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Abstract: This paper presents the results obtained from numerical evaluations for the possibility of
large-scale 238Pu production in the light-water VVER-1000 reactor and the reactivity effect caused
by the loss-of-coolant accident in the central fuel assembly of the reactor core. This fuel assembly
containing the Np–Am-component of minor actinides was placed in the center of the reactor core and
intended for intense production of 238Pu. Optimal conditions were found for large-scale production
of plutonium with an isotope composition suitable for application in radioisotope thermoelectric
generators. The reactivity effect from the loss-of-coolant accident in the central Np–Am fuel assembly
was evaluated, and the perturbation theory was used to determine the contributions of some neu-
tron processes (leakage, absorption, and moderation) to the total variation of the effective neutron
multiplication factor.
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1. Introduction

Plutonium isotope 238Pu is characterized by a series of specific properties [1] that
make it a valuable source of thermal and electrical energy in radioisotope thermoelectric
generators (RITEG). The main subject of the present paper is a feasibility study for large-
scale plutonium production [2] with an isotope composition suitable for RITEG [3] of
spacecrafts in the light-water power reactor VVER-1000. In Russia, the production of 238Pu-
based RITEG for navigation services was completely halted. However, 238Pu-based RITEG
represents a significant component of cosmic programs for further exploration of outer
space. Production Association (PA) “Mayak” is a leading Russian producer of 238Pu [4].
Some publications (for instance, references [5,6]) are devoted to a thorough analysis of
possibilities for 238Pu production in US research reactors. The thermal neutron spectra in
the research reactors ATR (Idaho National Laboratory [5]) and HFIR (Oak Ridge National
Laboratory [6]) are able to intensify the fruitful 237Np(n,γ)238Pu reaction and, at the same
time, suppress the undesirable 237Np(n,2n)236Pu reaction, which can only be initiated by
fast neutrons with energies above 6 MeV.

In our previous article [7], the challenge of large-scale production of plutonium was
addressed with the application of neptunium dioxide NpO2 as a starting material. This pa-
per analyzes the possibility of extended inclusion of minor actinides in the starting material.
Fractions of neptunium–americium from the composition of transuranic radioactive wastes
(TRUW) were used as a starting material. A number of works [8,9] have been devoted to
the analysis of technologies for the extraction of MA from VVER spent nuclear fuel. In the
present paper, the following values were taken as TRUW generation rate in light-water
VVER-type reactors [9]:
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237Np − 20.4 kg/GWe·year; 241Am − 1.3 kg/GWe·year; 243Am − 2.5 kg/GWe·year.

It should be mentioned that a significant number of works [10–12] are devoted to
the neutron-induced incineration of MA as a main component of TRUW. In the present
paper, neutron irradiation of the Np–Am-fraction makes it possible to generate a fruitful
material (plutonium) and, at the same time, to exterminate some part of TRUW. The
irradiation device (ID) that was placed in the center of the reactor core represented the
fuel assembly (FA), surrounded by six special assemblies. In the central fuel assembly of
the ID, conventional uranium dioxide fuel was replaced by a mixture of neptunium and
americium dioxides (Figure 1).
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Figure 1. ID disposition in the VVER-1000 reactor core.

As it is known, MA are relatively weaker neutron absorbers (for instance, in compari-
son with 235U) in the thermal and intermediate energy ranges, while in the high-energy
range, MA are well-fissile isotopes [13]. The curves presented in Figure 2 demonstrate
a remarkable growth in the effective quantity of secondary neutrons per fission νeff for
neptunium and americium isotopes at incident neutron energies above 100 keV. In connec-
tion with the circumstances mentioned above, the loss-of-coolant accident in the central
Np–Am-FA can shift the neutron spectrum towards the higher energy range and produce
a positive reactivity effect caused by the better neutron-multiplying properties and the
weaker neutron absorption by MA isotopes.

The perturbation theory was used in the numerical studies to evaluate the contri-
butions given by some neutron processes to the total reactivity effect caused by the loss-
of-coolant accident in the Np–Am-FA that was placed in the center of the VVER-1000
reactor core.
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2. Materials and Methods
2.1. Capabilities of Plutonium Production in Np–Am-FA

This paper presents numerical evaluations of scales for the production of RITEG-
suitable plutonium (above 80% 238Pu and below 2 ppm 236Pu) in the Np–Am-FA of the
VVER-1000 reactor. The irradiation device consists of seven fuel assemblies. The central
FA is a standard VVER-1000 assembly where enriched uranium dioxide was replaced
by neptunium–americium dioxide NpO2–AmO2 (Figure 3). Np–Am-O2-rods consisted
of only neptunium–americium dioxide in Zr–Nb cladding without any additions. The
composition of six surrounding FAs was chosen in such a way as to intensify the 238Pu
production rate in the central FA. The design of the irradiated assemblies with NpO2 and a
Np–Am-O2-mixture was assumed to be the same (see Figure 3).

There are many commercial and exploratory codes that were used to analyze neutron-
physical processes in the VVER-1000 reactor. For instance, the software packages KASKAD
(product of the National Research Center—Kurchatov Institute [14]) and SERPENT [15]
were used. Nevertheless, for these exploratory studies, the diffusion code TIME26 was
chosen because it is the most accessible and long-term used by the authors of this work. The
computer code TIME26 is able to determine the time-dependent evolution of neutron flux
and fuel isotope composition. The initial isotope composition of the reactor core was used to
solve the neutron diffusion equations and compute the space-energy distribution of neutron
flux. The obtained distribution of neutron flux was used to solve the fuel burn-up equations
for the determination of new fuel isotope composition after a certain time interval of reactor
operation. By repeating these step-by-step computations, the code was able to find the
time dependency of the fuel isotope composition, including the amount of plutonium and
its isotope composition. The main neutron-physical parameters and time dependency
of the fuel isotope composition were determined for the cylindrical model of the VVER-
1000 reactor core in a 26-group diffusion approximation. Micro cross-sections of neutron
reactions were taken and processed from the evaluated nuclear data file ABBN-78 [16,17].

Two isotope compositions of the Np–Am-fraction were used in the numerical eval-
uations. The first composition was 100% 237Np, while the second one was a mixture of
neptunium and americium isotopes (84.3% 237Np, 5.4% 241Am, and 10.3% 243Am). The
second variant corresponded to the isotope composition of MA extracted from spent fuel
in light-water VVER-type reactors.
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The best conditions for the production of RITEG-suitable plutonium were provided by
relatively wide lattices of Np–Am fuel elements with an encirclement of the central Np–Am-
FA by six fuel assemblies filled up with natural lead or radiogenic lead (100% 208Pb). The
larger volume fraction of coolant in the wider lattice of the Np–Am fuel elements can soften
the neutron spectrum and, as a consequence, promote the generation of the target isotope
238Pu through the 237Np(n,γ)238Pu reaction. The lead layer around the central Np–Am-FA
can weaken the fast neutron flux from the neighboring UO2-FA and inhibit the generation
of the undesirable isotope 236Pu through the threshold 237Np(n,2n)236Pu reaction. The main
results on plutonium production rates and plutonium isotope compositions are presented
in Tables 1 and 2.

Table 1. Central Np–Am-FA surrounded by natural lead. Pitch of Np–Am-lattice—41 mm.

237Np (Np–Am)-Mixture

Pu, kg/year 3.00 2.72
238Pu/Pu, % 93.6 91.9

236Pu/Pu, ppm 1.98 1.99

Table 2. Central Np–Am-FA surrounded by radiogenic lead. Pitch of Np–Am-lattice—40 mm.

237Np (Np–Am)-Mixture

Pu, kg/year 3.34 3.02
238Pu/Pu, % 93.1 91.6

236Pu/Pu, ppm 1.99 2.00

2.2. Application of the Perturbation Theory for Evaluation of the Reactivity Effect Caused by the
Loss-of-Coolant Accident in the Central Np–Am-FA

A loss-of-coolant accident (LOCA) in light-water power reactors can be caused by the
rupturing of coolant pipelines, depressurization of the primary circuit, and intense coolant
leakage through defective components of the heat removal system. A detailed description
of the possible causes and model of a LOCA can be found in the books [17,18].
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The computer code TIME26 is able to evaluate the LOCA effect in the central Np–Am-
FA. For this purpose, the TIME26 code performed the subsequent solution to the following
two neutron-physical problems: the solution for the direct neutron transport equation
for the space-energy distribution of neutron flux

→
ϕ(r) and the solution for the adjoint

neutron transport equation for the space-energy distribution of the neutron importance

function
→
ϕ
+
(r). This feature made it possible to apply the perturbation theory (PT) for

the evaluation of the contributions made by various neutron processes to the reactivity
effect caused by any variations of the reactor composition. In the case under consideration
here, the reactor composition was changed by the accidental loss of coolant in the central
Np–Am-FA of the reactor core.

The algorithm that was used to evaluate the reactivity effects is described below. At
first, the computer code solves the adjoint neutron transport equation and determines the
space-energy distribution of the neutron importance function for the initial (unperturbed)
reactor state:

L̂+(r) · →ϕ
+
(r) =

1
ke f f

Q̂+(r) · →ϕ
+
(r) (1)

Afterwards, the computer code solves the direct neutron transport equation and
determines the space-energy distribution of neutron flux for the perturbed reactor state:

L̂′(r) · →ϕ
′
(r) =

1
k′e f f

Q̂′(r) · →ϕ
′
(r) (2)

where the operator L̂ describes the processes related to neutron transport, absorption, and
moderation, while the operator Q̂ describes the processes related to the generation of fission

neutrons. Dimension of vectors
→
ϕ
+
(r) and

→
ϕ
′
(r) is equal to the number of neutron energy

groups ND.
The following sequence of mathematical operations, namely multiplication of Equation (1)

by neutron flux
→
ϕ
′
(r), multiplication of Equation (2) by neutron importance function

→
ϕ
+
(r),

and integration over space and energy variables, will lead to the PT formula for perturbation of
the effective neutron multiplication factor ke f f :

(
1

ke f f
) =

1
k′e f f
− 1

ke f f
=

{→
ϕ
+

, δL̂
→
ϕ
′}
− 1

ke f f

{→
ϕ
+

, δQ̂
→
ϕ
′}

IFN
(3)

where the importance of fission neutrons (IFN) is determined as

IFN =
NI

∑
i=1

ND

∑
k=1

χk,i

ND

∑
i=1

νΣ f ,l,i

∫
∆Ri

ϕ+
k (r)·ϕ

′
l(r)·rdr (4)

where NI is the number of radial zones.
Equation (3) allowed us to determine the contributions of various neutron processes

to the total perturbation of the effective neutron multiplication factor.
The contribution from variation in radial neutron leakage:

δ(
1

ke f f
, jr) =

1
IFN

NI

∑
i=1

ND

∑
k=1

δDk,i

∫
∆Ri

∇ϕ+
k (r)∇ϕ′k(r) r dr (5)

The contribution from variation in axial neutron leakage:

δ(
1

ke f f
, jz) =

1
IFN

NI

∑
i=1

ND

∑
k=1

ω2
k,i δDk,i

∫
∆Ri

ϕ+
k (r) ϕ′k(r) r dr (6)
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whereω2 is the axial Laplacian.
The contribution from variation in radiative neutron capture:

δ(
1

ke f f
, Σc) =

1
IFN

NI

∑
i=1

ND

∑
k=1

δΣc,k,i

∫
∆Ri

ϕ+
k (r) ϕ′k(r) r dr (7)

The contribution from variation of neutron absorption by fission reaction:

δ(
1

ke f f
, Σ f ) =

1
IFN

NI

∑
i=1

ND

∑
k=1

δΣ f ,k,i

∫
∆Ri

ϕ+
k (r) ϕ′k(r) r dr (8)

The contribution from variation in neutron multiplication:

δ(
1

ke f f
, νΣ f ) = −

1
IFN

NI

∑
i=1

ND

∑
k=1

χk,i

ND

∑
l=1

δ(νΣ f )l,i

∫
∆Ri

ϕ+
k (r) ϕ′ l(r) r dr (9)

The contributions from variation of neutron moderation (spectral effect):

δ(
1

ke f f
, Σl→k) =

1
IFN

NI

∑
i=1

ND

∑
k=1

δΣd,k,i

∫
∆Ri

ϕ+
k (r) ϕ′k(r) r dr−

k−1

∑
l=1

δΣl→k,i

∫
∆Ri

ϕ+
k (r) ϕl

′(r) r dr (10)

The determined variation δ( 1
ke f f

) opens a way towards a simple determination of the

appropriate variation of ke f f as

∆ke f f = −ke f f ·k′e f f ·δ(
1

ke f f
) (11)

In principle, the PT formulas were able to evaluate the contributions made not only by
the various neutron processes but also the contributions from any isotopes, spatial zones,
and energy groups to the total variation of the effective neutron multiplication factor.

3. Results and Discussion
3.1. Results on the Determination of the Reactivity Effect Caused by a Loss-of-Coolant Accident in
Central Np–Am-FA

The computations of the reactivity effects caused by a loss-of-coolant accident were
carried out to compare the following variants. The first variant assumed the placement of a
standard UO2-FA in the center of the reactor core. The alternative variants assumed the
placement of Np–Am-FA in the center of the reactor core. The computations were carried
out for two isotope compositions of the Np–Am-fraction (pure 237Np and Np–Am mixture)
and for two encirclements of the central Np–Am-FA by natural lead and radiogenic lead.
The alternative computations analyzed the variants with the best results on plutonium
production rate and plutonium isotope composition (see Tables 1 and 2). The results of all
these computations are presented in Tables 3–7.

3.2. Discussion of the Results

As seen in Tables 1 and 2, the encirclement of the central Np–Am-O2-FA with a lead
layer showed that the RITEG-suitable plutonium production rate was larger by about 10%
when radiogenic lead was used instead of natural lead. In these cases, the main parameters
of plutonium isotope compositions (content of 236Pu and 238Pu) underwent relatively slight
variations in the transfer from natural lead to radiogenic lead. Radiogenic lead is more
transparent for neutrons coming from the neighboring UO2-FA, which is able to increase
plutonium production rates.
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Table 3. Standard UO2-FA in the center of the reactor core.

Time, Days ∆Keff, pcm ∆Keff(jr), pcm ∆Keff(jz), pcm ∆Keff(Σc), pcm ∆Keff(Σl→k), pcm βeff

0 −208 +0.41 −6.50 +21,220 −21,420 8.62 × 10−3

60 −98.8 −0.12 −3.24 +10,490 −10,590 8.27 × 10−3

120 −67.4 −0.177 −2.26 +7280 −7340 8.03 × 10−3

180 −55.9 −0.155 −1.87 +6010 −6060 7.81 × 10−3

240 −56.2 −0.121 −1.85 +5910 −5960 7.60 × 10−3

300 −60.9 −0.091 −1.95 +6230 −6290 7.39 × 10−3

360 −66.3 −0.064 −2.08 +6620 −6690 7.19 × 10−3

Table 4. Encirclement of central NpO2-FA by natural lead.

Time, Days ∆Keff, pcm ∆Keff(jr), pcm ∆Keff(jz), pcm ∆Keff(Σc), pcm ∆Keff(Σl→k), pcm βeff

0 +120 −23.3 −4.88 +1770 −1620 8.60 × 10−3

60 +101 −19.5 −4.12 +1490 −1360 8.28 × 10−3

120 +79.9 −15.3 −3.26 +1170 −1080 8.02 × 10−3

180 +70.9 −13.5 −2.92 +1050 −960 7.78 × 10−3

240 +69.5 −13.2 −2.88 +1030 −950 7.56 × 10−3

300 +73.0 −13.8 −3.06 +1100 −1010 7.35 × 10−3

360 +79.3 −15.0 −3.35 +1210 −1110 7.15 × 10−3

Table 5. Encirclement of central Np–Am-O2-FA by natural lead.

Time, Days ∆Keff, pcm ∆Keff(jr), pcm ∆Keff(jz), pcm ∆Keff(Σc), pcm ∆Keff(Σl→k), pcm βeff

0 +123 −22.3 −4.59 +1640 −1490 8.60 × 10−3

60 +109 −19.6 −4.11 +1460 −1330 8.28 × 10−3

120 +83.6 −15.0 −3.21 +1140 −1040 8.02 × 10−3

180 +80.1 −14.3 −3.11 +1100 −1010 7.78 × 10−3

240 +75.6 −13.5 −2.97 +1050 −960 7.56 × 10−3

300 +76.2 −13.5 −3.03 +1080 −980 7.35 × 10−3

360 +82.0 −14.5 −3.31 +1180 −1080 7.15 × 10−3

Table 6. Encirclement of central NpO2-FA by radiogenic lead.

Time, Days ∆Keff, pcm ∆Keff(jr), pcm ∆Keff(jz), pcm ∆Keff(Σc), pcm ∆Keff(Σl→k), pcm βeff

0 +136 −32.8 −7.29 +2210 −2030 8.60 × 10−3

60 +110 −26.5 −5.89 +1780 −1640 8.28 × 10−3

120 +83.9 −20.0 −4.49 +1350 −1240 8.01 × 10−3

180 +73.5 −17.4 −3.95 +1190 −1090 7.78 × 10−3

240 +70.9 −16.7 −3.84 +1150 −1060 7.56 × 10−3

300 +74.6 −17.5 −4.07 +1220 −1130 7.35 × 10−3

360 +78.5 −18.3 −4.33 +1300 −1200 7.15 × 10−3
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Table 7. Encirclement of central Np–Am-O2-FA by radiogenic lead.

Time, Days ∆Keff, pcm ∆Keff(jr), pcm ∆Keff(jz), pcm ∆Keff(Σc), pcm ∆Keff(Σl→k), pcm βeff

0 +141 −31.4 −6.84 +2030 −1850 8.60 × 10−3

60 +121 −26.8 −5.93 +1760 −1600 8.28 × 10−3

120 +98.7 −21.6 −4.88 +1440 −1320 8.01 × 10−3

180 +85.4 −18.7 −4.27 +1260 −1160 7.78 × 10−3

240 +77.7 −16.9 −3.93 +1160 −1070 7.56 × 10−3

300 +78.7 −17.1 −4.03 +1190 −1090 7.35 × 10−3

360 +82.1 −17.8 −4.26 +1260 −1160 7.15 × 10−3

As for the reactivity effects caused by the loss-of-coolant accident in the central FA
(standard UO2-FA, NpO2-FA, and Np–Am-O2-FA), the application of the perturbation
theory made it possible to determine the contribution given by various neutron processes
to the total reactivity effects (Tables 3–7). It was shown that the replacement of standard
UO2-FA by NpO2-FA or Np–Am-O2-FA with lead encirclement could convert the negative
reactivity effect in UO2-FA to a positive reactivity effect in NpO2-FA and Np–Am-O2-FA.
In all cases, the main competition was between the changed neutron absorption (positive
reactivity effect) and the changed neutron spectrum (negative reactivity effect).

4. Conclusions

The numerical results obtained in the computations allowed us to draw the follow-
ing conclusions:

1. Extended inclusion of minor actinides in a starting material slightly changes the
scale and quality of plutonium and, at the same time, increases the ability to extermi-
nate TRUW.

2. Accidental loss of coolant in the central UO2-FA caused a negative reactivity effect. The
main competition takes place between the decreased neutron absorption (elevation of
reactivity) and the neutron spectrum shifting towards higher energies (reduction of
reactivity). The positive reactivity effect from the lower neutron absorption lost out to
the negative spectral effect.

3. Accidental loss of coolant in the central Np–Am-FA caused a positive reactivity
effect in all the considered variants. The same competition takes place between the
decreased neutron absorption and the neutron spectrum shifting towards higher
energies. The negative spectral reactivity effect lost out to the positive reactivity effect
from the lower neutron absorption. Nevertheless, the total reactivity effect remained
substantially lower than the effective fraction of delayed neutrons. Such small positive
reactivity effects represent no danger for safe reactor operation.

4. Application of mixed Np–Am-fraction instead of pure Np-fraction resulted in an
insignificant elevation of the positive reactivity effect. However, in all cases, the reac-
tivity effect caused by a loss-of-coolant accident in the central Np–Am fuel assembly
is many times smaller than βeff.

5. The authors would also like to point out that the computations that applied a 26-group
diffusion approximation for a one-dimensional cylindrical model of VVER-type reac-
tors may be considered only as a preliminary evaluation of a possible profitable effect
for further precision computations with the application of sophisticated computer
codes (for example, Monte Carlo code SERPENT).
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