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The paper estimates the mass content of 2>?Pu and 2>°U in canisters with vitrified high-level waste for the time periods
of 1.7-10* and 10° years depending on the SNF burn-ups and considering the decay of ***Am, 2*>Cm and 2*°Pu. Within
a time period of 1.7-10% years and at a SNF burn-up level of 58 GW-day,/tU, the mass content of 2*°Pu in the canisters is
expected to grow 5.5 times due to the decay of 243Am and 245Cm (in equivalent to 239Pu), whereas the one provided
the burn-ups of 39, 34 u 24 GW-day,/tU would see a 2.4, 2.0 and 2.0-fold growth accordingly. In 10° years, the mass of
25U in canisters considering the SNF burn-ups of 58, 39, 34. 24 and 9 GW-day/tU is expected to grow 1.3—4.4 times

compared with its initial mass in the canisters.
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Introduction

Federal norms and rules in the field of atomic en-
ergy use [1] state that predictive long-term safety
assessments shall be performed under radioactive
waste (RW) disposal projects. In case of vitrified
HLW generated at PA Mayak, one shall evaluate
the inventory of nuclear hazardous fissile nuclides
(NHFN) and its long-term evolution prompted
by the decay of transuranic isotopes with long
half-lives.

In addition to **°Pu and **°U, the presence of
which is explained by in-process losses, HLW from
SNF reprocessing sent for vitrification to the RT-1
plant involves ***Am and ***Cm. Americium with
an even number of neutrons does not undergo fis-
sion on thermal neutrons and decays according to
the following scheme *Am — 3*Np— 2*Pu over
1.7-10* years, which contributes to growing 2*Pu
inventory in packages with vitrified HLW. 23°Pu de-
cay over a period of 10° years results in 2>°U, which
contributes to its increasing volume. Thus, in the
long term, the mass of NHFN in a disposal package

grows compared to the initial one. This circum-
stance should be taken into account when the mass
of NHEN considered safe for vitrified HLW disposal
is established.

Characteristics of SNF from WWER-440 reactor
reprocessed at the RT-1 plant

According to SFA data sheets, the initial enrich-
ment of 2%°U and the SNF burnup accounted for
1.6—4.4% and 10—58 GW-day/tU respectively. The
dependence between the ***Am and ***Cm inven-
tory in SNF and its burnup depth appears to be
exponential. Given the above range of its fluctua-
tions, the specific content of 2#*Am in SNF changes
by more than two orders of magnitude, and the
one of >Cm — by more than three [2]. In 2022, PA
Mayak developed and certified technical guidelines
according to which the mass of **Am and ?*°Cm
in packages with vitrified HLW can be determined
based on RB-093-20, as well as the specific activity



of 137Cs to identify the SNF burnup depth. This in-
dicator was not monitored in the period from 1987
to 2021.

The calculations were considering the time rang-
es of 1.7-10* and 10° years for the following reasons:
over 1.7-10* years, 2*Pu accumulation prompted by
243Am decay peaks, and over a period of 10° years,
the mass of 23°U formed due to the decay of *’Pu
attains its maximum.

The number of 23°Pu atoms at time ¢ can be calcu-
lated based on the below formula:
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where N, is the number of **’Pu atoms at time t;
N, is the number of ***Am atoms in a package with
vitrified HLW after waste treatment;
N,, is the number of **°Pu atoms in a package
with vitrified HLW after waste treatment (**°Pu
is present in all packages due to in-process
losses [3]);
A, is the decay constant for **Am;
A, is the decay constant for **°Pu.
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The below expression should be considered to

calculate the mass m,(t,..)
M.
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where M; is the molar mass; N, is Avogadro's
number.

Therefore:

A
» _17% [exp(—klt) - exp(—xzt)] +

M,
my(t) =my, ._M .
1

+ My, - exp(—Ayt), 4)

where m,(t) is the **’Pu mass at time ¢,
m,, and m,, are the masses of ***Am, 2**Pu nuclides
at t=0.
Based on formulas 3 and 4, the following graphs
were plotted:
. dependence  between the mass ratios
239py(max)/***Pu(0) and 243Am(0)/2*°Pu(0) (Fig. 1);
- dependence of tmax on the mass ratio
243 Am(0)/%3°Pu(0) (Fig. 2).

Fig. 1. Dependence between the mass ratios
239py(max)/2>°Pu(0) and ***Am(0)/2*°Pu(0)

Fig. 2. Dependence of t .,
on the mass ratio 2**Am(0)/ #*°Pu(0)

To calculate the mass of 2*°Pu(max) from the de-
cay of **Am, the mass ratio between ***Am and
239pu(0) at t=0 was calculated, i. e., after the glass
was loaded into the package. On the graph, the or-
dinate axis gives the number by which the mass of
239py(0) is to be multiplied at the loading stage.

The initial data presented below were used to cal-
culate the mass of 2*°Pu in a package considering
the time period of 1.7-10* years:



. the burnup depth inherent in the SNF whose re-
processing resulted in the HLW accounted for 58,
39, 32,24 and 9 GW day/tU;

. for the specified burnup depths, the actual mass
values for 2*’Pu in the packages with vitrified HLW
were used [3] (Table 1 presents the data on the
239py mass).

The mass of ?*°Cm was calculated as the
equivalent of fissile material 2*°Pu (EDM 23°Pu),
i. e., taking into account the conversion factor
of 15 (equal to the ratio of the critical 2*°Pu and
245Cm masses) with a correction for the decay at
t=1.7-10* years.

Table 1 summarizes the calculation results.

Table 1. Masses of **°Pu, 2**Am and **°Pu given the
decay of 2**Am and *>Cm in packages with different
SNF burnup depths. The total mass of 3°Pu was
calculated with an account taken of 2>°Pu(0) decay
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Table 1 shows that due to the decay of *3Am
and ***Cm at a SNF burnup of 58 GW day/tU in
cycle 1, the mass of 2*°Pu in the package grew up
by 5.5 times (in 2*°Pu equivalent). In cycles 2, 3
and 4 at a burnup of 39, 34 and 24 GW day/tU, the
mass of 2*Pu grew up by 2.4, 2.0 and 2.0 times,
respectively, due to the decay of ?*3Am and ?*°Cm.
In cycle 5, corresponding to the reprocessing of
SNF with a low burnup, no considerable increase
in the mass of 23°Pu due to the decay of 2*3Am and
245Cm was noted, whereas the mass of 23°Pu(0)
got lower by 1.6 times due to the decay.

Assessment of 3°U accumulation
calculated over a period of 10° years

The growing mass of 2*°U over 10° years is ex-
plained by the decay of ?*3Am along the chain
23 Am — 23%Pu— 235U and due to the initial 2>*Pu(0).
The calculations were performed assuming contin-
uous leak tightness of the waste package.
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The number of 2*°U atoms from the decay of
239py(0) with the initial mass was calculated based
on the below expression:

A
N2 Nm.?\—l
2

- [exp(—k1 ) —exp(—i, -t)l (5)
1

)=

where N, is the number of ***U atoms at time t;
N, is the number of ***Pu(0) atoms in the package
with vitrified HLW after waste processing;

A, is the ***Pu decay constant;

A, is the 2*°U decay constant.
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where 2*A is the activity of 2*°Pu in the package at
the glass loading stage.

The transition from the number of N, atoms to
the mass of 2*°U in the package can be calculated
based on the below expression:

m=NyL,/A, )

where m is the mass of 23°U, g;
A is the activity per 1 g of 3°U in Ci.

The number of 2*°U atoms resulting from the de-
cay of 23Am at time t can be calculated based on
the below formula [4]:
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Ny, is the number of **U atoms at time t;

N, is the number of **Am atoms in the package
with vitrified HLW after waste treatment;

A, is the decay constant for 2*Am;

A, is the decay constant for 2*°Pu;

A4 is the decay constant for 2*°U;

NS(t) =N10 ‘7”17“2|:(
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where 2#*A is the activity of ***Am in the package

with vitrified HLW following the waste treatment;
Ny, =2A/ s, (10)

where 23°A is the activity of 25°U at time t.

The following initial data was used to calculate
the mass of 2>°U in the package over 10° years:

- the burnup depth inherent in the SNF whose re-
processing resulted in the HLW accounted for 58,
39, 32, 24 and 9 GW day/tU;

- the actual masses of 2*Pu and 2*°U in the pack-
ages with vitrified HLW were used for the specified
burnup depth levels [3].
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Table 2 summarizes the calculation results.

Table 2. Masses of **°U in packages after 10° years
calculated for vitrified HLW with different SNF burnup
depth levels
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Table 2 shows that in 10° years the mass of *°U is
expected to grow by 1.3—4.4 times compared to the
initial mass in the package.

NP-055-14, paragraph 73, states that if the pack-
age contains NHFN, a mass restriction shall be im-
posed to prevent the occurrence of a self-sustaining
fission chain reaction, and the possibility of NHFN
concentration along with radionuclide transport
shall be taken into account. As shown above, the
decay of 2**Am contributes to 2*Pu mass increase
and the one of 2*’Pu — to increasing 2>*U mass. The
Federal State Unitary Enterprise NO RAO has de-
veloped a disposal concept according to which the
RW Class 1 packages are disposed of horizontally
in a deep RW disposal facility [5]. SSC RF-IPPE has
issued its final statement on the nuclear safety of
the deep disposal facility for Class 1 HLW of the
Federal State Unitary Enterprise PA Mayak [6]. The
mass of 23°Pu considered safe given the horizonal
orientation of the waste packages and calculated
with an account taken of the long-term growth in
NHFN volumes amounted to 540 g, which exceeds
the mass presented in Table 1, and thus the nuclear
safety of Class 1 HLW disposal is provided.

Conclusion

Due to in-process losses, the vitrified HLW from
PA Mayak contains 2*°Pu and ?3°U, as well as 243Am
and ***Cm, which are completely transferred into
the glass matrix. **>Am decays producing 2*’Pu,
thereby contributing to an increase in its initial
mass. Given a SNF burnup of 58 GW day/tU over
a period of 1.7-10* years, the initial mass of 2*°Pu
is expected to grow up by 5.5 times, at 39, 32 and
24 GW day/tU — by 2.4, 2.0, 2.0 times, respectively,
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and at 9 GW day/tU no increase is expected as re-
gards the mass of 2>°Pu in HLW.

Over 10° years, the decay of ?*°Pu and ?**Am is
expected to provide a 1.3—4.4-fold increase as re-
gards the initial mass of 23°U.

According to NP-055-14, namely its paragraph 74,
in case of vitrified HLW disposal, the safe mass of
NHFN should be specified taking into account its
long-term growth.
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