotope, which is formed, when the specimen
is irradiated with a beam of bremsstrahlung radia-
tion obtained from an electron accelerator as a result
of the (v,z)-reaction. The activity of the daughter
radionuclide is determined using the gamma spectro-
metry method. Then the activity of the examined nu-
clide is calculated on the basis of the activity of a ref-
erence isotope with characteristic gamma transitions.

Proceeding from the said above, the goal of this
work is the development of a photoactivation tech-
nique aimed at determining the produced activities of
937r and ?3Mo radionuclides by comparing them with
the activity of a long-lived radionuclide that emits -
quanta and is available in irradiated structural ma-
terials simultaneously with radionuclides that decay
without emitting y-quanta. Such a reference radionu-
clide is %°Co. Its advantages are both a long half-life
(5.27 years [3]), which allows its activity to be regis-
tered for a long time after the reactor shutdown, and
a large capture cross-section of thermal neutrons by
its parent isotope %°Co (37 barn [3]).

2. Experimental Technique
and Measurement Results

Natural cobalt consists only of **Co isotope and is
present in radioactive materials. As a result of a large
capture cross-section of thermal neutron by 5°Co nu-
clei, %°Co is generated whose activity can be easily
identified in all irradiated radioactive materials via
the gamma lines at 1173.2 and 1332.5 keV [3].

To calculate the activities in the radioactive mate-
rials produced at nuclear power plants, the following
formula is used, as a rule [4]:

A = Nyop [l — exp(—Air)] exp(—Acool )- (1)

Here, N4 is the number of corresponding atoms in the
radioactive materials of the nuclear power plant, o is
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the activation cross-section by thermal neutrons, ¢ is
the average flux density of thermal neutrons that irra-
diates structural materials, ;. is the total duration of
irradiation, and ¢, is the duration of the time break
between the irradiation and measurement time inter-
vals. As the time ¢;;,, the values of the work duration
in effective-day units are used, which are determined
according to the known values of energy generation
E (in MW x day units). As the time t.,01, the values
of the total reactor downtimes registered according to
the existing block load schedules and averaged over
a year are used. The flux density ¢ is measured, in
general, in the main irradiation nodes; however, it is
obvious that due to neutron rescattering, substantial
variations of flux values are possible.

The situation with the masses of irradiated materi-
als is even more complicated. In particular, for cobalt,
the calculations are often limited by assuming that its
mass should not exceed 0.5% of the total mass. There
are also substantial difficulties when estimating the
cross-sections of reactions with thermal neutrons. In
the reactor, there are “thermal” neutrons of the work-
ing reactor, and their energy is much higher than the
energy of thermal neutrons for which the (n, y)-cross-
sections were measured. The energies of thermal neu-
trons vary from 0.025 to 0.5 eV, whereas, in the reac-
tor, these energies are about 2 €V (see work [5] and
references therein).

All this leads us to the fact that the activities
calculated according to formula (1) differ from the
corresponding experimental values by 1-2 orders of
magnitude. To solve this problem, we have devel-
oped a method for determining the activity of a re-
searched nuclide with respect to the produced activity
of %°Co. Knowing the produced activity of %°Co and
the ratios of the studied materials to cobalt impuri-
ties, it is possible to calculate their activities that
were produced in the (n,~)-reaction. To determine
the content ratios between various elements in struc-
tural materials, we propose to apply the photoactiva-
tion technique [2].

When developing this technique, we studied the
specimens taken at the Zaporizhzhya NPP. With the
help of photoactivation technique, the content of
cobalt admixture was measured in comparison with
the molybdenum and zirconium contents. For this
purpose, metal and sorbent specimens were irradi-
ated with a beam of bremsstrahlung v-quanta with an
end-point energy of 18.5 MeV on the M-30 accelera-
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tor at the Institute of Electron Physics of the National
Academy of Sciences of Ukraine (Uzhhorod) [6].

The gamma spectrum of a typical irradiated metal
specimen is shown in Fig. 1. To determine the molyb-
denum/cobalt and zirconium/cobalt mass ratios, we
measured the intensity ratios between the v-lines with
energies of 739.5 keV (°"Mo, the half-life T 2 =
= 65.9 h), 810.8 keV (°®Co, Ty/o = 70.8 days), and

J

909.1 keV (3Zr, Ty o = 78.4 hh) [3]. Mo is formed in
the reaction 1%°Mo(~y, n)%Mo, and 58Co in the (v, n)-
reaction at °°Co monoisotope. At the same time, the
9071 (~,n)8%Zr reaction is used to identify 8°Zr.

The known formulas of activation analysis bring
about the following expressions for the ratios between
the numbers of Mo and *?Co atoms and between
the numbers of °Zr and *°Co atoms:

m(Mo) N (Mo)(1 — e~ MCtim) (] — = A(C0)tmeas ) e=A(C0)teon1 Y (Co) A\ (Mo)
m(Co)  N(Co)(1 — e=AMo)tirr) (1 — e=AMO)tmeas ) e=A(MO)tcoo1 Y (Mo) A (Co)’
m(Zr)  N(Zr)(1 — e MCMtim)(1 — e=MC0)tmeas ) e=A(CO)teoat YV (Co) A (Z7)
m(Co)  N(Co)(1 — e~ M@t )(1 — e=MZDtmens e=AZ0)tcoat Y (Zr)A(Co)

[
Here, m(Mo), m(Co), and m(Zr) are the numbers

of 100Mo, 59Co, and “°Zr atoms, respectively; A\(Co),
A(Mo), and A(Zr) are the radioactive decay constants
for ®8Co, %Mo, and 3 Zr, respectively, s~1; Y (Mo),
Y (Co), and Y (Zr) are the weighted average yields of
99Mo, *8Co, and 39Zr, respectively; N(Mo), N(Co),
and N (Zr) are the numbers of “*Mo, 58Co, and 8Zr
radioactive nuclei, respectively; and tiy;, tcool, and
tmeas are the durations of the irradiation, cooling, and
measurement operations, respectively.

The half-life times T3 /o of 99Mo, °8Co, and 3°Zr
are equal to 65.9 h, 70.8 days, and 78.4 h, respec-
tively [3]. The specimens were irradiated for t, =
2-+-3 h. Thus, for the produced nuclides, T7 /5 > tiy,
and the expressions with %, can be expanded in
Taylor series, thus obtaining that 1 — e~ *(Co)tir
~ ACo)tiyy, 1 — e MMt oy A(Mo)tiyy, and 1—
— =A@t A(Zn)tiy,. Since the measurement time
tmeas Was 2 days, a similar approximation with #eas
is valid only for ®®Co: 1— e (CO)tmeas x5 X\(CO)tmens-
Substituting those approximations into expres-
sions (2), we obtain

m(Mo) N (Mo)A(Co)timease N Cteoo1Y (Co)
m(Co) - N(CO)(I —e_)‘(MO)tmeas)e*)‘(MO)tCOOIY(I\/[(O))’
3
m(Zr)  N(Zr)A(Co)t, e M teaY (Co)
m(Co)  N(Co)(1 — e=A@)tmeas )e=A(Z0)teoo Y (Z1)

Thus, for NPPs operating in the normal mode, the
expressions for producing the activities of **Mo and
897r isotopes taking the quantum yields for the rele-
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vant gamma lines into account—12.1% for the 739.5-

keV line (*“Mo), 100% for the 909.1-keV line (*9Zr),

and 99.45% for the 810.8-keV line (°8Co)-become

substantially simplified and look like

m(Mo)

m(Co)

_ é 22) N’)’(73935)/\(Co)tlneasei/\(co)tmo}Y(CO)

~ 7N, (810,8)(1— e AMo)tmeas ) e = AMo)tcoot Y(Mo)
(4)

m(Zr)

m(Co)

~ NL(909,1)A(Co)timease MOt YV (Co)

~ N,(810,8)(1 — e~ A(Z0)tmeas ) e=A(Z)teont Y (Zr)’
Here, the coefficients 8.22 and 1 are the quantum
yield ratios between the gamma lines at 810.8 and

N/ 03, counts

159.4 v186.2 7834 8
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N b 11732
\ | 1739.5 \ v1332.5
*Mo+**Tc" Mo
0,11 v140.5
\ y181.1
1136.5 *Mo
57C°

140 160 180 800 1000 1200 E-keV
Fig. 1. Fragment of the «-spectrum of an activated metal
target 2 g in mass. The duration of stay in the NPP operating

zone was 1 year
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Fig. 3. Simulated and experimental excitation functions of
the reaction 20Zr (v, n)%°Zr

Weighted average yields of researched reactions

Ele- | 1Mo | 199Mo | %9Co | %9Co | 90Zr) 90Zr

ment | (Talys) | [11] |(Talys)| [13] | (Talys)| [12]
(Y,n),

mb  59.3(42)|54.3(54)|20.8(15)[20.3(20)|73.9(52) |67.9(55)

739.5 keV and between the gamma lines at 810.8 and
909.1 keV, respectively; N.,(739.5 keV) is the number
of counts in the 739.5-keV peak with regard for the
efficiency of spectrometer registration (in this case,
5.6%); N(810.8 keV) is the number of counts in the
total absorption peak at an energy of 810.8 keV con-
sidering the efficiency of the spectrometer registra-
tion (in this case, 5.2%); and N,(909.1 keV) is the
number of counts in the 909.1-keV peak accounting
for the efficiency of spectrometer registration (in this
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case, 4.6%). Since the target was three-dimensional,
the self-absorption of y-quanta was calculated using
the MCNP-4c code [7] and accounted in formulas (4).
In studies of this kind, the yields of correspond-
ing reactions are critical. The weighted average yields
of the reactions °°Mo(y,n)*Mo, °Zr (v, n)8Zr, and
%9Co(v,n)°8Co'" were determined as a result of the
convolution with a step of 1 MeV using the formula

N
> oipi
Y ==, ()

N
Z Pi
i=1

where o; are the tabular values of the cross-sections of
the indicated reactions for monochromatic y-quanta,
and ¢; are the relative flow magnitudes of the spec-
trum of braking y-quanta simulated in Geant4 [8] for
various numbers of events and reduced to the thresh-
old energy values for those reactions.

To calculate the weighted average yields, the reac-
tion cross-section values were taken from two sources:
the tabulated experimental data and the data calcu-
lated using the Talys-1.96 software program [9]. In
the case of discrepancies between them that exceeded
the experimental error limits, the experimental data
were used. In particular, the obtaining of the yield for
the reaction **Co(y,n)*®Co'®t was described in detail
in work [10] for E4. = 37 MeV. In our case, the num-
ber of convolution steps decreases at £y, = 18.5 MeV,
and, therefore, the weighted average yield also be-
comes somewhat lower (see Table).

To calculate the weighted average yields of the reac-
tions 1°°Mo(y,n)??Mo and *°Zr(vy, n)%Zr (see Figs. 2
and 3), we used experimental data from works [11]
and [12]|, respectively. The obtained reaction yield
values are also quoted in Table. As one can see from
this table, the difference between the experimental
and theoretical yields does not exceed the required ac-
curacy of the method for all reactions. In our calcula-
tions, we used the experimental data of other authors.

For the weighted average yields, calculated accord-
ing to the data of the Talys-1.96 code, the error
included the error of the braking spectrum simula-
tion in the Geant 4 code, which fell within 7%. If
the experimental data were used, the total error was
slightly larger because, besides the simulation error,
the experimental cross-section error was also taken
into account. For each cross-section, the error was
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Fig. 5. Excitation function of the reaction 92Zr(n,y)%3Zr [14]

taken with its weighting factor, i.e., the weighted av-
erage error was calculated, which was also equal to
5-7%. Therefore, the total determination error of the
weighted average yields used in our calculations was
within the limits of 8-10%.

The errors of weighted average yields dominated
while calculating ratios (4). In our case, the deter-
mination errors of quantum yields were less than 1%,
because we used the most intensive ~y-lines. The to-
tal error of the registration efficiency was within 2—
3%, because we performed relative measurements and
used high-energy y-quanta with close energies. This
error consisted of the intensity errors and the errors
of the quantum yields of the ~-lines emitted by the
calibration source. This error also included the error
of the smoothing polynomials, if the energy of the
required y-quantum was between the peaks of cali-

bration ~-lines. Therefore, the total calculation error
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of ratios (4) was within 9-11%. The excitation func-
tions obtained when producing the activities of “3Mo
and ?3Zr isotopes during the reactor operation are
shown in Figs. 4 and 5, respectively. At the bottom
of the figures, the libraries used to calculate the exci-
tation functions are indicated. The number of points
used in the calculations is indicated in the upper right
corner. The experimental measurements were carried
out at energies of 0.0253 and 30 keV.

The researched radioactive materials were located
in places, where thermal and epithermal neutrons
with energies up to 10 eV dominated. As one can see
from Figs. 4 and 5, when activating molybdenum, zir-
conium, and cobalt (see Fig. 6 [15]), just these neu-
trons gave the main contribution to the production of
the 93Mo, ?3Zr, and °Co isotopes. The capture cross-
sections of these neutrons are described by the for-
mulao ~ o(E =0.025eV)xV(E = 0.025 eV)/V(E),
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where V(E) is the neutrons’ velocity. As one can see,
when performing relative measurements, data for a
neutron energy of 0.025 eV can be used. The con-
tributions from epithermal and fast neutrons can be
neglected; therefore, in our further calculations, we
used tabular cross-section values for thermal neu-
trons. We estimated the activity ratios %*Mo/%°Co
and ?3Zr /%°Co by the following formulas:

A(*Mo)
A(0Co)

(1 — _)\(QSMO)t‘")6_>\(93M0)t°°°l(I) 0'92M N92Mo
T (1= e AP0 ) e ACON ool B, 0T, Novgy
(L AN AN e N

(1 _)‘(6OCO)tlrr) _A(SOCO coolo‘%congco ’
A(%37Zr) B (6)
A(0Co)

(1 — e A2t ) = AP o1 §, o1, Ny,

(1 _ efA(ﬁoco)t,”)e A(69Co)teool ‘PnU?chngco =
(1— e APZr)tin )e—)\(QSZr)tcoolo. Nozg,

(1 — e=A(7C0)tinr ) e =A(*7Co)teool UEQCONSQCO’

where A(%*Mo), A(?3Zr), and A(°°Co) are the pro-
duced activities of ?3Mo, 93Zr, and %°Co isotopes,
respectively, in Bq units; ®,, is the neutron flux
in the reactor, in neutron/s units; ofy;,,
and Ofoc, are the tabular cross-section values for
the reactions 2Mo(n,y)**Mo, 92Zr(n,y)%Zr, and
% Co(n,7)%°Co, respectively, taken from work [3], in
barn units; A\(**Mo) = 0.693/T; »(**Mo), A(*Zr) =
= O.693/T1/2(93ZI'), and )\(6000) = 0693/T1/2(GOCO)
are the radioactive-decay constants of “3Mo, ?3Zr,
and %°Co isotopes, respectively, in s~! units;
T1/2(93Mo), T1/2(93Zr), and Tl/Q(GOCo) are the half-
lives of ?>Mo, ?3Zr, and %°Co isotopes, respectively,
in s units; and Noezyp,/Nsog, and Nozg, /Nsoc, are the
ratios between the numbers of corresponding atoms
(these ratios can be calculated for a given specimen
from formulas (4) for the ratios between the numbers
of atoms 1Mo /5Co and °Zr/%?Co, respectively, af-
ter accounting for the content of 2Mo isotope in the
natural mixture of molybdenum, and “2Zr in the nat-
ural mixture of zirconium).

The produced activities of “*Mo and *3Zr in metals
calculated according to formulas (6) were found to
equal (100+-150)+(20+-30) mBq/g and (6+2) nBq/g,
respectively.
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The total error of the activities was obtained as the
square root of the sums of the squared errors of the
ratios (their calculation was described above), the er-
rors of the tabulated cross-sections of (n,7y)-reactions,
and the errors of the quantum yields, registration effi-
ciencies, and peak areas of y-quanta that accompany
the decay of %°Co nuclei. The error for the neutron
flux was not taken into account, because the fluxes
were reduced. The systematic error was estimated by
carrying out measurements on another spectrome-
ter. It was found to be within 1-2%. In our measure-
ments, the errors were 20-30%, and they were mainly
associated with a low statistical accuracy of y-peaks.

3. Conclusions

The developed photoactivation method for determin-
ing the produced activities of %*Zr and ?3*Mo iso-
topes makes it possible to considerably simplify their
identification, control, and certification in the struc-
tural materials of NPPs and radioactive waste of va-
rious types.

Nowadays, new materials for NPPs have been de-
veloped, in which the molybdenum concentration
reaches a value of 7.5%. In our specimens, the content
of Mo admixture was 0.2-0.3%. It is easy to estimate
that, during long-term exploitation, the produced ac-
tivity of “*Mo can reach values of 300-500 Bq/g even
not directly in the region of large fluxes. This is al-
ready at the level of the maximum permissible con-
centration for metals and points to that the mon-
itoring over the produced ?>Mo activity is manda-
tory. Since the molybdenum content in new materi-
als is 7.5%, the produced activity of %Mo can reach
10* Bq/g. Despite that the activity of *3Zr is very low,
it should also be monitored because since Zr is used
in the reactor core where its concentration reaches
100% and the neutron flux is 5-6 orders of magni-
tude larger than in the structural materials beyond
the reactor core.
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B. 0. >Keamonootccorudi, . €. Musnixos,
A.M. Caspacos, B.I. Caicenxo, JI.B. Cadosnikos

BU3HAYEHHS BMICTY 93Zr TA 93Mo
B PAIIOAKTUBHUX MATEPIAJIAX AEC

Pospobsieno poroakTuBaniiHUi METO/ BU3HAYEHHS HAIIPAIIHO-
BaHux akTuBHOCTeH ?3Zr Ta 93 Mo muisxoMm ompoMinenHs MeTa-
J1iB Ta copbenTis pagioakTuBaux Marepiaais SAEC ragbmiBan-
MH Y-KBaHTaMU 3 TPAHUYHOIO eHepriero 18,5 MeB. Bukopucto-
Byloun crissiguomenus suxomis 22 Mo, 8 Co Ta 89Zr, 3 Bumips-
HUX 7y-CIIEKTPIB MU BU3HAYUJIM CIiBBiHOIIIEHHsI KOHIIEHTPAIIi
izoromis 92Mo Ta 92Zr no xommentpamnii °°Co. 3 orpumanux
JlAHUX Ta BUMipsHOI Hampaiposanol akTusaocti 80Co B mocii-
JKYyBaHUX 3pa3Kax OTPUMAHO MOBHI akTuBHOCTI 93 Z1 Ta 93 Mo.

Katwoei caoea: cepeJHbO3BaXKEHI BUXOIU, (POTOAKTUBA-
HiffHUN MeTO/1, raMMa-CIIEKTPOMETPisi, IIUPKOHiM, KOOAIbT, MO-
J1i61eH.

631



